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PART II.

THE PHYSICAL PROPERTIES OF THE METAL COBALT

INTRODUCTORY.

An extended investigation of the metal cobalt, and its alloys, for the
purpose of increasing its industrial and economic importance, has been,
and is being conducted at the School of Mining, Queens University, Kings-
ton, Ont., for the Mines Branch of the Department of Mines, Ottawa.
The following are the principal subdivisions of the work:—

I. THE PrEPARATION OF METALLIC COBALT BY REDUCTION OF THE
OXIDE.
II. A Stupv oF THE PHYSICAL PROPERTIES OF THE M ETAL COBALT.
I1I. ELECTRO-PLATING WITH COBALT AND ITS ALLOYS.
IV, CoBaLT ALLOYS OoF EXTREME HARDNESS.
V. CoBaLT ALLovsS WITH NON-CORROSIVE PROPERTIES.
VI. SpeciaL CoBALT ALLOYS.

This paper is Part II of the above, and is a report on a large number

of measurements made at the University laboratories, of some of the im-
portant physical and mechanical properties of metallic cobalt. The prop-
erties whic have been particularly studied are:—

(a) Density.

(b)  Hardness.

(c) Melting point.

(d)  Tensile breaking strength.

(e)  Tensile yield point.

(O Compressive breaking strength.

(g0  Compressive yield point.

(h)  Rolling and turning properties.

() Electrical resistance.

3) Magnetic permeability.

(k)  Specific heat.

In connexion with these, a number of microphotographs have been
taken.

As far as possible existing data, as found in the literature on the sub-
ject, will be reported under the above headings; but throughout, references
will be cited for all facts and figures taken from the literature, so that
there will be no ambiguity as to what is old and what is new.

PREPARATION OF METALLIC COBALT FOR THE STUDY OF
ITS PHYSICAL PROPERTIES,

It is true of cobalt as of most metals, that its physical properties
are often greatly influenced by the presence of small percentages of im-
purities. It is well known, for example, that less than 0:01 per cent of
arsenic in copper is sufficient to account for a drop in its electrical conduct-
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ivity of 3+3 per cent.! Similarly, for cobalt we find that a few tenths of
one per cent of impurities often doubles or trebles its electrical resistance?.

The cobalt for these investigations has been prepared by reduction of
cobalt oxide, C0304. Commercial oxide was obtained from the smelters,
and after a crude purification, has been reduced to form what we shall
call "commercial cobalt”; again this commercial oxide has. been purified
to a high degree of purity, from which has been prepared what we style
“pure cobalt”. These two names are used in this paper largely for brevity
and convenience; the analysis of each sample is given with the data of
its properties. The properties of each of these have been measured, and
will be discussed separately.

Preparation of ‘‘Commercial’’ Metallic Cobalt.

Black cobalt oxide, Co;0y, as obtained from the smelters, was given
a crude purification, and then reduced with carbon to metallic cobalt.

This purification was carried out in accordance with the procedure
given below, under ‘‘Purification of Commercial Cobalt Oxide; except
that no particular care was taken that the separations should be complete.
That is to say, the purification was such as could be effected commercially
at comparatively low cost, and is such as is at present attained in the
manufacture of the best commercial cobalt oxide.

Three samples of cobalt oxide from which this commercial cobalt
was made, analysed as follows:

June, 1912, %
GO 71-99
Fe. oo oo 0-11
Nioooo 0.040
S 0-020
Can 0-021
S PO 0-090

November, 1912
Con e ..71:52
Feoo oo 0-27
N 0-020
N 0-090
S trace
Ca e e trace

April, 1913. %o
Con e e 70-4
Fe. o oo 0-102
Nio trace
Can 0-15
S 0-21
S PP 0-11

Analyses of the ‘‘commercial’’ metal produced from this oxide will

be given in connexion with the measurements of its physical and mechanical
properties.

1 J. H. Dellinger, “The Temperature Coefficient of Resistance of Copper”, Bulletin of the U. S. Bureau of
Standards, Vol. 7, 1911, page 79.
2 This paper, pp. 30-40..



REDUCTION WITH CARBON.,

Finely divided cobalt oxide was intimately mixed with powdered
charcoal, the amount of charcoal being about 10 per cent in excess of that
required by the equation,

2 Co304 + 4 C=6 Co + 4 COs.

This charge, usually 5 Ibs. of oxide, was reduced in a graphite crucible,
either with a Steele-Harvey oil fired furnace, or in a modified Hoskins
electric resistor furnace. The charge was frequently stirred during the
reduction and the temperature was controlled at about 1,000°C, making
temperature observations with a suitable pyrometer.!

When the reduction was complete, or nearly so, the temperature of
the furnace was raised to about 1,550°C, sufficient to melt the cobalt.
Bars of cobalt were not cast at this temperature—1,550°C; for in that event
the castings would be found to be permeated with blow holes. In order
to obviate this, the common practice of ‘‘soaking’’ was adopted. In the
case of cobalt this consisted in lowering the temperature of the melt from
approximately 1,550°C to approximately 1,493°C, maintaining it at that
temperature for about one-half hour, and then casting from this reduced
“temperature, which was but slightly above the melting point of the metal.
The casting was into sand, or iron moulds, in forms suitable to be swaged
into wires, rolled into sheets, machined into test bars, or to be used for what-
ever experiments were required.

The “commercial cobalt”” obtained in this way, invariably contained
in the neighbourhood of 0-20 per cent carbon, together with such small
percentages of iron, nickel, sulphur, calcium, and silicon, as were contained
in the original oxide, and not slagged off.

The metal produced in this way varied in quality from time to time,
and its analysis will be given for cach of the tests to be described in this

paper.
METALLIC COBALT OF EXTREME PURITY.

Part of these experiments were designed to obtain measurements of
the physical properties of cobalt of much more extreme purity than would
ordinarily be found in industrial practice. For this purpose metal was
obtained from a specially purified cobalt oxide, cither by reduction of the
oxide with hydrogen gas, or with carbon monoxide gas.

Purification of Commercial Cobalt Oxide.

Cobalt oxide as obtained from the smelters, and as sold on the market,
usually contains small percentages of the following impurities, Ca, S,
As, Si, Fe and Ni.

This commercial oxide was purified by either one of the following
methods?: —

METHOD 4.

Star@ing with a crude cobalt oxide, the impurities may be reduced,
as far as is desired, by the following procedure.

1 For a full description of experiments on the preparation of metallic cobalt by reduction of the oxide with
carbon, see “Preparation of Metallic Cobalt by Reduction of the Oxide’, Herbert T. Kalmus, Bulletin
No.‘259, Mines Branch. Canada Department of Mines, page 4, 1913.

2 Tor details of the application of this method, see “Preparation of Metallic Cobalt by Reduction of the Oxide"
Herbert T. Kalinus, Bulletin No, 259, Mines Branch, Canada Department of Mines, page 3, 1913.
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Stlica.—Dissolve the crude oxide in hydrochloric acid, according to

the reaction,
Co30; + 8 HCl = 3 CoCl, + 4 H,O + Cl,.

This may best be done by heating.and agitating with steam. If silica is
present, it will not dissolve, and may be removed by filtration or decanta-
tion. The same is true of silicates which are not decomposed by this treat-
ment. Decomposable silicates would send a certain amount of silica into
solution, which would be thrown out again during the next step, and be
filtered off with the arsenic and iron.

Iron and Arsenic. To the cobalt chloride solution formed by dissolving
the oxide in hydrochloric acid as above, gradually add finely divided CaCO;
or pure marble, until no further precipitate is formed. This calcium car-
bonate addition will precipitate a heavy brown mud, which contains the
iron and arsenic content of the original oxide.

Nickel—For most purposes it will not be necessary to separate the
small amount of nickel from the cobalt, but if this is desirable it may be
done as follows. The cobalt chloride solution, containing a certain amount
of nickel chloride, is of an intense red or claret colour. Add a solution of
bleach to this mixed chloride solution until it has almost completely lost
its colour. The bleach solution differentially precipitates hydrates of nickel
and cobalt, so that the nickel is not appreciably brought down until the
cobalt has been almost entirely precipitated.

The bleach will precipitate a black hydrated oxide of cobalt, and the
diminishing redness of the solution will indicate the end point. If all of the
steps above outlined have been applied to the original oxide, this final
black precipitate may be calcined at about 750°C, to yield black Co3O..

Sulphur—Any sulphur which was present in the original oxide, and
which has been carried through to the final product, or which may have
been introduced with the bleach, may readily be removed by boiling the
final dried oxide with sodium carbonate and dilute hydrochloric acid, as
follows. The Na, COj; reacts with the sulphur, which is in the form of
sulphate after the calcination, according to the reaction,

CaS0, + Na, CO3 = Na, SO, 4+ Ca COs.
The soluble sodium sulphate formed is washed out with water. A further
washing is given with dilute hydrochloric acid, which decomposes the cal-
cium carbonate into soluble calcium chloride and CO, gas. The CaCl,
is washed out with water. This method is, of course, only applicable for
the removal of small percentages of Ca and S, as they are found in the
oxides in question.

METHOD B.

(a) Dissolve commercial. CosOs in hydrochloric acid, and Alter or
decant off insoluble silica and silicates.

(b) Add finely divided CaCOs, precipitating a heavy brown mud
which contains the iron and arsenic content of the original oxide.

() Add barium chloride, before filtering, to precipitate sulphates
as barium sulphate, and then decant and filter complete precipitate from
(b) and (c).

(d) There will now remain a_solution of mixed CoCly and NiCl,.
To this solution add-a filtered bleach! solution, which will differentially
precipitate the nickel and cobalt as hydrates. That is, the bleach will
precipitate a black hydrated oxide of cobalt, and the diminishing redness

1 This lélleacp solution should be free from sulphates; if not, it should be rendered so by adding BaCl: and
tering.
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of the solution will indicate the end point at which nickel hydrate will
begin to precipitate.

This final black precipitate was dried and calcined at about 760°C
yielding black Co30s. By this method oxide containing only traces of
impurities was obtained.

Cobalt of extreme purity, for our tests, was made from such oxide as
this, by reduction with hydrogen gas or with carbon monoxide gas.

The analyses of this pure metal will be given with the various tests
of its properties, the following being a typical example:—

%
Con 99.9
N none
Fe. ... 0-10
S 0.019
Ca 1none
1S P DR 0040
Co ... none

REDUCTION OF Co30, WITH HYDROGEN AND CARBON
MONOXIDE GAS.

The finely divided cobalt oxide was placed within an electric resistor
furnace, in analundum or silica muffle, through which a steam of hydrogen
or carbon monoxide gas was passed. The temperature was controlled at about
950°C, by suitable pyrometer observations, and the excess of gas was burned
at the discharging end of the furnace.!

The metal formed by reduction in this way, was in the form of a finely
divided grey powder, if the reduction was made in the neighbourhood of
900°C, and in the form of a more or less sintered grey powder, if the re-
duction was made in the neighbourhood of 1000°C. It was placed in an
alundum lined crucible, within an electric resistor furnace, melted, and cast
in the desired form to be rolled, swaged, or turned.

The cobalt of extreme purity, prepared in this way, varied slightly in
quality, and chemical analyses will be given throughout this paper accom-
panying the report of each of the tests.

COLOUR.

Pure metallic cobalt very much resembles nickel in colour, although
when plated and polished under proper conditions, while beautifully white,
it possesses a slightly bluish cast. Sometimes it deposits as a black
matte. Metallic’ cobalt which has been reduced from the oxide at a
sufficiently low temperature is a grey powder.

DENSITY—SPECIFIC GRAVITY.

The density of both cast and rolled cobalt was determined in this
laboratory by the Archimedes method. A sphere or cylinder of the material
was weighed, using a delicate balance, both in air and under water. The
weighings were corrected in the computations for the buoyancy of the air,
and the measurements reduced so as to be expressed in terms of water at
its maximum density, thatis, at 4°C. Following are the results:

! [For a description of the method of purification of the gas, of the details of apparatus, and of the method of
conducting reduction runs, see “Purification of Metallic Cobalt by Reduction of the Oxide”, Herbert T.
Kalmus, Bulletin No. 259, Mines Branch, Canada Department of Mines, pp. 11-31, 1913,

w
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Density of ‘ Commercial Cobalt.”

Cast and Unannealed.

Sample Date. Form of |Heat and mechanical treat-| Analysis. Density
number. sample. ment. value at °C.
H 109 Dec. 8, 1913.; Cylindri- |Cast from just above melting{/Co 96-8 8:7997 18-5°C.
cal bar [point in iron mould, allowed to|Ni  0-56
cool, and turned in lathe. Fe 2:36 See microphotograpl,
0:022 Plate XII
C 0063
P 0.017
H 130 Feb. 1914, Thin Cast from just above melting{/Co 965 8:7690 17°C
Average of  cylindrical |point in iron mould, allowed to|Ni  2:0
five deter- bar. cool in iron mould, and turned|Fe  1.27
minations. in lathe. C 0-305| See microphotograph,
S 0-054 Plate VII
P 0:015
HS87¢ FFeb. 1914, | Cylindrical|Cast from just above melting!Co 97.8 86658 17°C.
Average of bar, point in iron mould, allowed to Ni  0-50
four deter- cool in iron mould, and turned Fe  1-46
minations. in lathe, S 0-020! See microphotograph,
C 0-18 Plate X1,
Ca trace.|.
Si 0020
P trace.
Density of Pure Cobalt.
Cast and Unanncaled.
Sample Date. Form of |Heat and mechanical treat-| Analysis. Density
number. sample. ment, value at °C.
H 212 Jan.-Feb. Cylindri~ |Cast from just above melting|Co 99-9 8.7562 17°C,
1914, cal bar, [point, allowed to cool in ironjFe 0.20
Average of six mould, and turned in lathe, Ni none| See microphotograph,
determin- [ none Plate IV.
ations, S 0:017
Ca  none
Si none
H 214 Apl. 3, 1914, Swaged |Cast from just above melting|Co 9871 8:8490 15°C.
wire of dia- point, allowed to cool in iron{Ni  none
meter |mould, and given special heat|Fe 1:15
0.0901 ‘'and mechanical treatment, ac-{Si  0-14 | See microphotograpl,
cms,  lcording to page 30, after which{Ca  none Plate VI.
it was swaged to wire. S 0-012
C 0:039
P 0:010
H 193 Nov. 15, 1913} Cylindri- |Cast from just above melting|Co 991 8+7889 20°C.
cal bar, |point, allowed to cool in iron|Ni none
mould, and turned in lathe, Fe 0-80
S 0-021]
Ca  trace
H 213 Jan.-Feb. Cylindri- |Cast from just above melting|/Co 99:73 87132 16°C.
1914, cal bar. [point, allowed to cool in iron(lle 0-14
Average of mould, and turned in lathe, s 0:019| See microphotograph,
three deter- Ni none Plate V.
minations. C none
Cast and Annealed Si 0.020
H 212 Jan. 12, 1914,{Thin cylin- Cast from just above melting|{Co 999 88105 14.5°C,

rical bar. |point, allowed to cool in iron|Fe  0:20
mould, and turned in lathe.|Ni none
Annealed from 700°C. C none
S 0:017
Ca none

Si none




PLATE 1.

Brinell Hardness Testing Machine.



Rolled.
;
Sample Date. Form of |Heat and mechanical treat-! Analysis. Density
number. sample. ment., ! value at °C.
H 213 Jan, 19, 1914.|Thin cy- |Cast from just above melting Co 99-73 8.9278 14°C,

lindrical |[point, cooled in iron mould, and Fe  0-14
bar. swaged down to thin cylindri- S 0-019

cal bar. Ni none

C none

Si 0:020

H 212 Jan, 23, 1914.| Wire, [Cast from just above melting Co 99-9 8.9227 19°C,

0-0840cms. |point, cooled in irpn mould, and Fe 020

diameter. [swaged down to thin cylindri- Ni none,

cal bar. C norie

S 0-017

Ca  none

'Si none

A number of density determinations of metallic cobalt, as made by
other investigators, are recorded in the literature, most of which, however,
were made at an early date, and very little is said of the nature of the metal.
The following table of values is taken from the more recent and probably
more accurate of them.

