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The puhlications of the United States Geological Survey are igsued in accordance with the statute, -

approved March 3, 1879, which declares that—

**The publications of the Geological Survey shall consist of thoannual report of operations, geolo,r_rnr'al
and economic maps illustrating the resources and classification of the lands, and reports upon general
and economic geology and paleontology. The annual report of operations of the Geological Survey
shall accompany the annual report of the Secretary of the Interior. All special memoirs and reports
of said Survey shall be issued in uniform quarto series if deemed necessary by the Director, but other-
wise in ordinary octavos. Three thousand copies of each shall be published for scientific exchanges
and for sale at the price of publication; and all literary and cartographic materials received in exchange
shall be the property of the United States and form a part of the library of the organization: And the
money resulting from the sale of @uch publications shall be covered into the Treasury of the United
States.”

On July 7, 1882, the following joint resolution, referring to all Government publications, was passed
by Congress:

“That whenever any document or report shall be ordered printed by Congress, there shall be printed
in addition to the number in each case stated, the ‘nsual number’ (1,900) of copies for bind‘ing and
distribution among those entitled to receive them.”

Under these general 1aws it will be seen that none of the Survey publications are furnished to it for
gratuitous distribution. The 3,000 copies of the Annual Report are distributed through the document
rooms of Congress. The 1,900 copies of each of the publications are distributed to the officers of the
legislative and executive departments and to stated depositories throughout the United States.

Except, therefore, in those cases where an extra number of any publication is supplied to this office
Ly special resolution of Congress, as has been done in the case of the Second, Third, Fourth, and Fifth
Annual Reports, or where a number has been ordered for its use by the Secretary of the Interior, as in
the case of Mineral Resources and Dictionary of Altitudes, the Survey has no copies of any of its pub-
lications for gratuitous distribution.

ANNUAL REPORTS.

Of the Annual Reports there have been already published:

I. First Annual Report to the Hon. Carl Schurz, by Clarence King. 1880. 8°. 79 pp. lmap.—A
preliminary report describing plan of organization and publications.

II. Report of the Director of the United States G-Qological Suarvey for 1880-'81, by J. W. Powell.
1882. 8°. lv, 588pp. 61pl. 1map.

III. Third Annual Report of the United States Geological Survey,1881-'82, by J. W. Powell. 1883.
80, xviii, 564 pp. 67 pl. and maps.

IV. Fourth Apnual Report of the United States Geological Survey, 1882-'83, by J. W. Powell. 1884..
80, xii, 473 pp. 85 pl. and maps.

The Fifth Apnual Report is in press.

MONOGRAPHS.

Of the Monographs, Nos. I, XII, IV, V, VI, VII, and VIII are now published, viz:

II. Tertiary History of the Grand Cafion District, with atlas, by Clarence E. Dutton, Capt., U. S. A.
1882. 49. xiv, 264 pp. 42 pl and atlas of 24 sheets folio. Price $10.12,

IH. Geology of the Comstock Lode and the Washoe District, with atlas, by George F. Becker.
1882. 4°. xv, 422 pp. 7 pl. and atlas of 21 shesets folio. Price $11,

IV. Comstock Mining and Miners, by Eliot Lord. 1883. 4°. xiv,451pp. 8pl. Price $1.50.

V. Copper-bearing Rocks of Lake Superior, by Rolahd D. Irving. 1883. 4° xvi, 464 pp.15 1,

~ 29pl. Price $1.85.

VI. Contributions to the Knowledge of the Older Mesozoic Flora of Virginia, by Wm. M. Foutaine.
1883, 40. xi, 144 pp. 541 54pl. Price $1.05.

VII. Silver-lead Deposits of Eareks, Nevada, by Joseph S. Gurtus. 1884. 4°, xiii, 200 pp. 16 pl.
Price $1.20.

VIII. Paleontology of the Eureka District, by Charles D Walcott. 1884, 4°. xifi, 208 pp. 241,

24 pl. Price $1.10. Q 23@3
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The follo"ving are in press, viz:

IX. Brachiopoda and Lamellibranchiata of the Raritan Clays and Greensand Marls of New Jersey,
by Robert P. Whitfield. 1885. 4°. ix, 338 pp. 35pl

X. Dinocerata. A Monograph of an Extinct Order of Glga,nmc Mammals, by Othmel Charles Marsh.

1885. 4°. —, —pp. 56 pl
XT. Geological History of Lake Lahontan a Quaternary Lake of Northwestern Nevada, by Israel
Cook Russell. 1885. 4°. — —pp. 46pl N

The following are in preparation, viz:

I. The Precious Metals, by Clarence King.
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: BULLETINS.

The Bulletins of the Survey will contain such papers relatmg to the geneml purpose of 1ts weork ag
do not properly come under the heads of ANNUAL REPORTS or MONOGRAPHS.