Density of Cobalt.

Tilden'. ... .. 8.718 21°C

G. Neumann and F. Streintz®. ............ ... 8:6 —
Copaux®........... 8-8 15°C
Winklert ... ... 7-9678 —
Kalmus and Harper, unannealed..............8-7918 17-0°C
Kalmus and Harper, annealed................8-8105 14-5°C
Kalmus and Harper, swaged. . ............... 8.9253 16-5°C.

The values from the literature are generally lower than those measured
by us, no doubt because of impurities in the metal, or because of the diffi-
culties of casting without occluding a certain amount of gas.

HARDNESS.
Hardness Testing Machine.

Hardness measurements were made in this laboratory on a standard
Olsen hardness testing machine of 100,000 lbs. capacity, (Tinius Olsen Co.,
Philadelphia, Pa.), as shown in Plate I. The machine consists of a frame-
work on which is mounted alever system. To one end of this lever system
a penetrating ball (A) is attached, while at the other, weights are attached,
which, when applied, cause motion of the lever system and penetration of
the ball into the metal (B) to be tested. An instrument (€) is mounted
on the main lever which measures automatically the actual penetration
of the steel ball to 0-0001 of an inch.

Figure 1 shows the details of the essential parts of the machine. The
test piece is placed on the head(R), which is brought into contact with the
penetrating sphere by means of a screw (8). The sphere is one centimeter

1 Chemical News, Vol. 78, p. 16, 1898.

2 Monatshefte fiir Chemie, Vienna, Vol, 12, 1891, p, 642.

3 Annalen de Chemie et de Physique, (8), Vol, 6, 1905, p. 508,
¢ Berg und hiittenménmische Zeitung, Vol 39, 1880, n. 87.
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in diameter. A small initial pressure is applied to the piston (P). The
zero reading is then taken. The desired pressure is then applied and re-
leased to the point of initial pressure before the final readinglis taken. These
readings are made to 0:0001 of an inch. The difference between the
initial and final readings is equal to the depth of indentation of the sphere,

,

Fig. 1. Detail of Brinell hardness testing machine.

Discussion of Brinell Method of Hardness Measurement.

After the Brinell method was introduced it was shown by Benedicks,*
Le Chatelier?, Leon®, Malmstrom,* Meyers® and others, that the Brinell
hardness numeral is dependent upon the size of the sphere used to make
the indentation, and upon the pressure to which it is subjected. Con-
sequently these must be specified with each measurement.

All hardness measurements of the metal cobalt, made by us, have been
computed by the Brinell system, and have been made with a sphere of one
centimeter diameter, and with a load of 3500 pounds, unless stated other-
wise.

We have measured the Brinell hardness of a series of common sub-
stances under the identical conditions that we have used for cobalt,
and a table of these values is given below for comparison. In each instance
the value is the mean of a number of observations, and they are repro-
ducible, on the same sample, to within a few per cent. Different samples
of most of this material give values differing considerably among them-
selves. This table is given merely to serve as a rough basis of comparison.

i Recherches Physiques sur 'acieur au carbone. Upsala, 1904,
2 Revue de Metallurgie, 1906, No. 2.
' 3 Die Brinellsche Harteprobe und ihre praktische Verwendung. Proceedings, International Association for
Testing Materials, 1906.
4 Stahl und Eisen, 1907, No. 50.
5 Untersuchungen uber Harteprufung und Hirte, Zeitschrift des Vereins Deutscher Ingenieure, 1907,
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Reference Table of Brinell Hardness.

Material. Date. Load. . Brinell hardness.

Copper, rolled sheet, unannealed, Jan, 1913 1000 1bs, 65-6
Conper, rolled sheet, unannealed,. . Jan, 1914 1000 Ibs. 674
Copper, rolled sheet, unannealed Jan. 1914 3500 Ibs. 750
Conpper, rolled sheet, unannealed, Jan, 1914 3500 1bs. 81:9
Swedish iron. ... uv v ii i Jan, 1913 3500 lbs. 907
Swedishiron.......c..oii it Jan. 1914 1000 1bs. 68:6
Swedishiron....... ..o i Jan, 1914 3500 1bs. 752
Wrought iron.. Jan. 1913 3500 1bs. 92:0
Wrought iron. .. Jan. 1914 1000 1bs. | 83:1
Wrought iron. .. Jan. 1914 3500 1bs. 1002
Cast iron...... Jan, 1913 3500 lbs, 97-8
Cast Iron. .. ... i Jan, 1914 1000 1bs, 84-4
Cast iron ......v i Jan. 1914 3500 lbs. ' 104-5
Mild Steel, ittt Jan, 1913 3500 lhs. 1099
Mild steel, cold rolled shafting.................. Jan. 1914 3500 1bs. 1262
Tool steel, .. vr e Jan. 1913 3500 1bs, 153-8
Tool steel “Crescent”. . ... coiiiiiiiieiannn Jan. 1914 3500 lbs. 130-2
Spring steel.......... .. Jan. 1913 3500 lbs. ‘ 160-3
Spring steel. .. ........ .. Jan. 1914 3500 lbs. 1780
Tool steel, self-hardening,,.........covveuvverun... Jan. 1913 3500 lbs. ) 180-0
Tool steel, self-hardening, “Rex” (before hardening) Jan. 1914 3500 lbs. 1621
Tool steel, self-hardening. “Rex”, (after hardening) Jan. 1914 3500 lbs. : 240-0
Tool steel, self-hardening, from workshop (Sechool

0

of MININE) uevs s ivnninen it cniieiinnnnnnes Jan, 1914 3500 Ibs. } 259

Cobalt for Brinell Hardness Measurements.

The hardness of cobalt, like that of most other metals, is determined
to a greater extent by its physical and mechanical treatment than by
slight variations in its chemical composition, if we except perhaps the pres-
ence of carbon. Even our “‘commercial cobalt” contains but small per-
centages of total impurities, of which the greater part is iron and nickel,
and which in the small amounts present would not greatly effect the hard-
ness. In the samples under “‘ commercial cobalt” the percentage of carbon
is given throughout, and the percentage of other impurities is between the
following limits:—

% )
S 0-010 to 0-070
Ca trace to 0-015
Si trace to 0-20
Fe 0-10 to 1-0
Ni trace to 0-50
C 0-10 to 0-60

The total impurities in any one sample of this ‘‘commercial cobalt”
rarely exceeded 1-5 per cent.

Brinell Hardness Measurement,

A single measurement of the Brinell hardness is given in full to show
the concordance of observations among themselves, and the details of
computation. This may be taken as typical of the large number of measure-
ments which were made.

Sample H 193, Dec. 9, 1913, Load 3500 Ibs.
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Initial Reading. Reading under load. ’ Indentation in inches,

0-0333 0-0480 0-0147
0-0309 0:0465 0-0156
0-0321 0-0468 0-0147

Average indentation 0-0149 inches==

0-0344 00489 . , 0.0145
I 0-379 millimeters.

Brinell Hardness by definition =

total pressure in kilograms
area of depression in square millimeters

P
——— where
2 7rh '
P = load in kilograms
r = radius of indenting ball in millimeters
h = depth of depression in millimeters.
3500 1
Therefore, B.H. = X =133-4
! 2:2 72 X X 5§ X 0379
Measurement of Brinell Hardness of ‘‘Commercial Cobalt.”
Load 3500 Ibs., unless stated to the contrary.
’ . Carbon, ‘
Sample | Date. | Heat and mechanical sulphur and Brinell Remarks.
number. treatment. phosphorus | hardness.
' content.
H 109 |Dec.9, |Cast from just above meltingl C 0-062 111-4 See  microphotograph, Plate
1913. ] point, allowed to cool in iron| S 0-022 XI1.
mould, and turned iun lathe.] P 0-017
1 109 {Jan. 14, [Cast from just above melting] C 0-062 100-9 See microphotograph, Plate
1914, point, allowed to cool in iron| S 0-022 XI1.
mould, and turned in lathe.] P 0:017
H 109 |Dec. 11, ICast from just above melting] C 0-062 104-4 See microphotograph,  Plate
1913. ; point, allowed to cool iniron| § 0:022 XIL
mould, and turned in lathe,| P 0-017
H 109 Dec. 22, 'Cast from just above melting] C 0-062 1117 Metal soft, tough aud turns
1913. 1 point, allowed to cool iniron| § 0-022 with medium long curling
mould, and turned in lathe.] P 0:017 chip. See microphotograph,

I 109 |Sept. 15, |Cast from just above melting]
1914,

Plate XII.

062 100-2 Metal soft, tough and turns

point, allowed to cool in iron| with  medium long curling

wne

O?O
(=
nN
™

mould, and turned in lathe. 017 chip. See microphotograph,
Plate XII.
H 211 [Jaw, 14, |Cast from just above meltingl C 0-18 128-2 Metal soft and medium tough.
1914, point, allowed to cool iniron| S 0-080 Machines with medium long
mould, and turned in lathe| P 0.031 curling chip. See micro-
photograph, Plate XIIIL,
H 211 (Sept. 15, |Cast from just above meltingl C 0-18 130.7 Metal soft and medium tough.
1914. point, allowed to cool in iron| S 0-080 Machines with medium long
mould, and turned in lathe.] P 0.031 curling chip. See micro-
photograph, Plate XIII.
H 87¢ {Jan. 16, [Cast from just above meltingg C 0-18 131 Metal medium hgrd and tough.
1914, point, allowed to cool iniron| S 0-022 Machines with curling chip.
mould, and turned in lathe.; P 0:012 S’GIG microphotograph, Plate
XL
H 214c |Sept. 15, [Cast from just above melting] C 0-067 1369 See  microphotograph, Plate
1914, point, allowed to cool in iron| S 0-012 X.
mould and turned in lathe,] P 0-010
and annealed from 1000°.
H 214c |Sept. 15, |Cast from just above meltingf C 0-067 1386 See microphotograph, Plate
1914, point, allowed to cool in iron| § 0-012 VIII.
mould and turned in lathe,] P 0-010
and annealed from 850°,
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Carbon
Sample | Date. Heat and mechanical sulphur and Brinell Remarks.
number, treatment. phosphorus | hardness.
content.
11 214e (Sept. 15, Cast from just above melting| C 0-067 123-9
1914, point, allowed to cool iniron| S 0:012
mould and turned in lathe,l P 0.010
unanncaled
H 87 a |Dec. 22, |Cast from just above nelting C 0-22 119.2
and e 1913. point, allowed to eool in iron| § 0:030
mould, and turned in lathe., P none
H 87 a [Sept.’15, |Cast from just above melting] C 0-.22 132-9
and e 1914. point, allowed to cool in iron] § 0:030
mould, and turned in lathe.] P none
H 130 |Dec. 11, |Cast from just above melting‘ C 0-305 115 Metal short grained, brittle,
1913. point, allowed to cool in iron‘ S 0:054 and turns with short chip.
mould, and turned in Iathc.i P 0:015
H 130 ISept. 15, [Cast from just above melting C 0-305 113-8
1914, point, allowed to cool iniron & 0054
mould, and turned in ]athc.l P 0.015
11 130 |Jan. 14, |Cast from just above melting C 0:30S 116:6 Metal soft and tough. Machines
1914, point, allowed to cool in iron S 0-054 with  eurling — chip. ee
mould, and turned in I';ﬂ:he.‘| P 0-015 microphotograph, Plate VII,
H 87d |Feb. 1, |Cast from just above mcltmg. C 0:36 112 Very tough to turn in lathe,
and b 1913. point, allowed to cool in iron] S 0:016
mould, and turned in lathe} P none
11 871 [Feb. 1, |Cast from just above melting C 0.37 17 Very tough to turn in lathe.
and d 1913. point, allowed to cool in iron § 0015
mould, and turned in Jathe,’ P none
Measurement of Brinell Hardness of Pure Cobalt.
Load 3500 lbs , unless stated to the contrary.
Sample | Date. IHeat and inechanieal treat- Analysis, Brinell Remarks,
number, ment. hardness.
H 193 |Nov. 15, [Cast from just above melting] Co99-10 129-7 |Load 2,500 Ibs, Metal soft and
1913 point, allowed to cool in iron] Ni none brittle. Machines with short
mould, and turned in lathe.| Fe 0-80 chip,
S 0:.020
C none
Ca trace
H 193 [Dec. 9, Same Same 133-4
1913
II 193 | Mov. 15, Same Same 131.2
1913
H 212 | Jan, 9, Saine Co099-9 105-5 Load 2,500 ibs.
1914 Ni none
Ire 0-20
S 0:017
C none
1 212 | Jan. 14, Same Same 128:7 |Metalsoft and brittle, Machines
1914 with short chip. See micro-
photograph, Plate IV,
H 212 | Jan, 14, Cast from just above melting| Co 99-9 130-8 Load 2,500 Ibs.
1914 point, altowed to cool in iron| Ni none
mould, turned in lathe, and| Fe 0-20
annealed from 700° C. S 0-017
C none
H 213 | Jan. 14, Same Co099:73 121 Metal soft and brittle. Machines
1914 Ni none with short chip, See micro-
Fe 0-14 photograph, Plate V.
S 0:019
C none
H 217 |Sept. 15, | Annealed two hours at 600° C.,| Co 99-55 1259
1914 allowed to cool slowly, and
again machineqd,
H 217 [Sept. 15, Cast from just above melting Same 1095
1914 point, allowed to eool in iron

moukl. and machined.




12

Hardness of Cobalt as Observed by Other Investigators.

There is very little in the literature on the hardness of cobalt, except a
few more or less qualitative observations. However, a careful measure-
ment seems to have been made by R. Reur and K. Kaneko!, from which
they compute the Brinell hardness of cobalt to be 132,

GComparative Hardness of Nickel and Cobalt.

For comparison we have measured the hardness of both cast and sheet
nickel under the same conditions that we have used for cobalt, load 3500
Ibs., and found them to be respectively 83.-1 and 85-1 Brinell, the latter
for a § inch sheet. An independent check test on the hardness of cast
nickel, gave as a result 76-4.

From these measurements it is therefore apparent that the hardness of
cobalt is consiclerably greater than that of either iron or nickel, under cor-
responding conditions.

Conclusions.

(1). The above tables show the Brinell hardness of cobalt cast from just
above the melting point, and allowed to cool in an iron mould, to be in the
neighbourhood of 124.0 (load 3500 lbs.). This is the mean of nine obser-
vations with an average deviation from the mean, of 7.9.

(2). The hardness of cobalt, cast from just above its melting point, is
considerably higher than that of cast iron or cast nickel under corresponding
conditions. .

(3). The effect of the addition of 0-060 to 0-37 per cent of carbon on
the hardness of ““‘commercial” cobalt is not sufficient to offset the effect of
slight variations in heat treatment. The measurements are not sufficiently
concordant to warrant drawing general conclusions.

MELTING TEMPERATURE OF COBALT.

A considerable number of melting point determinations of the metal
cobalt were made in an Arsem electric vacuum furnace, (General Electric
Company, Schenectady, N. Y.). These determinations were made by the
usual cooling or melting curve method, using pure alumina crucibles, and
alundum lined graphite crucibles.

Cobalt has a very sharp melting point, differing in this respect from iron,
which becomes plastic as it approaches its melting point. With iron, the
actual temperature of melting is not sharply defined, there being a consider-
able transition region; whereas with cobalt quite the reverse is true. There-
fore, the melting point of cobalt may be determined with accuracy by the
cooling and melting curve method.

The Melting Furnace.