Each of these Bulletins will contain but one paper and will be complete in itself. They will, how-
ever, be numbered in a continuous series, and will in time be united into volumes of convenient size.
To facilitate this each Bulletin will have two paginations, one proper to itself and another which be-
longs to it as part of the volume.
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STATISTICAL PAPERS,

A fourth series of publications baving special reference to the mineral resources of the United States
‘is contemplated.

Of that series the first has been published, viz:

Mineral Resources of the United States, by Albert Wﬂhams, Jr. 1883. 8°. xvii, 813 pp. Price 50

-cents,
The second volume of this series, Mineral Resources 1883 and 1884, is in preparation and will soon

be put to press.
Correspondence relating to the publications of the Survey, and all remittances, which must be by
POSTAL NOTE or MONEY ORDER, should be addressed ’
To THE DIRECTOR OF THE
UNITED STATES GEOLOGICAL SURVEY,
Washington, D. 0.
‘W asmxcToN, D. C., April 30, 1885,
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PREFACE.

Early in 1881 one of us submitted to Prof. G. F. Becker, geologist
in charge of the Division of the Pacific, a brief digest of the facts show-
ing the singular adaptability of the electrical properties of the iron-car-
burets for the classification of these products, with the request that
permission be given us for the extension of the work in the laboratory
of the Geological Survey. Professor Becker at once indorsed the project
enthusiastically, and owing to his advocacy our proposal shortly after

- received the assent of the Hon. Clarence King, then Director of the

Survey,—given with the proviso that the electrical researches be not
prosecuted to such an extent as to occupy us exclusively.

Divers special investigations and routine duties, together with the
labor involved in providing for the organization of a physical laboratory,
prevented us from giving the furtherance of the proposed researches
the attention necessary. Nevertheless, data of a varied character con-
tinnally accumulated, while the scope and the conception of our general
problem enlarged at an unexpectedly rapid rate. The publication of
our results in some connected form, therefore, urged itself more and
more seriously upon us.

About a year ago our plan was effectually encouraged by Prof. F. W,
Clarke, chief chemist of the United States Geological Survey.

The experiments to be discussed in this memoir have occupied our
available time during the last five years. Notices, more or less com-
plete, have appeared abroad from time to time in places not readily
accessible to the pablic. Some of the papers it was deemed neces-
sary to publish in German with considerable fullness. But all English
publication has been purposely delayed, not only because we desired to
reduce the results originally expressed in terms of the German stand-
ards to the more current and now legal denominations of ohm, volt, ete.,!
but principally because it seemed expedient for facility of comparison
to refer all our data to the uniform temperature, zero centigrade. This

! In making this reduction the legal equation, 1 ohm=1.06 8. U., was made use of " *
in all chapters with the exception of III and IV, the results of which were reduced
at an earlier date and when 1 ohm =1.05 S. U. appeared to be nearer the truth. This,
however, is of no serious significance, because in these chapters the relative values
of resistance are alone of interest. The absolute accuracy of the reduced values is of
course immediately dependent on the absolute accuracy of the German standards
(Siemens) at our disposal.

(597) : v 5




6 PREFACE.

premised an accurate knowledge of the relation between electrical con-
ductivity and temperature for iron, for steel in different states of tem-
per, and for cast iron, and required excessively tedious labor.

The results in Chapter I on the electrical temperature-coefficient of
iron-carburets present an unexpected range of variation, and tbus pos-
sess intrinsic interest.

In Chapter II we investigate and discuss the conditions of the opera-

tion of tempering. This chapter is fundamental. Such facts as essen-
tially sustain the argument underlying the whole of the present work
are, therefore, emphasized with a larger number of experimental data
than would otherwise be necessary.

In Chapter I1I we attempt to throw new hght on the laws set forth
in Chapter IT by following themn into their ulterior consequences. With
the aid of certain allied electrical properties of alloys and of malleable
cast iron, the nature of thé phenomenon of hardness as presented by
steel is discussed from every available physical and chemical point of
view, within the scope of the present purposes.