The essential feature of the furnace is the heating element, which is a
spiral of graphite, through which an appropriate electric current is passed.
The crucible is placed within the carbon spiral, and both are situated within
a vacuum chamber. The iron casing forming the shell of the furnace, and
serving as the vacuum chamber, isin constant connexion with a suitable
vacuum pump. This pump was in operation during the entire melting point
determination.

By this means there was no oxidizing atmosphere to shorten the life of

1 Ferrum, Vol. 10, p. 257,
Chemical Abstracts, 1913, p, 3591.
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the carbon spiral, nor any gas to carry away, by conduction, the heat de-
veloped in the spiral. A further carbon radiation shield surrounded the heat-
ing spiral, so that the temperature of this furnace may be maintained as high
as 3000°C.

The melting point determinations were, therefore, made substantially
in vacuum, and free from oxidizing atmospheric conditions.

Temperature Measurements.

Temperature observations were made with a Wanner optical pyro-
meter, which was checked before and after each set of runs against an amyl-
acetate lamp standard, in accordance with a calibration certificate from the
Physicalisch-Technische Reichsanstalt, at Charlottenburg. This pyrometer
was also used to measure the melting points of copper and nickel during
the period of its use for the determinations on cobalt, which measurements
agreed with the calibration curve used, to within a few degrees. For this
worlk the melting point of nickel was considered to be 1444°C, and of copper
to be 1084°C.

The melting point of niclel, considering our calibration curve from the
Reichsanstalt to be correct, was determined six times as follows:—

Deviation from the mean.

1438°C 6
1437°C 7
1445°C 1
1446°C 2
1448°C 4
1450°C 6
1444°C mean 4.3°C average deviation of

single observation
from the mean.
The nickel used for these melting point measurements analysed as
follows:—

Ni oo 99.29
Fe ... ... ... ... ... 0-48
S 0-025 See microphotograph,
S 00042 Plate XIV.
Ca e none
Co none
Co none

Total.............. 99.84

The cobalt used for these melting point determinations analysed as
follows:— ,

%
Coovine 99.9
Nioooo none Sample No. 212.
Fe......... . 0-20 See microphotograph,
S 0-017 Plate IV.
Ca o none
Si....................... none
Co none
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Melting and Freezing Curves.

A cooling curve was obtained by regulating the current through the
furnace, so that the charge was brought to a temperature about 100°C
above its melting temperature, and then lowering the current to such a
predetermined magnitude, that gradual cooling took place to about 100°
below the melting temperature. During the cooling, temperature readings
were made at 10, 15, or 20 second intervals.

It is obvious that a substance, if allowed to cool more or less uniformly
from above its melting point, under fixed external conditions, will cease to
drop uniformly in temperature when the melting point is reached, due to
the latent heat of fusion which is developed within the substance upon
solidifying. If we plot time as abscissae, and the temperature of the cooling
mass as ordinates, in general we may get one or the other of three types
of curve, corresponding with the three following typical kinds of trans-
formation:—

(@) The substance remains at a constant temperature throughout
the transformation of melting or freezing.

(b) The substance cools at a reduced rate, more or less constant during
the transformation of melting or freezing.

() The substance undergoes an increase in temperature during the
first part of the transformation.

Methods of computing the true, corrected, melting temperature from
each of the above forms of curve, have been set forth in the literature by
several authors discussing thermal analyses.

1600
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Fig. 2. _Cooling curve—melting point—cobalt.

The first of the three cases indicated is by far the simplest, and may be
used with accuracy for cobalt. Two sets of data, with the corresponding
plot or cooling curves, taken from some fifteen of them, and which are
typical of them all, are given below, to show how nearly to case (a) our
melting and freezing curves correspond.




15

Meltitig Point Determination—Cobalt.

January 19, 1914, Readingsevery 15 seconds.
Time clapsed in minutes since ‘Wanner optical pyrometer readings. Temperature degrees C,
beginning of run.
Run I 0 782 1587
See Fig.2 ¥ 779 \ 1580
A 77-3 1565
A 76-8 1553
1 759 1533
14 746 1505
1l 72-8 | 1470
134 72:0 1460
2 71-6 ! 1453
23 72.2 ‘ 1463
2% 722 1463
o s | e
3/ 69-8 I 1425
315 090 1415
el 60 | 1593
i 66-8 | 1385
414 64-2 | 1355
Run II o 78.9 1607
See Fig. 3 Yy 77-4 1567
bE 76-2 1540
3% 75-8 1530
1 74-9 1512
14 74.3 1500
134 73:6 1486
134 72.8 1470
2 72-0 1460
24 7241 1462
23 720 1460
234 720 1460
3 71.8 1455
3Y 71-6 1453
3% 69.8 1425
33% 674 1392
4 65.0 1364
44 632 1343
415 62:0 1332

Without giving the details, except for the two runsabove, thefollowing
is a table of the melting point determinations of cobalt analysing 999 per

cent pure, as shown on page 13.

photograph, Plate IV.

It was sample No. 212. See Micro-

Summary of Results of Melting Point Determinations.

Date of run

Sept. 27, 1912
Sept. 30, 1912
Sept 30, 1912

Oct. 1, 1912
Oct. 1, 1912
Jan, 13, 1914
Jan. 13, 1914
Jan. 14, 1014

Jan. 15,1914
Jan. 15,1914
Jan, 15, 1914
Jan. 19, 1914
Jan. 19, 1914
Jan. 19, 1914
Jan. 19, 1914
Jan, 19, 1914

Determined melting point of Cobalt.
1474°C

1470

Mean 1467°C

Deviation of single observation from the mean

—_
U NN R IR N0 O W~

Mean 4-4°C

Mean melting temperature 1467°C.

Average deviation of single observation from the mean 4-4°C.

Therefore, from these observations the melting point of pure cobalt
would appear to be 1,467°C + 1-1°C. Note, however, conclusions below.
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The Melting Point of Cobalt as Determined by other Investigators.

The following values of the melting point of cobalt are taken from the

lltelatme.
‘ —
Investigator. |, Melting Purity Method of Reference.
' temperature. per cent. measurement.
|
Burgess and | 1477°C 99.95 Micropyrometer |Bulletin, Bureau of Standards, Vol. 9,
Waltenberg pp. 475, Vol. 10, pp. 13, 1913.
Burgess  and ' 1478°C 99:95 Crucible melts in|Bulletin, Bureau of Standards, Vol, 9,
Waltenberg ‘ clectric furnace| pp. 475. Vol. 10, pp. 13. 1913,
G. K. Burgess ]‘ 1464°C very pure |Micropyrometer |Bulletin, Bureau of Standards, Vol. 3,
pp. 350
H. Copaux i 1530 not given luterpolation Aunalen de Chimie et de Physique (8),
between gold and| Vol. 6, 1905, pp.
platinum points.
Guertler and 1528 98.3 Cooling curve Zeitschrift fiir Anorganische Chemie,
Tamman rest largely Ni Vol. 42, p. 353, 1904.
and Fe
Guertler and 1468 98-3 Cooling curve Their value above, (1528°C), -corrected
Tamman for melting point of nickel =1451
instead of 1484 as taken by themn.
Guertler and 1505 98.3 Cooling curve Zeitsclrift fir Anorganische Chemi,
. Tamman Vol. 45, 1905, p. 223
Guertler and 1455 98.3 Cooling curve Their value above, (1505°C), corrected
Tamman for melting point of nickel = 1451
instead of 1484 as taken by them.
R. Ruer and 1491 Ferrum, Vol. 11, 1913, pp. 33-39.
K. Kaneko
1600 \
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Fig. 3. Cooling curve—melting point—cobalt,
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Tt should be noted that Burgess and Waltenberg! use the value
1,452°C as the melting temperature of nickel. If we adopt this value in-
stead of 1,444°C (see page 13) our value for the melting temperature of
cobalt would be practically identical with theirs, namely, 1,478°C.

Conclusions.

The melting temperdture of cobalt, as determined by us, is 1,467
T 1.1°C. This is for metal 99-9 per cent pure, and is the mean of sixteen
determinations by the cooling and heating curve method.

This value of the melting temperature is based upon pyrometer
calibration curves, considering the value of the melting temperature of
nickel to be 1,444°C. If we adopt the more probable value 1,452°C, for the
melting temperature of nickel, our melting temperature for cobalt
is 1,478°C £ 1-1°C.

TENSILE STRENGTH MEASUREMENTS.
Tensile Strength Testing Machine.

The tensile strength tests were made on a Riehlé Universal Standard
Vertical Screw Power Testing Machine, (Riechlé Testing Machine Co.,
Philadelphia, Pa.), of 100,000 Ibs. capacity, operated by direct connexion
to an electric motor. This machine is in the testing laboratory of the De-
partment of Civil Engineering, School of Mining, Queens University,
Kingston, Ontario. The writers wish to express their thanks to Professor
A. Macphail, in charge of that department, for many valuable suggestions
in connexion with the use of this machine.

Test Bars.

All bars for tensile strength measurements have been ‘‘ Proportional
Bars,” as recommended and adopted by the International Association for
Testing Materials. TFig. 4 shows the shape and dimensions of these bars.

kl

§l . 4“ ! |

g -~

d | 5

—‘L" | 7 ” | ) ’
o3l A= 2 et Y —

Fig. 4. Tensile strength proportional bar.
Method of Measurement.

Plate II is a picture of the testing machine used for the measurements.
It was operated in the standard manner, with a chart in place, as shown
at A, to get an autographic stress-strain diagram for each specimen.

The form of these tensile stress-strain diagrams obtained on all of our
samples is shown in Fig. 5. The point Y, however, is often less marked
than in the figure shown, and P and Y are usually very close together.

1 Bulletin, United States Bureau of Standards, Vol. 10, page 6, 1913.
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From the point © to the point P the elongation or strain of the material
was very slight, and was proportional to the stress or load applied. P is
the proportional limit, and Y is the yield point. M is the maximum stress,
and R is the rupture stress or tensile breaking load, which values are given
in our tables.

Nominal Stress

Elongation of Specimen.

Fig. 5. Typical tensile stress-stralin diagram.
P =Proportional limit.
Y =VYield point.

M = Maximum stress.
R =Teusile breaking load.

Below are tables of the data for these measurements as obtained by us
on '‘commercial” cobalt and on pure cobalt.

Tensile Strength Measurements of ‘“‘Comercial Cobalt.”

Cast and Unanncaled.

Teunsile
breaking | Vield Per- |Percent-
Sample Heat and mechanical load in |point injcentage [age elon-
number.| Date. treatment. Analysis. | pounds | pounds | reduc- | gation Remarks.
per sq. | per sq. | tion in i 2
inch. inch, area, | inches.
H 109 |Dec.9, |Cast from just above|Co 96-8 48700 | 33800 7-7 5.5 |Fairly fine grain-
1913, melting point, allow-|Ni  0:56 cd fracture.
ed to cool in iron|Fe 2-36
mould, and turned|S 0-022
in lathe. C 0-062
r 0-017
1109 [Dec.9, |Cast from just above[Co 96-8 52800 33800 8.7 7-0
1913, melting point, allow-|Ni  0-56
ed to cool in iron|Fe 2:36
mould, and turned|S 0-022
in lathe. C 0-062
r 0-017
H 109 |Dec. 16, |Cast from just above Co 96-8 57200 15300 | 24.5 21-9 (Tough and diffi-
1913. melting point, allow-|Ni  0.56 cult to mach-
ed to cool in ironlFe 2:36 ine in lathe.
mwould, and turned S 0-022 Long curling
in lathe, C 0-062 chip.
P 0-017
H 109 |Dec. 22, [Cast from just above{Co 96-8 64100 9360 { 25-4 27-0 |Fracture coarsely
1913, melting point, allov-|Ni  0-56 granular, and
ed to codl in iton{Fe 236 not uniform in
mould, and turned|S 0-022 appearance.
in lathe, C 0:062
P 0-017
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Richlé, Universal, Standard, Vertical, Screw-Power Testing Machine, 100,000 Ibs. capacity.
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Cast and Unannrealed—(continued).

Tensile | Vield | Per- |Per cent-
breaking| point |centage age
load in in re- elong-
Sample | Date. |Heat and mechanicalj Analysis. | pounds | pounds |duction| ation Remarks.
number. treatment, per per |in area.| in2
square | square inches,
inch. inch.
H 15 Teb. 15,|Cast from just above[Co 98:5 76700 33800 7.7 6-5
1913. melting point, allow-'Fe 1.0
ed to cool in irom)Ni 0-30
mould, and turned|S 0-020
in lathe. C 0-18
Ca none
Si none
P none
H 87¢ |Jan. 23,|Cast fromn just above/Co 97-8 56100 30600 5.3 5.0 |Metal medium
1914. melting point, allow-{Fe 1-46 ard an
ed to cool in iron|Ni 0:50 tough. Mach-
mould, and turned{C 0-18 ines with me-
in lathe. S 0-020 dium long cur-
St 0:020 ling chip, Sce
Ca none microphoto-
P 0-012 graph.
Plate X1.
H 87f Apl. 5,|Cast from just above|Co 98.7 75000 33700 | 25-4 29.-7 |[Very tough to
1913. melting point, allow-|Fe  0:80 machine in
ed to cool in iron|Ni 0-20 lathe.
mould, and turned|C  0-22
in lathe. S 0-029
Si 0020,
Ca nmnone
P none
H 87b |IFeb. 10,[Cast from just above|Co 98:5 63200 | 33100 | 24-1 24-0
1913, melting point, allow-|Fe  0-80
ed to cool in iron|Ni 0:20
mould, and turned|C  0:37
in lathe, S 0016
Si 0-020
Ca none
P none
H 87d |Feb. 10,/Cast from just above|Co 98.5 77700 33900 | 23-8 240
1913, melting point, allow-|Fe 0-80
ed to cool in iron|Ni 0:20
mould, and turned|C 0-37
in lathe, S 0-016
Si 0-020
Ca none
P none
H 211  |Dec. 22,/Cast from just ahove|C 0-18 31000 31000 | none none |Low value due to
1913. melting point allow-|S 0-.080 segregationl of
ed to cool in iron|P 0031 impurities.
mould, and turned See micropho-
in lathe. tograph,
Plate X1I.
Cast and Annealed.
H 109 |Jan, 9, |Cast from just above!Co 96-8 56100 20300 | 13.3 13:0 | Metal soft and
1914, melting point, allow-Ni 0-56 tough, Mach-
ed to cool in iron|Fe 2:36 ines with med-
mould, and turned|S 0-022 ium long curl-
in latlie.  Annealed|C 0-062 ing chip.
from 700°C. Ca none
Si uone
P 0-017
H 109 |Jan, 14,/Cast from just above Co 96-8 52600 31600 | 13-3 13:5 |See microphoto-
1914, melting point, allow-[Ni  0-56 graph, Plate
ed to cool in ironFe 2:36 XII.
mould, and turnedS 0022
in lathe. Anncaled!C  0-062
from 700°C. Ca none
St none
P 0-017
H 87c |Apl. 22,Cast from just above/Co 97.8 60200 { 40800 ‘5 1.5 |Very fine grain,
1914, melting point, allow-|Fe 1-46 uniform.  See
ed to cool in iron|Ni 0.50 microphoto-
mould, and turned'C 0-18 graph.  Plate
in lathe, Annealed|S 0:020 X.
at 850°C. i 0020
Ca none
0-012
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Cast and Annealed—(continued).

Tensile | Vield

breaking| point Per- Per-
load in in centage| centage
Sample | Date. -| Heat and mechanical | Analysis. | pounds | pounds re- elonga- Remarks.
number., treatment. per per | duction(tion in 2
square | square | in area.| inches,
inch. inch.
H 87c May 19, |Cast from just above|Co 97-8 55700 2.0
1914 melting point, allow-|Fe  1:46
ed to cool in iron|Ni 0-50
mould, and turned{C 0.18
in lathe, Annealed(S 0.020
at 850°C. Si 0020
Ca none
0:012
H 214C |Apl. 22,|Cast from just above|Co 97:09 70500 | 37100 5.1 8:0 | Very fine grain
1914, melting point,allow-|Ni  none uniform. — Sce
ed to cool in iron{Fe 1-45 microphoto-
mould, and turned[C  0-067 : gmlph, Plate
in lathe.  Annealed|S  0:012 VIIL
at 850°C. Mn 2-04
Si 0-011
Ca none
0:010
II 214C [Apl. 22,|Cast from just above|Co 97-09 75200 25500 6.1 10-0 |Very_ fine grain,
1914, melting point, allow-|[Ni  none uniform.  See
ed to cool in iron|Fe 1-45 microphoto-
mould, and turned|C 0-067 graph, Plate
inlathe. Annealed|S 0-012 IX.
at 1000° C. Mn 2-04
Si 0-011
Ca none
P 0010

H 87c |June 2, |Cast from just above|/Co 97-8 | 63,800 | 61,300 | 0-61 0:5 |Very fine grain,
1914, the melting point,|Fe 1.46

allowed to cool in[Ni 0:50
iron © mould, and|C 0-18
turned in  lathe.
Annealed at 850°C. %1 0-020

wn
f=]
[
=3
<

H 87c |June 2, |Cast from just above|Co 97-8 | 58,000 | 56,100 1-5 0-3 [Very fine graiu.
1914, the meltiug point,(Fe 1.46

allowed to cool in{Ni 0:50
iron mould, and|C 0-18
turned in  lathe.|S 0-020
Annealed at 850°C.%i 0-020

a noune
P 0.012
H 87¢  |June 10,/Cast from just above|Co 97-8 | 57,000 | 18,000 | 2-57 2:0 |Fracture fine
1914, the melting point,|Fe 1-46 grained,  but
allowed to cool injNi 0-50 not uniform in
iron mould, and|C 0-:18 appearaunce.
turned in  lathe.|S 0020
Anncaled at 950°C.|Si 0+ 020
Ca none
P 0.012
I 87c June 10,{Cast from just above|/Co 97-8 58,500 | 20,400 34 2.0 |Fracture fine
1914, the melting point,|Fe 1-46 grained, but
allowed to cool in|Ni 0:50 . not uniform in
iron mwould, and|{C 0-18 appearance.

turned in  lathe.|S 0-020
Anncaled at 950°C.[Si  0:020

0:.012
H 87c |June 15,/Cast from just above{Co 978 65,000 { 55,000 31 1-9 [Finegrained frac-
1914, the melting point,|Fe 1:46 ture,

allowed to cool in|Ni 0:50
iron mould, and{C 0:18
turned in  lathe.|S 0-020]
Annealed at 1000°C.|Si 0020

Ca none
0.
I 87¢ |{June 15,[Cast from just above|Co 97-8 62,300 | 40,800 3.1 1.9 [Finegrained frac-
1914, the melting point,jFe  1.46 ture.
allowed to cool in|Ni 0-50
iron mould, and|C 0-18

turned in  lathe.|S 0:020
Annealed at 1000°C.|Si  0:020
Ca none

P 0:012
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Cast and Annealed—(continued).

Tensile |
breaking | Vield Per- :Percent-
Sample Heat and mechanical load in | in point 'centage age
number. | Date. treatment. Analysis. | pounds | pounds Reduc- | elonga- | Remarks.
i per sq. (per sq. | tion in (tion in 2
i inch. inch ., area. | inches.
I 87¢ |June 17, Cast from just above|Co 97:8 42,600 | 40,800 | 0-61 0-5 |Finegrained frac-
1914, the melting point,|/Fe 1-46 ture.
allowed to cool in|Ni 0-50 |
iron mould, and/C  0-18
turned in lathe/S  0-020 |
Annealed at 1000°C.|Si  0-020 |
Ca none '
1 P 0012 |
II 87¢ June 18,/Cast from just above|Co 97-8 56,000 | 46,000 | 1.3 1-0 |Fine grained frac-
1914, the melting point,|Fe 1:46 ! ture
allowed to cool inNi 0-50 i
| iron mould, and|C 0-18
" turned in lathe.|S 0-020 |
i Annealed at 1000°C.|Si  0-020
Ca none l
’ 0-012 '
Tensile Strength Measurements of Pure Cobalt.
Cast and Unannealed.
Tensile | Vield
breaking| point Per- Per-
load in in centage| centage
Sample | Date. | Heat and mechanical | Analysis. | pounds | pounds re- elonga- Remarks.
number. treatiment, per per duction| tion in 2
square | square [inarea.| inches.
inch. inch.
212 |Jan. 9, |Cast from just above|Co 99-9 29,600 | 10,200 1.5 20 |Fracture coarse
1914, melting point, allow-|Ni none grained  and
ed to cool in iron|Fe 0-20 crystalline.
mound, and turned|S 0-017
in lathe C  none
H 212 |Jan. 16, |Cast from just above[Co 99-9 35,400 | 31,400 05 4-0 |Metal soft and
1914, melting point, allow-[Ni  none brittle, Ma-
ed to cool in iron{Fe 0-:20 chines with
mould, and turned|S 0-017 short chip.
in lathe. C  none
H 212 |Jan. 23, [Cast from just above|Co 99-9 43,400 | 43,400 | none none |[Fracture coarse
1914, melting point, allow-Ni  none grained  and
ed to cool in iron|/Fe 0-20 crystalline,
mould, and turned|S 0-017
in lathe. C  none
H 212 |Jan, 23, [Cast from just above|Co 99-9 45,800 | 25,500 | 1-5 0-5 |Fracture coarse
1914, melting point, allow-Ni  none with radially
ed to cool in iron|Fe 0-20 crystalline
mould, and turned{S 0-017 structure.
in lathe. C none
H 212 |Jan. 26 [Cast from just above/Co 99-9 23,000 | 23,000 | none none |Fracture coarse
1914, melting point, allow-|Ni  none with radially
ed to cool in iron/Fe 0-:20 crystalline
mould, and turned S 0-017 structure. Me-
in lathe. C none tal soft and
brittle.  Ma-
chines with
short chip.
H 212 |Feb, 3, |Cast fromn just above/Co 99-9 37,900 | 37,900 | none none |Fracture  good
1914, melting point, allow-{Ni  none with fine grain,
ed to cool in iron|/Fe 0-20 See micropho-
mould, and turned|S 0-017 tograpll. Plate
in lathe. C  none 1v.
H 213 |Jan, 23, |Cast from just above/Co 99-73 | 30,600 | 30,600 | none none |Fracture coarse
1914, melting point, allow-|Ni  none grained, cryst-
ed to cool in ironFe 0-14 alline.  Metal
mould, and turned|S 0-019 soft and brit-
in lathe. C none tle. Machines
with short chin
H 213 Cast fromn just above| C099.73 30100 | 30100 | none none [Fracture coarse

melting point, allowed
to cool in iron mould,
and turned in lathe.

Ni none
Fe 0-14
S 0.019

C none

grained with
radially crystal-
line structure.
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Cast and Unannecaled—(continued),

Tensile X
breaking| Vield Per- Per-
load in { point in | centage| centage .

Sample Heat and mechanical pounds | pounds | reduc- | elonga-
number.| Date. treatment. Analysis. per per tion tion Remarks.
square | square in in 2
inclu inch, area. | inches.
H 213 | Jan. 23, [Cast from just above| Co99:73 23000 | 23000 | none | none |Fracture coarse
1914, | melting point, allowed| Ni none grained with ra-
to cool in iron mould,| Fe 0-14 dially crystal-
and turned in lathe. | S  0:019 line structure.
C none Metal soft and
brittle.

Machines with
short chip.

H 213 | Feb. 3, |Cast from just above| Co99.73 45300 {* 23000 30 3.6 |Fracture good,
1914, | melting point, allowed| Ni none . fine grained.
to cool in iron mouid,| Fe 0-14 See microphoto-
and turned in lathe. (S: 0.019 graph, Plate V.
none

Cast and Anncaled.

H 212 | Jane 14,1Cast from just above I(\:Ic') 99-9 41200 41200 | none | none |Fracture coarse
1

1914, melting point, allowed none grained, crystal-
to cool in iron mould,| Fe 0.20 line.
and turned in lathe S 0.017

Annealed from 700°C.| C uone
Si  none
Ca noue

H 212 | Jane 27, |Cast from just above] Co 99-9 28100 28100 | nome | none (Fracture fairly
1914, melting point, allowed! Ni none fine structure.

to cool in iron mould,; Fe 0:20 See microphoto-
and turned in lathe] S 0.017 graph, Plate IV.
Annealed from 700°C.| C noue
Si  nomne
Ca noue
H 217 {June 16, |Cast from just above! Co 99.20 34800, 26600 [ 0-30 0:25 |[Fracture fine
1914, melting point, allowed! Ni none grained aud
to cool in iron mould,| Fe 0-730 uniform.

and turned in lathe.| S 0~016|
Annealed at 950°C. Ca none
Si 0-091

Al 0.021

H 217 | June 17,|Cast from just abovel Co 99.20 43600 30600 1.3 1.0 |Fracture fine
1914. melting point, allowed} Ni none grained and

to cool int iron mould,| Fe 0.730 ! uniform.

and turned in lathe.! S 0.016

Annealed at 950°C. Ca none.

Si 0-091
P 0.0077
C 0-036
Al 0-021
Tensile Strength of Cobalt Wires.
Tensile

breaking| Vield Per- Per-
load in | pointin | centage| centage

Sample Heat and mechanical pounds | pounds | reduc- | elonga-
number. | Date. treatineut. Analysis. per per tion tion : Remarks.
square | square |in area.| in 2
. . incl. inch, inches.
H 213 | Jan. 29, {This sample swaged|(Co 99.73 | 101800 5.0 8:2 |Diameter of wire
1914, | down to fine wire|l Ni none 0117 inches.

after special heat and| Fe 0-14
mechanicaltreatment,| S 0.019
which is describedi C none
under “‘Swaging of
Cobalt into Wires,”

pp. 29, 30.
H 213 | Feb. 11, ]’I‘his sample swaged| Co99-73 77000 10 2.0 |Diameter of wire
1914, ! down to fine wire| Ni none 0.124 inches.

after special heat and| Fe 0.014
mechanical treatment,| S 0:019
which is described| C none
under ‘‘Swaging of
Cobalt into Wires,”
pp. 29, 30.

H 213 |Mch. 24,| This sample swaged| C099:73 90500 83 Diameter of wire
1914. | down to fine wire| Ni none ’ 0.076 inches.
after special heat and| Fe 0-014; Fine grained
mechanicaltreatment,| S 0.019 fracture.

which is described| C none
under ‘‘Swaging of
Cobalt into Wires,”
pp. 29, 30.
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The literature on the tensile strength of cobalt is very meagre, although
Copaux! gives the following values for cobalt and niekel: cobalt 69,000
Ibs. per square inch; nickel 58,000 Ibs, per square inch.

We measured the tensile strength of pure iron and pure nickel at this
laboratory, under conditions similar to those for our cobalt tensile strength
measurements. The iron used for these measurements analysed:—

%
Fe. 99.9
S 0-023
P 0-004
G e 0-010
M. 0-031
CU. 0-028
1 DA S trace
N e none
Co e none

N 99.29
B, e 0-48
S 0:-025
o 0-042
G none
o none

A large series of measurements on nickel and iron would be required
to fix the value of the tensile strength with any definiteness; our measure-
ments show it to be approximately as follows:—

Cast nickel, tensile breaking load 18,000 Ibs. per square inch.

Cast iron, tensile breaking load 23,000 Ibs. per square inch.

The rate of cooling of cast metals from the fluid to the solid state is
such an important factor in determining the mechanical properties of the
metal, that it is just as necessary to know the dimensions of the test bars
as it is to know the chemical composition. The above values for iron,
nickel and cobalt, all of which have been made under exactly the same
conditions, with a test bar as shown in Fig. 4, are strictly comparable,
although they should not be compared with values obtained by other
observers on bars of different sizes.

Conclusions.
Pure Cobalt.

1. The tensile strength of pure cobalt, cast and unannealed, is in the
neighbourhood of 34,400 lbs, per square inch. This is the average of ten
measurements on cobalt cast from just above its melting point, allowed to
cool in iron mould, and machined in lathe to test bars.

II. The effect on the tensile strength of annealing cast cobalt, is
to increase its value slightly, although this effect is not marked. The aver-
age value of our determinations was 36,980 lbs. per square inch for the
annealed samples, as compared with 34,400 lbs. per square inch for the
unannealed samples.

1 Annalen de Chemie et de Physique, (8), Vol. 6. 1905, p. 508.
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ITI. The percentage reduction in area and elongation are small for
cast pure cobalt, as'would be expected for the pure metal.

IV. The tensile yield point for pure cobalt is, in general, very close to
the tensile breaking load.

V. The tensile strength of pure cobalt increases very rapidly as the
metal is rolled, as is common for most metals. It may easily reach over
100,000 Ibs. per square inch, by being swaged down to a wire.

VI. The tensile breaking load of pure cobalt, cast from just above
the melting temperature, allowed to cool in iron mould and turned in lathe
to test bar, is greater than either that of iron or nickel prepared and tested
under the same conditions.

“‘Commercial Cobalt.”

VII. The effect of the addition of carbon is to increase the tensile
breaking strength of cobalt very markedly, the value rising from 34,400 1bs.
per square inch for the pure cast and unannealed metal, to in the neighbour-
hood of 61,000 Ibs. per square inch for cobalt carrying from 0-060 to 0-30
per cent carbon. More exactly, the average of eight measurements, with
a carbon content of approximately 0-062 per cent, is 59,700 Ibs. per square
inch. Similarly, the average of fifteen measurements, with a carbon content
varying in the neighbourhood of 0-25 per cent s 61,900 Ibs. per square inch

M

Nominal Stress

(o]

Compression_of ;Specimen.

Fig. 6. Typical compressive stress-strain diagram.

P =DProportional limit.

M =Maximum stress.

R =Compressive breaking load.
The average deviation, however, of these individual measurements among
themselves is such that, no more specific conclusion can be attached thereto.
These values refer to cobalt cast from just above the melting point, allowed
to cool in iron mould, machined in a lathe, and tested unannealed. The in-
creased tensile strength may not be entirely due to the presence of carbon,
for these tests were made on ‘‘commercial cobalt”.



25

VIII. The effect of carbon and other impurities in the ‘“‘commercial
cobalt” is, to greatly increase the percentage reduction and elongation,
which rises, in most, cases, well above 20 per cent.

COMPRESSIVE STRENGTH MEASUREMENTS.

The measurements of the compressive strength of cobalt were made
in the same Riehlé universal standard vertical screw power testing machine,
of 100,000 1bs. capacity, that was used for the tensile strength measurements,

and which is described on page 17, and shown in Plate II.

Test Bars.

All bars for compressive strength measurements were 13 inches long
and £ inches diameter.

‘Method of Measurement.

The measurement was made using the testing machine in the standard
manner, with a chart in place as shown in Plate II, to get an autographic
stress-strain diagram for each sample.

The form of these stress-strain diagrams, obtained on all of our com-
pression samples, is shown in Fig. 6.

From point O to point P, the compressionor strain of the material was
very slight, and was proportional to the stress or load applied. The yield
point is not very clearly differentiated from the proportional limit on these
diagrams, and has been taken to be at point P. M is the maximum stress,
and R the rupture stress, or compression breaking load, which values are
given in our tables. Below are tables of the data for these measurements,
as obtained by us on ‘“‘commercial cobalt”, and on pure cobalt.

Compressive Strength Measurements of ‘‘Commercial Cobalt.”

Cast and Unanneualed.