In Chapters 1V, V, and VI, the method for the accurate definition of
hardness, and the scheme of operations for tempering developed in
Chapter II, are- conmstenbly applied to analogous magnetic phenomena.
The nature of the dependence of magnetization on the three independent
variables of cylindrieal rods, viz: carburation, ratio of dimensions, hard-
ness, for given conditions of structure, is carefully discussed and in part
graphically represented. Rules are finally given for the treatment of
magnets, such that exceptionally great retentiveness, both as regards
the hartful effects of temperature and time and of shocks, may be con-
veniently attained with the least available sacrifice of magnetization.

We may add that a supplementary Bulletin is now in preparation,
in which the very remarkable annealing effect of high temperatures
(400°.. .1000°) will be magnetically discussed, and furthermore the de-
gree of approximate coincidence between the physical state (of the
necessarily linear rod) characterized by the unique maximum of mag-
netizability and the physical state of maximum density of steel, will be
determined. That these states must be found very nearly coincident,
our present results permit us to predict.

In Chapter VII, finally, we endeavor to generalize upon the foregoing -

results, as a whole; to restate the fundamental laws with greater ac-
curacy and breadth of scope than was possible in the earlier chapters
and, finally, to deduce from all a method for the physical definition of
iron-carburets.

Minor discussions, the relevancy of which does not justify their im-
mediate introduction into the chapters proper, are frequently intro-
duced as addenda.

We desire in this place particularly to emphasize that throughout the
present work the terms ¢“thermo-electrically positive” and * thermo-elec-
trically negative” are to be understood in the way defined by the original

(598)
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PREFACE. 7

investigators, Seebeck,? Becquerel,® Hankel;* i. e., with reference to the
series arranged thus:

—Bi.... Cu... Fe.... Sb+,

an acceptation which we believe to be general on the Continent.” In
England the above terms are received in a sense which is precisely the
opposite of this; that i is, with reference to the thermo electric series,®
arranged thus:

+ Bi.... Cu... Fe.... Sb —,

Of the two methods of designation, the latter is obviously the more
logical and consistent, as will readily be seen, for instance, it the gal-
vanic and the thermo-element be analogously described. And if we
refrained from embodying the latter acceptation in this memoir, we have
done so merely because of the great liability to error encountered in

- changing the seuse of every thermo-electric expression and diagram, as
well as the signs of all of the many thermo-electric data. Isolated con-
structions are too apt to be overlooked, and this in a way completely
to mar the drift of the context. But the English reader will find no
difficulty in making this change ‘of sign for himself in any set of thermo-
electric data which may interest him. To avoid all misconception, more-
over, we give the direction of current in each essential case.

Much of the work was done abroad in Professor F. Kohlrausch’s la-
boratory, Itis a pleasant duty which permitsus to extend to Professor
Kohlrausch, in this place, our grateful acknowledgments, not only for
the kindly interest with which he regarded the progress of the experi-
ments throughout their extent, but for much valuable advice by which
the papers have materially profited.

‘We desire to mention, in conclusion, that work done by us conjointly,
if published in German, is to be put under 8. and B. ; if in English, under
B. and 8., conformably with an original agreement. )

) C. BARUS.
V. STROUHAL.
PHYSICAL LABORATORY,
UNITED STATES GEOLOGICAL SURVEY,
Washington, December 1, 1834.

2Seebeck: Gilb. Ann., LXXIII, pp. 115 and 430, 1823.

3 Becquerel : Ann..de Chim. et de Pbys., XLI, p. 353, 1829,

4+Hankel: Pogg. Ann., LXII, p. 197, 1844."

#Cf. Wiedemann: Lebre v. d. Elektrieiliit, I, p. 248 et seq., 1883. Mousson:
Physik, ITI, p. 381 et seq., 1875. Jamin: Coursdo Physique, 2d ed., T. ITI, p. 42, 1869.

6Cf. Jenkin: Electricity and Magnetism, p.175 et seq., 1880. Maxwell: Electricity
and magnetism, 2 ed., Vol. I, p. 338-Y, 1881. .
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SUPPLEMENTAL.

The principal contents of the supplementary Bulletin referred to in
the above preface may expediently be placed on record here:

1. The inter-dependence of density, electrical conductivity, maximum
of permanent magnetization, maximum of permanent hardness of linear
cylindrical steel rods, under all permissible conditions of temperature.
The location of the unique magnetic maximum.

2. The bearing of temperature and time of exposure on the temper-
value of the color of the oxide-films. .

3. The internal structure of tempered steel.

4. Certain synthetic methods of production of iron-carburets, avail-
able for the construction of the classification-diagram.