! Compressive | Yield
Sample Iieat and mechanical breaking point in -
number,‘ Date. treatment. Analysis. | load in Ibs. pounds‘ Remarks.
‘ per, square per
inch, square |
i inch.
H8bH 1 Teb. 10,/Cast from just above melting| Co 98-5 172000 29000 |
1913 point, allowed to cool in| Fe 0-80
: iron mould, and turned in| Ni 0-20 . |
‘ lathe. C 0:37
. S 0014 |
Si 0-020
a none
none
H 87 ¢ | Jan. 16, |Cast from just above melting| Co 97-8 178000 52100 i Metal medium hard
1914 point, allowed to cool in| Fe 1-46 i and tough, Machines
iron mould, and turned inf Ni 0:50 with medium Iong
lathe, C 0-18 . | curling chip.
S 0.020
Si 0:020
Ca none !
. 0-012 I
H 87 a | Dec, 22, [Cast from just above melting| Co 98-7 184000 47600 |
and e 1913 pomt, allowed to cool m Fe 0:80 .
iron mould, and turned in| Ni 0-20 ‘
lathe. C 0-23 |
S 0-030
St 0-020 |
Ca none |
P trace
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Cast and Unannealed—(continued).

Compressive | Vield
Samiple Heat and mechanical breaking | pointin
number.| Date. treatment. Analysis. | load in Ibs. | 1bs. per Remarks,
per square | square
inch, inch.
H87d | Feb. 10, |Cast from just above melting; Co 985 184000 31200
1913 point, allowed to cool inj{ Fe 0-80
iron mould, and turned in] Ni 0-20
lathe. C 0-37
S 0.016
Si 0-020
Ca none
P  none
H 109 | Dec. 22, |Cast from just above melting| Co 96-8 197500 35000
1913 point, allowed to cool in} Ni 0-56
iron mould, and turned in| Fe 2-36
lathe. S 0-022
C 0-062
P 0.017 :
H 211 | Dec. 22, |Cast from just above melting| S  0-080 92000 41000 | Low value due to se-
1913 point, allowed to cool in| C 0-17 gregation of impuri-
iron mould, and turned in| P 0.031 ties. See micro-
lathe, photograph, Plate
XIHI
H 130 | Dec. 22, |Cast from just above melting| Co 96-52 94000 36000 | Metal short grained
1913 point, allowed to cool in] Fe 1:27 and brittle. Ma-
iron mould, and turned in!l Ni 2-00 chines with a short
lathe. ‘ S 0.053 chip.
C 0:305
[$ o0.015
Cast and Aunnealed.
H 211 | Jan. 10, |Cast from just above melting| S  0-080 98200 54300 | Low value due to se-
1913 point, allowed to cool in| C 0:17 gregation of impuri-
iron mould, and turned inj P 0-031 ties.  See micro-
lathe, Annealed from 700° photograph, Plate
C. XIII.
H 214 | Apl. 21, .Cast from just above melting| Co 98-71 144000 40700 | Fine grained and uni
1914 point, allowed to cool in| Fe 1:45 orni,
iron mould, and turned in| Ni none
lathe. Annealed at 850° C.| S 0.012
Mn 2-04
Ca none
St 0.01t
P 0.010
C 0-067
H 87¢ | May, 19 |Cast from just above melting] Co 97-8 124000 56500
1914 oint, allowed to cool in Fe 1:46
ron mould, and turned inf Ni 0-50
Jathe, Amnnealed at 850°C. | C 0-18
S 0:020
Si 0:020
Ca none
P 0.0
H 87c¢ | June 17, [Cast from just above melting] Co 97-8 148000 61000
1914 point, allowed to cool in| Fe 1.46
nnon mould, and turned in| Ni 0:50
lathe, Annecaled at 950°C.| C 0-18
S 0:020
S 0-020
Ca none
P 0:012
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Compressive Strength Measurements of Pure Cobalt.

Cast and Unannealed.

Al 0-021

I Compressive |  Yield
Sanple Heat and mechanical breaking point
number.| Date. treatment. Analysis.| load in Ibs. in Ibs. Remarks.
per square per
inch, square
inch.
H 212 | Jan. 10, [Cast from just above melting| Co 99-9 88900 40700 | Metal soft and brittle.
1913 point, allowed to cool in Ni none Turned with a very
iron mould, and turned in| Fe 0-20 short chip.
lathe. S 0-017
C none
Si  none
Ca none
H 212 | Jan. 24, [Cast from just above melting| Co 999 104800 40700
1914 point, allowed to cool in| Ni none
iron mould, and turned in| Fe 0-20
lathe. S 0-017
C none
Si  none
Ca none
H 213 | Jan. 24, |Cast from just above melting] Co 99:73 154000 36200
1914 point, allowed to cool in| Ni none
iron mould, and turned in] Fe 0-14
lathe. S 0.019
C none
H 193a | Dec. 9, |Cast from just above melting| Co 99-6 135800 39200
1913 point, allowed to cool in| Fe 0-41
iron mould, and turned in| S  0-025
lathe. C  none
Ni trace
trace
Ca none
Si  none
H 193 | Jan, 10, |Cast from just above melting| Co 99-6 123900 54200
1913 point, allowed to cool in| Fe 0-41
iron mould, and turned in| S 0-025
lathe. C none
Ni trace
P trace
Ca none
Si none
Cast and Annealed.
H 212 | Jan. 16, Cast from just above melting| Co 99-9 129100 63400 . l
1914 point, allowed to cool in| Ni none i
iron mould, and turned in Fe 0-20 i
lathe. Annealed from 700°| &  0-017 !
C. C none
Si  none
Ca none
H 213 | Jan. 16, {Cast from just above melting| Co 99-73 Metal soft and brittle.
1914 point, allowed to cool in| Ni none 114300 65600 Machines with a
iron motld, and turned in| Fe 0-14 short chip.
tathe. Annealed from 700°/ S  0-019
C. C none
H 217 | May 19, |Cast from just above melting| Co 99-20 102000 45200
1914 point, allowed to cool in| Ni none
iron moutd, and turned in| Fe 0-730]
lathe. Anncaled at 850°C.| S 0-016
Ca none
Si 0-091
P 0-0077 .
C 0-036 !
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Cast and Annealed—(continued).

Compressive | Vield

Sample Heat and mechanical breaking point in
number.| Date. treatment. Analysis. | load in lbs, | 1bs. per Remarks,
per square | square
inch. inch.
H 217 | May 20, [Cast from just above melting| Co 99-20 106000 65600
1914 point, allowed to cool inj Ni none

iron mould, and turned inf Fe 0:730
lathe. Annealed at 850°C. | S 0-016
Ca none
Si 0:091

Al 0.021

H 217 | June 17, [Cast from just above melting| Co 9920 134800 40700

1914 point, allowed to cool in| Ni none

iron mould, and turned in| Fe 0.730

lathe. Annealed at 950°C.| S 0-016
Ca none

.S 0-091
P 0-0077
C  0-036
Al 0:021

There is, practically, no literature on the compressive strength of cobalt.

We measured the compressive yield point of pure nickel under condi-
tions identical with the above measurements for cobalt, and found it to be
20,000 pounds per square inch. This was for a sample cast from just above
the melting temperature, allowed to cool in iron mould, and tested unan-
nealed. The nickel analysed as follows:—

, %
Ni 99.29
Fe 0-48
C none
S 0-025
Si 0-042
Ca none
C none

Conclusions.

Pure Cobalt.

I. The compressive strength of pure cobalt cast and unannealed is in
the neighbourhood of 122,000 pounds persquare inch. This is the average
of five measurements on cobalt cast {from just above its melting point,
allowed to cool in iron mould, and machined in lathe to test bars.

1I. Theeffect of annealing on the compressive strength of cast pure co-
balt 's not very marked—the average of five measurements of the compres-
sive strength of annealed cast cobaltis 117,200 pounds per square inch. There
seems to be a tendency to lower the compressive strength by annealing.

III. The compressive yield point of pure cobalt is 56,100 pounds per
square inch, for the annealed samples, compared with 42,200 pounds per
square inch for the unannealed samples. Thus the yield point seems to be
slightly raised by annealing.

IV. The compressive yield point of pure cobalt, cast from just above
the melting temperature, allowed to cool in iron mould and machined in
lathe to test bar, is considerably greater than either that of pure iron or
nickel prepared and tested under the same conditions.

“Commercial Cobalt.”

V. The effect of the addition of carbon is to increase the compressive
breaking strength of cobalt, the value rising well above 175,000 pounds per
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square inch by the addition of from 0-060 to 0-30 per cent carbon. These
values refer to cobalt cast from just above the melting point, allowed to cool
in iron mould, machined in lathe, and tested unannealed. The increased
compressive strength may not be entirely due to the presence of carbon, for
these tests were made on ‘ commercial cobalt’.

VI. The effect of carbon and other impurities in the ‘‘commercial
cobalt’’ does not seem greatly to affect the yield point through the range of
our observation, although on the average from 0.060 to 0-30 per cent of carbon
with the other impurities shown, tends to lower it from 5 to 10 per cent,
both annealed and unannealed.

VII.  The effect of annealing ‘ commercial cobalt’ is to lower its com-
pressive strength, our values averaging 140,000 pounds per square inch for
the annealed samples, as compared with 183 ,000 pounds per square inch for
the unannealed samples.

VIII. The compressive yield point of ‘‘ commercial Cobalt is, similar
to that for the pure metal, slightly raised by annealing; our values averaging
39,000 pounds per square inch for unannealed samples, as compared with
53,000 pounds per square inch for the annealed samples.

i

MACHINING, ROLLING, AND SWAGING OF METALLIC COBALT.
Turning Properties.

Pure metallic cobalt may be readily machined in the lathe, although it is
somewhat brittle, and yields a short chip. The addition of small amounts
of carbon renders cobalt less brittle, and yields a longer curling chip upon
turning.

Swaging of Cobalt.

Cast cobalt of extreme purity, which has been cast either in iron or in
sand moulds, whether cooled slowly or rapidly, cannot be directly swaged
down to a fine wire without special mechanical-heat treatment.

On the other hand, ‘““commercial cobalt” containing small percentages
of carbon as described in this paper, may readily be swaged down from cast
bars to wires of any desired diameter.

Swaging Machines.

For our experiments on the swaging of cobalt, we used a No. 3 Dayton
swaging machine, manufactured by the Excelsior Needle Company of Tor-
ringtown, Conn. This is shown in Plate III.

With this machine the metal is not drawn out, as is the case with wire-
drawing machines, but is rather hammered down by being placed within a
pair of dies, carried in a slot in the face of a revolving mandrel, and outside
of which is an annular rack containing a number of hardened steel rollers.
The dies thus revolve rapidly around the work, which is hammered by them
as they pass between opposite pairs of rolls on either side of it.

With this machine it is comparatively easy to swage hard steel into
fine wires. The steel will pass through the dies either hot or cold.
When, however, a bar of pure cobalt, which has been turned in a lathe to
give it a smooth uniform surface, was placed in the swaging machine cold,
it cracked along its entire length, and broke off at many places. This was
repeated several times with different bars of the metal, each time with the
same result, showing that the metal could not be swaged cold.
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It became evident that pure cobalt must be given some heat treatment
before it could be swaged at all. Hence a bar was first annealed from a
temperature of 700°C, by heating it slowly to this temperature in a gas muf-
fle furnace, holding it there for a short time, and then allowing it to cool with
the furnace, during several hours. It was then heated to different tempera-
tures before being placed in the swaging machine, with the following results.

At 900°C the metal crumbled in the machine as though it were extremely
hot short, although the sulphur content was as low as 0-018 and 0-020 per
cent.

At 700°C to 800°C it still cracked, and broke very badly in the
machine. .

At 500°C to 600°C, however, the bar could be passed through one or
two dies without any apparent cracking. It would not go farther than this,
although the bar was reannealed after each pass, and reductjons in diameter
of only 0002 to 0-003 inches, on a 3 /8" bar, were made at each pass. At
lower temperatures than this the metal would crack still more, and hence
it is obvious that the metal must be given some special treatment to render
it more ductile before it can be swaged down to a wire.

Cobalt, like iron and certain other metals, will absorb considerable
quantities of gases when it is in the molten state; and as the gases in the
metal will in all probability have a bad effect on its swaging properties an
attempt wasmade to remove any of these gases that may havebeen dissolved
in the metal and which still remained in the solid bar. With this in view,
a bar which had been cast in an iron mould was heated slowly in a good
vacuum to a temperature of about 700°C, where it was held for several hours,
at the end of which time the bar was allowed to cool slowly in the furnace.
This treatment is claimed to have rendered tungsten more ductile; but on
attempting to swage a cobalt bar which had been treated thus, very little,
if any, improvement was observed in its swaging properties.

The method which finally succeeded, consisted in slowly cooling the bar
from a high temperature, 1100°C to 1150°C, under a high pressure. This
was accomplished in the following way. The bar was placed within an
iron mould, squeezed tightly by means of clamps, and the whole heated
slowly to the above temperature. The mould, with bar, was then re-
moved from the furnace, and the outer portion of the mould chilled while
the inner portion still remained hot. The consequent contraction through
cooling of the outer portion exerted a considerable pressure on the inner
hot bar of metal. The cooling under this pressure continued for three
or four hours, after which the metal swaged at a dull red heat with very
little difficulty.

The process of swaging consisted in passing the metal, heated to a dull
red heat, through successive dies, which hammered it down until a wire of
the required diameter was obtained. However, the temperature at which
the bar was passed through the dies had to be carefully regulated, as the
metal apparently would not swage at all when cold, and when hot only
between 500° and 600°C. By thus controlling the temperature, and feed-
ing in the bar very slowly, good, smooth, uniform wires were obtained.

Conclusions.

(1).  Pure cobalt may be machined in a lathe as readily as pure nickel
or pure iron, although it is somewhat brittle and yields a short chip.

(2). “Commercial cobalt”, containing small percentages of carbon,
machines very readily after the manner of mild steel.



Prate III.

Swaging Machine.
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(3). Cast cobalt of extreme purity cannot be rolled or swaged without
developing cracks, unless given a special mechanical heat treatment.

(4). Cast cobalt of extreme purity may be rolled or swaged to any ex-
tent by cooling the casting under extreme pressures, followed by passing
through rolls or dies at temperatures between 500 to 600°C, and so as to
reduce the bar by small percentages at each pass.

(5). ‘““Commercial cobalt” containing small percentages of carbon, may
be rolled or swaged from cast bars to any extent, provided that the metal
be worked at a red heat.

MEASUREMENT OF ELECTRICAL RESISTANCE.

The potentiometer method of electrical measurement, which is in
reality a measurement of the drop in potential along a known length of wire
when a definite current is flowing through it, was employed for our measure-
ments on pure and ‘‘commercial’’ cobalt.

The samples of metal which were used were all cast from just above
their melting points, allowed to cool slowly in an iron mould, and thereafter
swaged down to wires of given diameters according to the method described
under ‘“‘Swaging of Pure Cobalt”, page 29.

Analyses of the samples will be given in each instance with the tabulated
results of the measurements.

Description of Apparatus.

Fig. 7 is a diagrammatic sketch of the electrical circuits as they were
usedlin the potentiometer method of measuring the electrical resistance of
cobalt.

W is a storage battery, two volts, which sends a current through the
circuit WRDAMCBW, which flows in the direction from R to B. This
circuit is known as the potentiometer circuit. AC is a series of fifteen 5
ohm resistance coils, and CB is a 5 ohm slide-wire, consisting of several
turns of constantine wire mounted on a marble cylinder. Std isa cadmium
standard cell, electromotive force 1-0189 volts, which bears the certificate of
the United States Bureau of Standards. The standard cell is connected
from a point X in the coils AC to the switch T, which is set at a point in the
resistance DTA, such that the electromotive force between T and X, due
to the battery W, is exactly equal to that of the standard cell.

This balanced condition is determined by the galvanometer G, which
is connected in the circuit of the standard cell by throwing the switch U
into the dotted position. The resistance R is adjusted until there is no
deflection of the galvanometer, which signifies the balanced condition
above mentioned.

The resistance coils from A to C are a set of fifteen 5 ohm coils, and the
point X is such that ten of them are included between A and X. ATDisa
standard resistance such that there is included between A and T exactly
0-945 ohms. When the balance was made there flowed, therefore,
through the potentiometer circuit, a current | = 1-0189 - amperes

! 50-945 50° ’
This adjustment is made so that, for this current in the potentiometer
circuit, the drop in potential across two adjacent coils along AC is exactly
1/10 of a volt.

The switch used is now thrown to connect an unknown electromotive
force (E.M.F. in the diagram) through the galvanometer, and in such a way
that the current from the new source flows in the same direction as that

4
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from the standard cell. The sliding contact M! is brought to the zero end
of the slide wire, and the moving contact M is shifted from C towards A,
step by step, until the galvanometer deflection is reversed in direction.
M is left at the last point for which a galvanometer deflection is in the same
direction as when M was at €. Then the contact M' is moved along the
slide wire until the galvanometer deflection is zero.

1
H

R w

[Fig. 7. Arrangement of circuits for electrical resistance measurements.

W and W! =2 volt and 4 volt storage batteries respectively.

R and R! =Adjustable rheostats.
U and U'  =Doubje-throw switches.
= Galvanometer.
Rand Rt =Small resistances for prntectxon of galvanometer in making adjustments.
td. =Standard cell, ean.f. 1.0189 volts.
S =Wire tested.
St =Standard resistance of 0-1 ohms correct to 2% of one per cent, and with

no temperature coefficient.

The reading of the contact point M gives the value of the electromotive
force in tenths of a volt, and that of M! from hundredths to hundred-
thousandths of a volt. Thus a very accurate measurement of the unknown
electromotive force is obtained in terms of the known standard.

The unknown eclectromotive force in these experiments is not a cell,
but is the drop in potential along S. S is a given length of the cobalt
wire, whose resistance is to be measured, through which a small current
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Fig. 8. Annealing furnace (full size): longitudinal section, taken vertically, through centre.’
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= Asbestos insulating rings.

=Contact bar.

=Double connectors.

=, connector with set screws
removed.

=Glass plugs.

=1Iron tube.

=Electric power connections,

=Steel coil spring,

=Rubber stopper.

=Sample to be annealed.

=Thermo-couple,

. =Connection to vacuum pump,

=]ron wire.
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is passing from battery W' connected as shown in the diagram. In this
latter circuit WS there is also connected a standard resistance S! of 0-1
ohms. By throwing the switch U! into the dotted position the drop in
potential along S! was measured. Knowing the drop in potential along S
and also along S!, when the same current is passing through each, the
resistances are known from the following equation—

unknown resistance S drop in potential along S
known resistance S! drop in potential along S*

Method of Computation.

The length S between two knife edges, which formed the contact points
between which the electromotive force was determined, was carefully
measured to tenths of a millimeter. The average diameter of the wire
was measured to thousandths of a millimeter, and from these data the
specific resistance of the wire in ohms per cubic centimeter was calculated

to be— A
: R
R = ,u%“— or po=T
where R = total resistance of S in ohms.
1 = length of S in centimeters.
A = average cross section of S in square centimeters.
u = specific resistance in ohms per centimetesr cube.

After this measurement the wire was cut to the exact length S, care-
fully weighed to the nearest milligram, and the density of the; wire deter-
mined by the Archimedes principle. From these data the resistance of the
wire in ohhms per meter gram was calculated as follows:—

1
R = u N .
M , M
D=5 =T A= pp
from which we have—
12 k12 Rm )
R Du M Mo k = RO where,

resistance of S in ohms,

mass of S in grams,

density of S,

specific resistance of S in ohms per meter gram,
= volume of S in cubic centimeters.

For a comparison of k and u it should be noted that k is equal to u
multiplied by the density of the wire times 10% '

Below is a table of the values obtained by this type of measurement
both in ohms per centimeter cube, and in ohms per meter gram, together
with analyses of the specimens. In each of the values for k, the computa-
tions were made directly {from the length of thé wire in meters and the mass
of the wire in grams.

i h

< QR
I

Annealing of Wires.

The effect of annealing on the conductivity of both pure and *com-
mercial” cobalt was studied. In this connexion the annealing was ac-
complished by two methods:
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(1). Passing a suitable electric current through the wire in vacuo.

(2). Heating within an electric furnace in a CO, atmosphere.

The annealing furnace used for heating in vacuo consisted of a cyl-
indrical glass tube about 4 feet in length and 2 inches in diameter, and sealed
off at the end with rubber stoppers. Through the ends protruded copper
leads and a connexion to a vacuum pump. The slack in the cobalt wire,
developed upon heating, was taken up by a coiled spring, as shown in
Fig. 8. The approximate temperature was measured by a thermocouple
placed against the annealing wire.

The furnace used for annealing in a carbon dipxide atmosphere con-
sisted of an iron tube about 4 feet long, and 2 inches diameter, wound
with suitable insulated nichrome wire. The ends, which were sealed off
with rubber stoppers, were water cooled, and contained a suitable gas
inlet and outlet.

In the tables following, showing the results of these resistance measure-
ments, in the column under *‘ Remarks’, will be indicated by which of the
above methods, “Vacuum Furnace” or ‘“Carbon Dioxide Atmosphere',
the annealing was accomplished.

Electrical Resistance of ‘‘Commercial Cobalt.”

All of the samples of the following table of measurements were cast from just above the melting
point, allowed to cool in an iron mould, and turned in a lathe to a bar of about one centimeter in diameter,
They were then passed through the swaging machine, after special heat and mechanical treatment, as described
on page 29, and drawn down to wires of the desired diameter. They were not annealed or given further heat
treatment after drawing.

Unannealed,
Temper- Average | Weight Resistance | Resistance
Sample ature of Length of | cross sec- of in ohis per|in ohms per
number. Date. | wire in de- wire in | tional area | wire in Analysis, centi- meter
grees cis. of wire in, grams, meter cube,) gram.
centigrade. . S, Cms.
| e
H 192 Nov. 7 21.2 83.25 0.005568 3.9881] Co 99.63 229.6x10 1.977
1913, Ni  none
Fe 0.60
S 0-023
C 0.090
[ Si trace
i Ca trace
: -7
H 192 Nov. 7 210w 50-20 0-005568 2:4051] Co 99-63 |231.2x10 1-992
1913, Ni  none
Fe 0-60
S 0:023
C  0-090
Si trace
Ca trace
-7
H 192 Nov. 7 218 5020 0-005568 | 2-4051| Co 99.63 |231-5x10 1.993
1913. Ni none
Fe 0:60
S 0:023
C 0-090]
Si trace
Ca trace
-7
H 193 Nov. 8 219 75.07 0-01885 12:3871| Co 92:36 |144-4x10 1.271
1913. Ni 2:73
TFe 449
S 0:018
C none .
H 193 Nov. 8 220 51.67 0-01885 ! 8:526 Co 92:36 {144 5x10 1-271
1913, I Ni 2-73
. Fe 4-49
S 0-018]
‘ C none
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Unannealed— (continued),

Average | Weight Resistance Resistance
Sample ‘Temperature | Length of | cross sec- o in olims per in ohms per
Number. Date. of wire in wire in | tional area | wire in Analysis. [centimeter meter
degrees cms. of wire in | grams. cube, gram.
ceatigrade. sq. cms. [
=7
H 214 Apl. 3 22:5 7495 0-006374 | 4-304 |Co 98:71 {105:8x10 0-9530
1914. iNi none
Fe 1-15
iSi 0-14
1Ca  none
s 0-012
- C 0039
[P 0-010
-7
H 214 Apl. 3 22-5 74.95 0-006374 | 4:304 [Co 98-71 (105-8x10 0:9530
1914, |Ni none
Fe 1-15
|Si 0-14
Ca none
0-012
C  0-039
P 0-010
| -7
H 214 Apl. 3 22-0 52.04 0-006419 3-023 Co 98-71 [105-1x10 0.9545
1914. |Ni none
Fe 1-135
lsi” 0-12
iCa none
S 0-012
C  0-039
P 0-010)
-7
H 214 Apl. 3 22:0 52:64 0:006319 | 3:023 |Co 98-71 |104-8x10 0-9524
1914, Ni none
Fe 115
Si 0-14
Ca none
S 0-012]
C  0-039
P 0.010 .
=7
H 214 Apl. 6 16-0 82:56 0-0006319 4:723 Co 98-71 [104-2x10 0-9431
1914, Ni  none
Fe 1-15
Si 0-14
Ca none
S 0-012]
C  0.03Y]
P 0-010]
-7
H 214 Apl. 6 15-5 82:56 0-006319 | 4-723 Co 98-71 (103-8x10 0:9403
1914, Ni none
Fe 1-15
Si 0-14
Ca none
S 0-012
C 0-039
P 0-010]
=7
H 214 Apl. 7 18-0 59-95 0-006305 3-429 Co 98-71 [104-7x10 0-9502
1914, Ni none
Fe 1-15
Si 0-14
Ca none
S 0-012
C 0-039
P 0-010
-7
H 214 Apl. 7 18-0 59:95 0-006305 3-429 |Co 9871 !104-7x10 0:9502
1914, Ni
Te
Si
Ca
S
C
!)OQ
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Annealed.

All the samples of the following table were annealed at the temperatures given in the last column.

Temper- Average Resistance| Resist-
ature of | Length cross sec- | Weight in olims | ance in
Sample wire in |of wire tional area|of wire per centi- | olims
number.| Date. | degrees [in ohms of wire in Analysis, meter per Remarks,
centi- in sq. cms.| grams. cube. meter
grade. gram.
| | "
H 214 Apl. 117 13.0 7465 0-006333 | 4-260 Co98-71 |91-76x10 0-8286 |Annealed at 350°C
1914 Ni  none for about §
Fe 1-15 lours by pass-
St 0-14 ing current
Ca none through  wire.
S 0-012 Vacuum fur-
C 0-039 nace.
: P 0.010| .
H 214 Apl. 11| 13-0 47.50 | 0-006376 { 2-713 |Co 98-71 [91-49x10 0-8205 |Annealed at 350°C
1914, Ni nong| for approximat-
Fe 1-15 ely 5 lours, by
Si 0-14 passing current
Ca none thro’ wire, Vac-
0-012 uum furnace.
C 0-039
P 0-010 .
H 214% |Apl. 21} 21.5 83+69 | 0-006461 | 4:845 |Co 98-71 1104-1x10 0-9325 |Annealed at 200°C
1914, Ni none| for approximat-
Fe 1.15 ely 5 hours in
Si 0-14 furnace, CO; at-
Ca none mosphere.
S 0-012
C 0.039
P 0-010
H 214% |Apl. 21, 21.5 49.97 | 0-006461 | 2-888 [Co 98-71 }103-7x10 0:9264 |Annealed at 200°C
1914, Ni  none for approximat-
Fe 1:15 ely 5 hours in
Si 0-14 furnace, CO; at-
Ca none mospliere.
S 0.012
C 0-039
P 0-010 7
H214% |Apl 22, 192 82.80 | 0:006447 | 4-799 |Co 98-71 [102-6x10 [ 0-9225 |Anucaled at 300°C
1914, Ni  none for 2 hows in
Fe 0-15 furnace, CO; at-
Si 0-14 mosphere,
Ca none
0-012
C 0:039
P 0.010 .
H 214% [Apl, 22, 19-2 45.86 | 0-006447 | 2-657 {Co 98-71{102-9x10 0-9249 [Anncaled at 300°C
1014 Ni  none for 2 hours in
Fe 0-15 furnace, CO:at-
S 0-14 mosphere,
Ca none
S 0-012
C 0-039
b 0-010 _
-7
H 214%  |Apl 23,\ 19-0 82-40 | 0-006390 Co 98-71!100-7x10 0-9090 |Annealed at 400°C
19141 Ni none for 2 hours in
i Fe 1-15 furnace, CO: at-
Si 0-14 mosphere.
| Ca mnone
\ S 0-012
C 0-039
| P 0-010 R
H 214%  |Apl. 23, 190 54-94 | 0-006404 Co098-711(00-2x10 0-9019 |Annealed at 400°C
1914, Ni none for 2 lhours in
Te 1.15 ! furnace, CO: at-
St 0-14 mospliere,
i Ca none
S 0-012
C 0-039
i P 0-010
LJ
#Samples I 214 sr,;lse%: Al 11 .the saine wire, auncaled aud unannealed,
. Ll
. : .".-'.no.., .l e \ae
R .
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Amnnealed—(continued).

‘Lemper-
‘ ature of |Length| Average [Weight Resistance | Resist-
Sample wire in | of wire | cross sec- | of wire in olims per| ance in
number, | Date, | degrees |in ohms tional areaj in Analysis | centimeter johms per Remarks.
centi- of wire in { grams. cube. meter
grade. 8¢l cms. | grams,
-7
H 214 ]Ap] 24 ‘ 18-5 7811 | 0-0006291 | 4-478 [Co 9871 ¢8-42x10 0-8969 jAnnealed at 500°C
’ Ni none . for 2 hours in
| Fe 1.15 furnace, CO:z at-
; Si 0-14 mosphere.
Ca nonec
i S 0-012
‘ C 0-039
‘\ P 0-010 -
=7
H 214 ‘Apl 24, | 185 56-35 | 0-006291 | 3:230 [Co98-71 98.-14x10 | 0-8041 |Annecaled at 500°C
| 1914, Ni none for 2 hours in
H TFe 1415 furnace, CO: at-
‘ Si 014 ‘ mosphere,
: Ca none
| | S 0-012
C 0:039
| P 0.010 .
H 214(a) |Apl. 25, 19.3 8165 | 0-006319 | 4-664 [Co 98-71 | 93-34x10 | 0-8437 [Annealed at 600°C
1914, Ni none for hour in
‘ Fe 1-15 furnace, CO: at-
i Si 0-14 mosphere.
| Ca none
S 0.012
| C 0039
‘ P 0-010 .
H 214 |Apl 25, 19-3 57-50 | 0-006319 | 3-285 |Co 98-71 | 93-63x10 | 0-8466 Annealed at 600°C
1914, Ni none for 1 hour in
! Fe 115 furnace, CO: at-
| St 0-14 mosphere.
‘ Ca none
| S 0-012
I C 0-039
P 0-010;
H 214 |ApL 27,| 156 66:67 | 0-006291 | 3-801 |Co 98-71 | 91-44x10 | 0-8285 (Annealed at 700°C
1914, Ni none for 1 hour in
| TFe 115 furnace, COz at-
| Si 0-14 mosphere.
Ca none
\ \ S 0-012
| ‘ C 0:039
' ! P 0:010 .
{ : =
H 214 'Apl, 27, 15.8 51:01 | 0-006291 | 2.907 (Co 98:71 {90-90x10 | 0:8232 |Annealed at 700°C
. 1014, Ni none for 1 hour in
. Fe 1:15 furnace, COz at-
] Si 0-14 mosphere.
| Ca none
S 0-012
! C 0-039
| P 0-010 .
H 214 |Apl 28,‘ 18-4 53-55 ' 0-006263 | 3:046 [Co98-71 (90-35x10 0-8204 |Annealed at 800°C
1914, Ni none for 1 hour in
\ Te 1:15 furnace, COz at-
. St 0-14 mosphere,
Ca none
S 0-012
C 0-039
P 0-010
(a) Note drop in resistance between 500°C and 600°C.
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Electrical Resistance of Pure Cobalt

All of the samples of the following table of measurements were cast from just above the melting point,
allowed to cool in an iron mould, and turned in a lathe to a bar o1 about one centimeter in diameter. They
were then passed through the swaging machine, after special heat and mechanical treatment, as described on
page 29, and drawn down to wires of the desired diameter. They were not annealed or given further heat
treatment after drawing.