B. & S.

WASHINGTON, March 27, 1885.
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- INTRODUCTION.

To avoid ambiguity and vagueness we will state here, at the outset,
that the considerations presented in this memoir apply to that species
of hardness which can be imparted to steel by a process of temper-
ing; 4. e, by a process of sudden cooling from a given temperature
in red heat, accompanied by a stated amount of subsequent annealing.
Such an operation, regarded as a method in virtue of which the metal
acted upon experiences a particular and characteristic kind of strain,
must be accompanied by a series of physical effects peculiar to itself.
It is true that the conditions which determine the efficacy of tempering
will themselves have to be accurately defined. Even under favorable
circumstances these are not thoroughly within the observer’s control,
or, at best, are attainable with extreme difficulty. All gesults are, there-
fore, distorted by a variety of anomalies. But in the great number
of data investigated a certain normal effect clearly appears, and it is
to this that our remarks apply. In other words, we have been led in
an unavoidably laborious way to the results of theoretically perfect
tempering. '

‘With regard to the hardness of steel, we cannot as yet rigidly diserimi-

.nate between the effect to be ascribed to a change in the quality of car-
buration and that which is due to the strain simultaneously experienced ;
i. ¢., the numerical value of the importance of the said effects has as yet
remained undeterminable, though much has been done toward assigning
to each its respective limit. But, @ priori, in so far as the character of
this strain-effect will enable us satisfactorily to interpret a majority
if not all of the attendant physical phenomena, we are temporarily
justified in giving the mechanical postulate preference.. At all events
it is frequently permissible to abstract from the chemical change

", altogether, and to speak of tempering a rod to glass-hardness, just as

we do of magnetizing it to saturation, for instance. Both operations
may be said to be such that more of a given kind of strain (hardness in
the one case and magnetism in the other) is originally imparted to the
rod than it is able, of itself, to maintain. A part of this disappears, while

a residue, characteristic of the nature of the rod and of the physical cir-
cumstances under which it exists, is permanently retained. This con-
sideration suggests some analogies between hardness and magnetism.
Irrespective of its practical importance and from a purely physical
point of view, tempering possesses an intrinsic interest inferior only to
magnetization, or indeed comparable with it. Of the enormous stress
which the former operation enables us to apply, the steel rod, in virtue of
a peculiar internal structure, retains a phenomenal amount. This great
intensity of available strain we may cause to disappear as gradually
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or to reappear as often as we please. Conformably with the change
of mechanical state, the extreme values of the electrical and magnetic
properties of steel comprehend a similarly extended interval. We are
thus enabled to follow these, in the case of the same material, through’
a range of variation that is enormou‘s, and must throw new light on their
intringic nature. S x ,

Another point deserves brief mention here. If we conceive a theoret-
ically perfect process of tempering to glass-hardness, and suppose it
applied to rods identical in every respect, the results must necessarily be
identical. In other words, the type of internal structure presented by
the first would be reproduced in all subsequent rods. Take the com-
paratively simple but important case of ¢ylindrical rods : The density of
the elementary cylindrical shells, coaxial with the respective cylinders,
would be the same for the same radius; the distribution of density
along similar radii would follow the same law. If now the rods be iden-
tically annealed the results must still be identical, and thus we arrive
eventually at identical soft states. It follows, therefore, that for rods

- of the same dimensions (diameter) and composition the magnetic prop-
erties are immediately comparable as functions of hardness.

This we are no louger at liberty to assume when the (cylindrical) rods
otherwise identical, have different diameters. For this reason alone the

. rods, though tempered alike, i. e., subjected to the same operation, are to
beregarded as structurally dissimilar. 1tisin place here topresent some
concise meauning for the term ¢ structure ’”’ as applied to hard steel rods.
We, therefore, define it as the law of the variation of density encoun-
tered on a passage along any radius of a given (cylindrical) steel rod
from its axis to its circumference. This premised, it is not absolutely
impossible (however improbable) that rods of different diameters, iden-
tically tempered, may, cwteris paribus, show identical structures. That
such a unique condition of things cannot be postulated is obvious at
once. Indeed, the manner of variation of the law of distribution of den-.
sity, as we pass from rods of a given thickness to rods of any other
thickness, is not even conjecturable, and we cannot, therefore, consist- -
ently compare the magnetic intensities of rods of different diameters as
functions of hardness. In the most favorable case we would encounter
in our passage from rod to rod, besides the difference of hardness, some-
thing of the nature of a change of parameter, expressing the necessary
difference of internal structure referred to. In other words, it will be
shown in the sequel that with a given thickness, a characteristic family
of magnetic curves may be obtained, referred to hardness and length of
rod as independent variables. We infer that such a family exists for
each thickness, and that our passage from one given diameter to another
is expressible by a difference in the value of a parametric constant.