Unannealed.
Average . Resistance | Resistance
Temperature| Length Cross Weight in in
Sample Date. in of sectional in Analysis. | ohms per ohms per
rumber, degrees wire. area in grams, centimeter meter
centigrade. sq. cms. cube. gran,
-7
H 212 Jan, 22, 17°C. 9281 0:005890 | 4-863 |Co 99:9 87-27x10 0.7766
1914. Ni  none .
Fe 0-20
S 0-017
C  nome
Si none
Ca none ;
H 212 Jan. 22, |° 17 9281 0005890 4:863 [Co 99.9 88.04x10 0.7834
1914, Ni none
Fe 0.20
S 0.017
C  none
Si  none
Ca none ;
H.212 Jan. 22, 17 50-23 | 0-005890 2:631 [Co 99-9 88:08x10 0-7837
1914, Ni none
Fe 0-20
S 0-017,
C  none
Si  none
Ca none ;
Hj212 Jaun. 22, 17 50-23 0005890 2-631 [(Co 99.9 88-22x10 0.7840
1914. Ni  none
Fe 020
S 0:017
C  none
Si  none
Ca none
-7
H 212b (Jan. 22, 14 7941 0-005822 4:113 |Co 99-9 86:66x10 0-7713
1914, Ni none
Fe 0-20
S 0.017
C  none
Si  none
Ca none .
H 212b |Jam. 22, 14 7941 0-005822 4-113 [Co 99-9 86-80x10 0.7727
1914, Ni none
Fe 0-.20
S 0.017
C  none
St none
Ca none 7
H'212b |Jan. 22, 14 48.98 | 0-005822 2:538 |Co 99.9 | 85-80x10 07637
h 1914, Ni  none
Fe 0-20
S 0.017
C  none
Si none
. Ca none 7
H 212b |[Jan. 22, 14 48.98 0-005822 2-538 {Co 99.9 85.55x10 0-7616
1914, Ni none
Fe 0:20
S 0.017
C  none
Si  none
Ca none 7
H215 |Apl, 2, 22 95:38 0-006547 5:432 |Co 99:6 89+17x10 0:7756
1914, Ni none
Fe 0-19
S 0.012;
C  none
Si 0.084
Ca none
P 0-0066
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Unannealed—(continued),

|
I Average Resistance | Resistance
Temperature| Length | cross Weight , in in
Sample Date. in of ! sectional in Analysis. ohms per ohms per
number. degrees wire. | areain grams, centimeter meter
centigrade, $q. cms. cube. gram,
| -7
H 215 |Apl 4, 22 95-38 | 0-006547 5:432 |Co 99:6 | 89-98x10 0-7826
1914, | Ni none
Fe 0-19
i S 0-012
! C  none
I St 0.084
Ca none
\ 0-0066
| -7
H 215 Apl. 4, 23:0 95-38 | 0-006547 5-432 [Co 99:6 89.98x10 0-7826
1914, i Ni none
Fe 0-19
S 0-012
C  none
! St 0-084
' Ca none
P 0-0066 ;
. -
H 215 Apl. 4, 23-0 95-38 | 0-006547 5:432 |Co 99-6 90-26x10 07852
1914. ! iINi none
Fe 0-19
S 0.012
> C none
Si 0-084
Ca none
P 0-0066
Aunnealed.
The following hars were annealed at the temperatures given in the last column.
Temper-
ature Average Resistance| Resist-
Sample in Length|  cross Weight . in tance in
number, | Date. | degrces of sectional in Analysis, | ohms per [ohms per Remarks,
centi- wire. area in grams. centimeter| meter
grade. S¢f. cms. cube. gram,
-7
H 215 |(Apl.13,0 17.7 85:21 | 0-006475 | 4:834 [Co 99:6 | 85-03x10 | 0-7449 |Anncaled at 350°C
1914, Ni none for approxima-
Fe 0-19 tely five hours
S 0:012 by passing cur-
C none rent through the
St 0-084 wire in vacuum,
Ca none
P 0-0066 ;
H 215 Apl, 13,] 17:7 85-21 | 0-006475 , 4:834 |Co99:6 85-18x10 | 0-7463 |Anncaled at 350°C
1914, Ni none for approximat-
Fe 0:19 ely five hours
S 0.012 by passing cur-
C none rent through the
Si 0-084 wire in vacuum.
Ca none|
P 00066, .
H 215 Apl. 13| 17.7 50:2 0-006475 | 2:848 1Co0 996 84:92x10 | 0-7424 |Annealed at 350°C
1914, INi  none for approximat-
Fe 0-19 cly five hours
[S™0-012 by passing cur-
C  none rent through the
ISt 0-084 wire in vacuum.
:Ca  nonel
P 0-0066 ,
1 215 Apl. 13} 17.7 50:2 0:006475 | 2-848 \Co 99-6 85-04x10 | 0-7436 {Annealed at 350°C
1914, Ni none for approximat-
Fe 0-19 cly five hours by
IS” 0.012 passing current
{C  none through the
Si 0.084 wire in vacuum,
Ca none|
P 0-0066 .
H 215 | Apl. 21, 19.0 74-44 | 0-006151 | 4.224 ‘.Co 99-6 97.42x10 | 0:8988 |Annealcd at 400°C
1914 ' Ni none for 2 hours in
]Fe 0-19 furnace, COz at-
S 0-012 mosphere,
iC none
Si 0-084
]Ca none
iP 0-006
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Annecled—(continued).

I

Lengthl Average

Tenipera- Weight ' Resistance| Resist-
ture of of | cross of ‘ in ohms | aunce in
Sample | Date. [ wire in wire sectional wire | Analysis, | per centi- | ohms Remarks.
number. degrees in arca of in neter per
centi- ’ ohms. wire in | grams. cube, meter
gracle. [ s, cms. gram,
‘ | | | =7
H 215 | Apl 21 18-8 | 39-89 ' 0-006221 | 2:264 [C099:6 | 97-94x10 | 0-8938 |Annecaled at 400°C
1914 | I Ni none for 2 hours in
| \ Te 0-19 furnace, CO2 at-
S 0:012 mosphere.
| | C none
' Si 0-084
Ca none
P 0.0066
-7
H 215 [Apl22 21-2 | 73:99 | 0-006249 | 4162 |Co 99-6 101+0x10 | 0-9108 [Annealed at 500°C
1014 Ni none for 114 hoursin
| Fe 0-19 furnace, CO: at-
S 0-012 mosphere.
‘ C none
Si 0-084
‘ Ca none
‘ P 0-0066
-7
215 jApL22 21-2 | 4941 | 0-006249 | 2-779 |C0o 996 101-1x10 | 0-9176 |Annealed at 500°C
1914 | Ni none for 114 hours in
TFe 0-19 furnace, CO: at-
i S 0-012 mosphere.
C none
; Si 0.084
Ca none
! l B 0-0066
. -7
H 215(a)|Apl. 23 15-4 ! 72-75 1 0-006249 | 4-080 C099:6 | 93-54x10 | 0-8395 |Annealed at 600°C
1914 i ’ Ni none for 1 hour in
. Fe 0-19 furnace, CO:z at-
! } S 0-012 mosphere.
, C none.
i I Si 0084
, ! Ca none
) P 0-0066
-7
H 215 Apl 23 15-4 | 52.23 | 0:006221 | 2:930 :C099:6 | 93-85x10 | 0-8460 |Annealed at 600°C
1914 ‘Ni none for 1 hour in
Fe 0.19 furnace, COz at-
S 0-012 mosphere,
C  none
St 0-084
{Ca none
) ! 0066
-7
H 215 [Apl 24 9.0 k 51-37 | 0-006235 | 2-875 |Co99-6 94:06x10 | 0-8442 |Anncaled at 700°C
1914 | Ni none or 1 hour in
| Fe 0-19 furnace, CO: at-
) 0-012 mosphere,
. iC  none
St 0-084
‘Ca none
‘P 0:0066
-7
H 215 | Apl 24 19-0 | 74-05 | 0-006291 | 4-145 1C099:6 93-33x10 | 0-8360 jAnnealed at 700°C
1014 ‘ ’Nl none for 1 hour in
'Fe 0-19 furnace, CO: at-
| S 0-012 mosphere.
C none
| Si- 0-084
Ca none
‘P 0-0066
__7 .
H 215 jAplL28 16-5 73-11 | 0-006207 | 4-080 ‘Co 99:6 | 91-36x10 | 0-8203 [Auncaled at 800°C
1914 ‘Ni none for ¥ hour in
Te 0-19 furnace, COz at-
1S 0-012 mosphere.
.C  none
Si 0084
Ca none
; ‘P 0-0066 .
H 215 |Apl 28 165 | 54+15 | 0-006207 | 3-022 ‘Co 99-6 | 91-65x10 | 0-8240 |Aunealed at 800°C
1914 [Ni none for ¥4 hour in
Fe 0:19 furnace, CO: at-
'S 0.012 mosplicre.
|IC  none
'Si0-084
[C none
P 00066

@)

Note drop in resistance between 500°C and 600°C, as before.
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The following values of the specific resistance of cobalt are taken
from the literature:—

Specific Electrical Resistance of Cobalt.

Temperature Spectﬁc resistance in ohms per
i centimeter cube.

i -7

Copaux .. oot e Room 55 x 10
-7

Reuer and Kaneko?.....ovviviinnennennnn, Room 64 x 10
Hofman®........ ... ... iiiiiienea.. ) Room ‘ 97 x 10
Knott, C. G4, e ! 100°C 121 x 10
] -

Knott. C.Guoi s 200°C 159 x 10
Reichardt 399:89%, Co.ovovvvvneennnneennn. 20°C 97 x 10

In addition to these, the following values of the specific resistance
of nickel are taken from the literature:—

Specific Electrical Resistance of Nickel.

i Temperature Specific resistance in ohms per
centimeter cube.

\

Copalixl. ..o s I Room ! 04 x 167

| =7
Reuer and Kaneko®..............ooiinae. Room 77:2x 10
Hofman.3, . ... ... ... i, Room ( 70 x 167
Fleming b, ... o 0°C [ 69 x 167
NICCOLAT T oo 0°C ( 1o x 10
Harrison, E. P.8. . oo, 0°C 1 103 x 1(_)7

t Annalen de Chimie et de Physique (8), Vol. 6, 1905, p. 508.
2 Ferrwn. Vol. 10, p. 257, Chcmlcal Abstracts, 113, p. 3591.
3 General Metallurgy, 1913, p.
4 Proceedings of the Royal Soc1ety of Edinburgh, 18, 303, 1891.
5 Annalen de Physic, (4) 6, 832, 1901,
8 Proceedings of the Royal Soctety, Vol 66. p. 50, 1900.
7 Lincei Rend, 16, (1), p. 757,
Lincei Rend, 16, (2), p. 185, 1907
8 Proceedings of the Physxcal Society, Vol. 18, p. 57, 1902.
Philosophical Magazine, (6) Vol. 3, p. 177, 1902.

Conclusions.
Pure Cobalt.

(1). The specific electrical resistance of cobalt wires of extreme purity
is 89-64 X 10-" ohms per centimeter cube, or 0-7769 ohms per meter gram,
at 18°C. This is the average of twelve observations agreeing well among
themselves, and is for wires unannealed after swaging. This is approxi-
mately five times that of pure copper.

(2). The effect of annealing cobalt wire of extreme purity in vacuo, at
about 350°C for several hours, by passing an electric current through the
wire is to diminish its electrical resistance by about 5 per cent. This is
not as much as is true of some metals, as for example, aluminium, which
dimci)nishes its resistance about 10 per cent by annealing for 2 hours at
250°C.}

1 H. Gwercke, Electrician, Vol. 72, p, 450.
Chemical Abstracts, 1914, p. 1049,
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(3). The effect of annealing cobalt wires of extreme purity in an at-
mosphere of carbon dioxide gas by heating from an external source is at
first to increase the resistance, but with continued annealing at increas-
ingly higher temperatures up to 800°C, the specific resistance drops again.
It is particularly noticeable that there is a drop of about 7 per cent in the
specific electrical resistance of cobalt wire of extreme purity, annealed in a
carbon dioxide atmosphere at 600°C compared with one similarly annealed
at 500°C. This drop was from 101X 10-" ohms per centimeter cube to
935X 10-" ohms per centimeter cube.

(4). Thefact that annealing invacuo diminishes the electrical resistance
of pure cobalt, whereas annealing in an inert gas at low temperatures in-
creases its electrical resistance, which is again lowered by heating at higher
temperatures, tends to show that the specific electrical resistance of cobalt
is largely influenced by the presence of occluded or absorbed gases.

“Commercial Cobalt.”

(5). The specific electrical resistance of cobalt, similar to copper and
most other metals, increases tremendously by the addition of small per-
centages of impurities. Less than 0-5 per cent of impurities may treble the
electrical resistance.

(6). The specific electrical resistance of “‘commercial cobalt” varies
between 231X10-" and 103X 10-" ohms per centimeter cube, for the
cases we have studied, depending upon the nature of the small percentages
of impurities present. These figures are for wires unannealed after swaging.

(7). The effect of annealing “commercial cobalt” by passing an elec-
tric current through the wire in vacuo, is to greatly reduce its specific
electrical resistance. Annealing in this way at 350°C for 5 hours reduced
the specific resistance by approximately 14 per cent.

(8). The effect of annealing “commercial cobalt” in an atmosphere
of carbon dioxide gas by heating from an external source is in general
to decrease its resistance. Similar to the case of pure cobalt, there is a
sharp decrease in resistance in the sample annealed in an atmosphere of CO, .
gas at 600°C compared with that similarly annealed at 500°C.

These conclusions all refer to measurements on wires made from bars
cast from just above the melting temperature, allowed to cool in an iron
mould, and then swaged to wires of approximately 0-03’ diameter, in the
manner described on pages 29-30.

Magnetic Permeability.

Cobalt is magnetic at all temperatures up to about 1100°C. The
magnetic permeability and hysterisis of pure and ““‘ commercial”’ cobalt have
been and are being studied at this laboratory, and will be reported in detail
in connexion with the publication concerning certain magnetic alloys of
cobalt.

Specific Héat Measurements.

Method and Apparatus.

The specific heat of cobalt was determined by the method of mixtures,
and the result is probably accurate to within 0- 5 per cent.

The method employed consisted in heating a weighed amount of
metallic cobalt in the form of short pieces of wire to 100°C, by bringing
them into temperature equilibrium with steam at normal temperature
and pressure, at the same time having them enclosed so that they were
perfectly dry. This was accomplished by a simple boiler device.
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When the metal was thus brought to 100°C—which temperature was
read on a suitable thermometer, and after constant temperature readings
on this thermometer had been obtained for a period of minutes—it was
dropped directly from the heater into a suitable calorimeter. Prior to
dropping the cobalt at 100°C into the calorimeter, preliminary temperature
readings of the water in the calorimeter were made over a period of minutes.
These readings were continued with uniform stirring of the calorimeter
liquid, after the introduction of the cobalt, until the final equilibrium
calorimeter temperature had been reached.

The thermometer was read to one hundredth of a degree centigrade,
and readings were taken every twenty seconds. This method obviously
gives us the mean specific heat between 100°C and room temperature,
approximately 15°C.

As this is a more or less standard calorimeter observation, it is not
seen fit to give the minor details of the apparatus and method of procedure.

Material.

The cobalt used for the specific heat measurements analysed as follows:

H 213, Co.n 99.73
N none
Fe. . 0-14
S 0-019
G none
S PR 0-040
Ca none
P none

The mean of a series of specific heat measurements, made as indicated
above, gives us as the
mean specific heat of cobalt between 15 - 100°C=0-1053,
with an average deviation of single observations from the mean of about
0-5 per cent. '

The writers wish to acknowledge their indebtedness to Professor W. J.
Drisko of the Department of Physics, Massachusetts Institute of Tech-
nology, Boston, who was good enough to have several specific heat mea-
surements of the same material made under his direction at the Massachu-
setts Institute of Technology. These measurements were made on the
same material as above (H 213), which was sent from this laboratory for

the purpose. Following are the measurements:—
H 213, March 18, 1914,

Specific heat of Cobalt. Deviation of a single observation from the mean.
0-1070 0-0014
01037 0-0019
0-1058 0-0002
01060 0-0004
Mean 01056 Average 0:0010

Mean specific heat of cobalt between 15-100°C=0-1056+ 0-0005.

The following values of the specific heat of cobalt are taken from the
literature.
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Name of observer. Temperature range. | Specific heat.
|

Tilden oo i —182 to 15C | 0-0822
—78 “ 15 i 00939
15 “ 100 . 0-1030
15 “ 185 0-1047
15 “ 350 0-1087
15« 435 0-1147
15 “ 550 0-1209
15 “ 630 0-1234

Tilden? oo 20 “ 200°C 0-104
Copaux® ..ol il 500°C 01451
00 ! 01846

1000 0:204

Copauxs ouiviiiii 20 “ 100°C 0-104
Kalmus and HarperS................. 15 “ 100°C 0.1053
Driskob 15 ¢ 100°C 0-1056

1 Proceedings of Royal Society, Vol. 66 1900, p. 244.

2 Proceedings of Royal Society, Vol. 71, 1903, p. 220.

3 Comptes Rendus, Vol. 140, 1905, p. G57.

4 Annalen de Chimie et de Physique (8), Vol, 6. 1905, p. 508.

5 The Physical Properties of the Metal Cobalt, 1914, (This Report).

From these figures the true specific heat at any temperature may be
computed from 0°C to 890°C. .
Specific heat =0-1058 + 0-0000457t + 0-000000066t2.

MICROPHOTOGRAPHS

Following are a series of microphotographs taken in connexion with the
metals discussed in the preceding pages. No attempt has been made to
make a minute or complete microphotographic study or analysis of cobalt
with the small percentages of impurities with which we have to do in this
paper. Such a study would be decidedly interesting, but unfortunately,
is not possible in the time at our disposal.

The microphotographs shown are rather characteristic, and require
no further explanation than the legend accompanying them and reference
to the text to which they belong.

Pure Cobalt H 212

Tensile strength bar.

Cast from just above the melting point, allowed to cool in iron mould, and
turned in lathe.

Date of microphotograph—May 8, 1914.

Density—8-7562 at 17°C

Analysis— %
GO 99.9
] 0-20
Niooooo e none
G e none
S e, 0:017
G none
N N .. none

Brinell hardness—128-7.

Tensile breaking load—37,900 pounds per square inch.
Melting point—1,478°C, + 1-1°C.

Etching—strong iodine for 3 minutes.
Magnification—130 diameters.

Exposure—1 second.
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‘‘Commercial Cobalt”’ H 213

Date of microphotograph—May 9, 1914.
Density—8:7732 at 16°C.

Analysis— %
Co v 99.73
Niooo none
Fe...... . . 0-14
S 0-019
G none
S PR P 0-020

Brinell hardness—121-0.

Tensile breaking load—45,300 pounds per square inch.
Etching—strong iodine for 5 seconds.
Magnification—130 diameters.

Exposure—1 second.

Cobalt H 214
Tensile strength bar. ‘
Cast from just above melting point, allowed to cool in iron mould and
turned in lathe.
Date of microphotograph—May 1, 1914,
Density—8-8490 at 15°C.

Analysis—

Coue 98-7
Nio none
Fe ..o o 1-15
S A 0-14
Ca e none
S 0-012
G none
P 0-011

Etching—strong iodine—14 minutes.

Magnification—130 diameters.

Exposure—2 seconds.

This sample shows polyhedral crystalline structure, with impurities re-
jected to the boundaries of the crystalline grains.

‘““Commercial Cobalt”’ H 130

Tensile strength bar.

Cast from just above the melting point, allowed to cool in iron mould, and
turned in lathe.

Date of microphotograph—May 1, 1914,

Density—38-7690 at 17°C.

Analysis— %
0 96-5
Nioooo 2-0
Fe..oooooo 1-27
G 0-305
S 0-054
P 0-015

Brinell hardness—116-6.
Etching—strong iodine— 7 minutes.
Magnification—130 diameters.
Exposure—2 seconds.
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“Commercial Cobalt” H 214c

Tensile strength bar.

Cast from just above the melting point, allowed to cool in iron mould, and
turned in lathe. Annealed at 850°C.

Date of microphotograph—May 6, 1914,

Analysis— %
Coovvn 97-09
N none
Fe . o e 1-45
Co 0-067
S 0-012
Mn... ..o 2:-04
S S S PP 0.011
Cu. ..o e none
P e 0-010

Tensile breaking load—70,500 pounds per square inch.
Etching—strong iodine—5 minutes.

Magnification—130 diameters.

Exposure—1 second.

“Commercial Cobalt” H 214c
Tensile strength bar.
Cast from just above the melting point, allowed to cool in iron mould, and
turned in lathe. Annealed at 1,000°C.
Date of microphotograph—May 2, 1914

Analysis— %
Cou i e 97-09
Nioo none
Fe. oo oo o 1-45
G 0-067
S 0-012
M., 204
S P 0-011
Ca...oo none
P 0-010

Tensile breaking load—75,200 Ibs. per square inch.
Etching—strong 10d1ne—9 minutes.
‘Magnification—130 diameters.

Exposure—2 seconds.

‘“‘Commercial Cobalt’” H 87c
Tengile strength bar.
Cast from just above the melting point, allowed to cool in iron mould, and
turned in lathe. Annealed at 850°C.
Date of microphotograph—May 6, 1914,
Density—=8- 6658 at 17°C.

Analysis— %
Con 97.8
Nl 0-50
Fe oo 1-46
S e 0-020
G 0-18
Ca. .o trace
Sl 0-020
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Tensile breaking load—60,200 pounds per square inch.
Etching—Strong iodine—10 minutes.
Magnification—130 diameters.

Exposure-1 second.

“Commercial Cobalt’ H 87¢

Tensile strength bar.

Cast from just above the melting point, allowed to cool in iron mould, and
turned in lathe.

Date of microphotograph—May 6, 1914.

Analysis— %
1o TP P 97.8
B e 1-46
Nio o e 0-50
Co e 0-18
o A 0-020
o) P PRI 0-020
Ca e none
P e 0-012

Tensile breaking load—356,100 pounds per square inch.
Etching—strong iodine—1 minute.
Magnification—130 diameters.

Exposure—2 seconds. .

“Commercial Cobalt”’ H 109

Tensile strength bar.

Cast from just above the melting point, allowed to cool in iron mould, and
turned in lathe.

Date of microphotograph—May 6, 1914.

Density—8-7997 at 18- 5°C.

Analysis— %
O 96-8
Fe ... . o 2-36
o FA U 0-022
G 0-063
P 0.017

Brinell hardness—107.

Tensile breaking load—352,600 pounds per square inch.
Etching—strong iodine—% minute.
Magnification—130 diameters.

Exposure—3 second.

“Commercial Cobalt” H 211

Tensile strength bar.

Cast from just above the melting point, allowed to cool in iron mould, and
machined in lathe.

Date of microphotograph—May 6, 1914.

Analysis— %
G 0-18
S 0-080
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Brinell hardness—128-2.

Tensile breaking load—31,000 pounds per square inch.

Etching—strong iodine—1 minute.

Magnification—130 diameters.

Exposure—1 second.

This sample shows ‘‘ghosts” or ‘‘ghost lines” because it is suffering from
segregation of its impurities, C, S, and P. Metals of this kind are usually
brittle, weak and hard, which are the characteristics of this particular
sample as shown under the tables of measurements preceding.

Pure Nickel

Tensile strength bar.

Cast from just above the melting point, allowed to cool in iron mould, and
turned in lathe.

Date of microphotograph—May 7, 1914.

Analysis— %
Nio 99.29
Fe o oo 0-48
Con o none
S 0-025
) SR 0-042
Ca.on none
G none

Brinell hardness—83-1.

Tensile breaking load—18,000 pounds per square inch.

Melting point—1,452°C.

Etching—mnitric acid,—specific gravity 1-42—4 seconds.
Magnification—130 diameters.

Exposure—2 seconds.

This nickel shows polyhedral crystalline structure of the pure metal.
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man. (Accompanying report No. 303.)

Magnetometric Survey of Moose Mountain iron-bearing district,
Sudbury district, Ontario: Northern part of Deposit No. 2—by
E. Lindeman, 1912. Scale 200 feetto 1 inch. (Accompanying report
No. 303.)

Magnetometric Survey of Moose Mountain iron-bearing district,
Sudbury district, Ontario: Deposits Nos. 8, 9, and 9a—by E.
Lindeman, 1912, Scale 200 feet to 1 inch. (Accompanying report
No. 303.)

Magnetometric Survey of Moose Mountain iron-bearing district,
Sudbury district, Ontario: Deposit No. 10—by E. Lindeman, 1912.
Scale 200 feet to 1 inch. (Accompanying report No. 303.)

Magnetometric Survey, Moose Mountain iron-bearing district, Sud-
bury district, Ontario: Eastern portion of Deposit No. 11—by E.
Lindeman, 1912. Scale 200 feet to 1 inch. (Accompanying report
No. 303.)

Magnetometric Survey, Moose Mountain iron-bearing district, Sud-
bury district, Ontario: Western portion of Deposit No. 11—by E.
Lindeman, 1912, Scale 200 feet to 1 inch. (Accompanying report
No. 303.)

General Geological Map, Moose Mountain iron-bearing district, Sud-
bury district, Ontario—by E. Lindeman, 1912. Scale, 800 feet to
1inch., +Accompanying report No. 303.)

Location of Copper Smelters in Canada—by A. W. G. Wilson. Scale
1973 miles to 1 inch. (Accompanying report No. 209.)

Note.—1. Maps marked thus * are to be found only {n reports.
2. Maps marked thus | have been printed independently of reports, hence
can be procured separately by applicants,
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1232,
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241,

1242,
$243.

244,

$249.

1250.

XX

Province of Alberta: Showing properties fromi which samples of coal
were taken for gas producer tests, Fuel Testing Division, Ottawa.
(Accompanying Summary Report 1912.)

Mining Districts, Yukon. Scale 35 miles to 1 inch—by T. A. MacLean.
(Accompanying report No. 222.)

Dawson Mining District, Yukon. Scale 2 miles to * inch—by T. A.
MacLean: (Accompanying report No. 222.)

Index Map of' the Sy'dney Coal Field, Cape Breton, N.S. (Accompany-
ing report No. 227.)

Mineral Map of Canada. Scale 100 mil¢s to 1 inch. (Accompanying
report No. 230.)

Index Map of Canada, showing gypsum occurrences. (Accompanying
report No. 245.)

Map showing Lower Carboniferous formation in which gypsum occurs.
Scale 100 miles to 1 inch. (Accompanying report No. 245.)

Map showing relation of gypsum deposits in Northern Ontario to
railway lines. Scale 100 miles to 1 inch. (Accompanying report
No. 245.)

Map, Grand River gypsum deposits, Ontario. Scale 4 miles to 1 inch.
(Accompanying report No. 245.)

Plan of Manitoba Gypsum Co.’s properties. (Accompanying report
No. 245.)

Map showing relation of gypsum deposits in British Columbia to
railway lines and market. Scales 35 miles to 1inch. (Accompanying
report No. 245.

Magnetometric Survey, Caldwell and Campbeil mines, Calabogie dis-
trict, Renfrew county, Ontario—by E. Lindeman, 1911. Scale
200 feet to 1 inch. (Accompanying réport No. 254.)

Magnetometric Survey, Black Bay or Williams mine, Calabogie
district, Renfrew’ county, Ontario—by E. Lindeman, 1911. Scale
200 feet to 1 inch. (Accompanying report No. 254.)

Nore—I. M@.ﬁs nlarked thus ¥ are to be found only i\ reports.
2. Maps niarked thus § bave beén printed irdepeiideéitly of reports, hence
can be prociited: separatély by applicants.
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1251. Magnetometric Survey, Bluff Pojnt iron mine, Calabogie district,

Renfrew county, Ontario—by E. Lindeman, 1911. Scale 200 feet to
1 inch. (Accompanying report No. 254.)

1252, Magnetometric Survey, Cuthane mine, Calabogie district, Renfrew
county, Ontario—by E. Lindeman, 1911. Scale 200 feet to 1 inch.
(Accompanying report No. 254.)

1253. Magnetometric Survey, Martel or Wilson iron mine, Calabogie dis-
trict, Renfrew county, Ontario—by E. Lindeman, 1911. Scale
200 feet to 1 jnch. (Accompanying report No. 254),

1261, Magnetometric Survey, Northeast Arm iron range, Lot 339 E. T. W.
Lake Timagami, Nipissing district, Ontario—by E. Nystrom, 1903,
Scale 200 feet to 1 inch.

1268. Map of Peat Bogs Investigated in Quebec—by A. v. Anrep, 1912,
1269. Large Tea Field Peat Bog, Quebec “ “
1270, Small Tea Field Peat Bog, Quebec “ “
1271. Lanorie Peat Bog, Quebec “ “
1272. St. Hyacinthe Peat Bog, Quebec “ “
1273  Riviére du Loup Peat Eog “ “
1274, Cacouna Peat Bog “ “
1275, Le Parc Peat Bog, Quebec “ “
1276, St. Denis Peat Bog, Quebec “ “
$277. Riviére Ouelle Peat Bog, Quebec “ “
1278. Moose Mountain Peat Bog, Quebec “ “

1284, Map of northern portion of Alberta, showing position of outcrops of
bituminous sand. Scale 123 miles to 1 inch. (Accompanying
report No. 281.)

1293. Map of Dominion of Canada, showing the occurrences of oil, gas, and
tar sands. Scale 197 miles to 1 inch. (Accompanying report No.
291.)

Norte—1. Maps marked thus * are to be found only in reports.
2. Maps marked thus 1 have heen printed independently ot reports, hence
can be procured separately by applicants.
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Reconnaissance Map of part of Albert and Westmorland counties,
New Brunswick. Scale 1 mile to 1 inch. (Accompanying report
No. 291.)

Sketch plan of Gaspe oil fields, Quebec, showing location of wells.
Scale 2 miles to 1 inch. (Accompanying report No. 291.)

Map showing gasand oil fields and pipe-lines in Southwestern Ontario.
Scale 4 miles to 1 inch. (Accompanying report No. 291.)

Geological Map of Alberta, Saskatchewan and Manitoba. = Scale 35
miles to 1 inch. (Accompanying report No. 291.)

Map, Geology of the forty-ninth parallel, 0.9864 miles to 1 inch.
(Accompanying report No. 291.)

Map showing location of main gas line, Bow Island-Calgary. Scale
124 miles to 1 inch. (Accompanying report No. 291.)

Magnetometric Map, McPherson mine, Barachois, Cape Breton
county, Nova Scotia. Scale 200 feet to 1 inch.

Magnetometric Map, iron ore deposits at Upper Glencoe, Inverness
county, Nova Scotia. Scale 200 feet to 1 inch.

Magnetometric Map, iron ore deposits at Grand Mira, Cape Breton
county, Nova Scotia. Scale 200 feet to 1 inch.

Address all communications to—
DirectorR MINES BRANCH,
DEPARTMENT OF MINES,
SussSEX STREET, OTTAWA.

Note—1. Maps marked thus * are to be found only in reports.
2. Maps marked thus { have been printed independently of reports, hence
can be procured separately by applicants.