We have mentioned magnetic phenomena in particular, because it is
here that the evidence derived from data illustrating the influence of
structure is singularly cogent.
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THE ELECTRICAL AND MAGNETIC PROPERTIES OF THE IRON-
"CARBURETS.

By ‘CARL BARUS and VINCENT STROUHAL.

CHAPTER I.
ON THE RELATION BELTWEEN ELECTRICAL CONDUCTIVITY AND TEM-

PERATURE IN THE CASE OF STEEL IN DIFFERENT STATES OF HARD-
NESS, OF WROUGHT IRON, AND OF CAST IRON.

STEEL.

Earlier results—The experiments made thus far on the resistance-
effect of temperature? scarcely permit us to distinguish in this particular
between iron and steel. In fact, the data in hand for the said coeffi-
cients lie within about the same interval, 0.004 to 0.005, both for the
one metal and the other. We will give as examples some of the best
results of earlier observers. '

According to Mousson,® the electrical resistance s, at the temperature
t is expressible in terms of s, the corresponding quantity at zero, by

_an equation with a single constant: o
§,=s, (140.00421 x t)
for iron;
8,=5, (14-0.00406 X t) to s,=s, (14-0.00424 x t)
- for steel.
Benoit,” who carried his researches to much higher degrees and
through much greater intervals of temperature, finds:
§,=¢, (14-0.00452 - t40.000 005 83 - ¢?)
in case of iron; -
8,=(140.00498 - ¢40.000 007 35 - t?)
in case of soft steel. _
Nevertheless we felt justified in believing that these researches in
case of a substance which, like steel, is capable of existing in so many
enormously different states of hardness, which presents such an incom-
parably wide range of values of electrical conductivity, are far from
complete; weregarded the assertion warrantable thatsteel cannot, under
all circumstances, possess a temperature-coefficient of electrical resist-
ance so little different from that of iron. Indeed, we had reasons to

"For a very complete digest of the experimental results in question, see G. Wiede-
mann, Lehre von der Elektricitiit, I, p. 502-510, 1882. '

8Mousson: G. Wiedemann, L. ¢., p. 507.

“Benoit; Comptes. _Rend.,, LXXVI, p. 342, 1873. Carl’s Rep., IX, p. 55, 1873.
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presume that between the resistance of a metal in any given physical
state and the corresponding temperature-coefficient, a relation would in
all probability be discoverable, and that an example of such a relation
could be most satisfactorily studied with steel itself.

Analogous behavior of alloys.—Some facts lending favor to this view
may be cited. It is known that alloys of two metals vary in marked
degree as regards their electrical conductivity with the relative quan-
tity of a second or foreign metallic ingredient added to the original
metal. Great numbers of valuable results on these relations have been
gathered by Matthiessen and Vogt!® Thus, for instance, the adloy
silver-platinum, according to these observers, shows the following elec-
trical behavior: If A, be the (relative) electrical conduectivity of a
given silver-platinum alloy at ¢°; if volume-percents of platinum alloyed
to silver be understood; and if the wires be supposed hard drawn; then,

Platinum, 0  per cent. A,=100 . —0.38287 + £40.000 984 8 - ¢2;

Platinum, .2.51 per cent. A,= 31.640—0.03936 - t4-0.000 036 42 - ¢*;

Platinum, 5.05 per cent. A,= 18.031—0.01395 * ¢40.000 011 82 - ¢2;

Platinum, 19.65 per cent. A,= 6.696—0.00221 + t4-0.000 001 393 - 2.

If we have reference to a small interval of temperature only, these
results may be more perspicuously given by the aid of a single (mean)
coefticient calculated from the observed conductivities. More simply,

therefore, .
Platinum, 0 per cent. A,=100 (1—0.00383 - ?);

Platinum, 2.5 per cent. A,= 31.6 (1—0.00124 - ¢);

Platinum, 5.1 per cent. A,= 18.0 (1—0.00077 - t);

Platinum, 19.7 per cent. A,= 6.7 (1—0.00033 - ¢).
Herefrom it is obvious that the temperature-coefficient of an alloy
varies continuously and in a pronounced way with its electrical con-

4 -
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Fic. 1.—Electrical conductivity and temperature-coefficient of silver-platinum alloys.
ductivity. This becomes all the more strikingly apparent when the
results are represented graphically. _ .

1oMatthiessen and Vogt: Pogg. Ann., CXXII, p. 19, 1864.
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Similar results, but less complete, and therefore superfluous here, we .
ourselves obtained with German silver. But, to give an instance: the
specific resistance, s, of the German silver wire of C. Vogel, Berlin, was
iound to be (s, given in ¢m/cem?, microhm),

§,=16.4 (140.00064 - ¢),
whereas for that of W. Siemens, Berlin,
$,=39.0 (14-0.000.9 - 7).~

Now we shall show elsewhere that the analogy between the clectrical
behavior of steel in different states of hardness, and that of alloys of .
two metals in different proportions is, from certain points of view, very
complete. It follows, therefore, that a relation similar to the one set
forth is to be anticipated in case of steel, such that the variation of
electrical resistance produced by tempering must be accompanied by a
similarly continuous but inverse change of the values of the tempera-
ture-coefficient of steel. Our experiments fully corroborate this.

Resistance-temperature equation. —Before proceeding further, however,
we may remark that it would be impossible in case of steel to adhere to

the very desirable formula
v s,=s (14-at+be2),
throughout. Consistency, therefore, induces us to assume a linear re-
lation in all cases. The reasons are these: the relation between re-
sistance and temperature-coefficient to be investigated necessarily and
primarily excludes all possibility of permanent change in the material
itself. When glass-hard steel is examined, the interval of temperature
within which the rod .may be heated or cooled without experiencing
perceptible annealing is very limited. " The same is true of moderately
annealed steel. We are as yet ignorant of the effects of this kind
which may possibly also be produced by cooling below zero. Hence it
is indispensably necessary to vary the temperature of glass-hard rods
only so much as is just called for, if the measurements are to furnish
satisfactorily reliable data. Should an annealing effect occur, the re-
sults would not of course be comparable. Now the available interval
of temperature is fully large enough for the linear formula. - It is in-
sufficiently so in the other case; for in the quadratic formula it is possi-
ble to change the coefficient of ¢ to quite an appreciable extent without
producing marked variation in the values of s,, if only an appropriate
and compensatory change be made in the coefficient of ¢, simultane-
ously. Hence the simple formula
8,=s, (1+at)

has been made- use of throughout, where ¢ was permitted to vary within
the interval 10° to 35° only.

Method of measurement.—The changes of temperature, and therefore
also those of resistance, being very slight, amounting only to a few
hundredths ohm,-it was necessary to make the clectrical measurements
" with extreme accuracy. Yor this purpose the method of Matthiessen
and Hockin, which we have repeatedly used, proved to be admlmbly
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serviceable. A few modifications had to be introduced. In the place
of the two needles originally employed for obtaining contacts at fixed
distances apart, and which if submerged in water would have intro-
duced the disturbing effects of loose contacts, two fine copper wires were
tightly wound around the extreme parts of the steel rod under experi-
ment, and fastened in a way that made sliding impossible. The rod
was then alternately placed in two vessels containing cold and warm
water respectively, care being taken not in any way to strain the cop-
per circuit wires. The short-circuiting through distilled water from one
fine copper wire to the other is obviously negligible.

" The temperature of the cold bath was approximately that of the room,
and very constant; that of the warm bath varied during a single- meas-
urement not more than a few tenths of a degree. Temperature being
read before and after the resistance measurement, the mean value
could be regarded as a very satisfactory datum. The steel rod exam-
ined was placed firstin vhe cold, then in the warm,and finally again in the
cold bath. The mean of the measurements 1 and 3 was therefore to be
combined with 2,4 and 6 with 5, etc. The degree of approximate
equality of the results of these distinct sets of observations, and the
agreement between the measurements 1, 3, 4, 6; ete., give a good esti-
mate of the accuracy of the work.

Material. Resistance-value of oxide-tints.—The material used was that
employed in all our researches, English ¢silver” steel in rods 0.15 cm.
in diameter. After having been suddenly chilled in great numbers,
certain of them were annealed by the electrical current, in this way:
Having carefully polished the hard rod, it was introduced into the cir-
cuit of a dynamo-electric machine. As the temperature of the wire
increased the oxide-tints appeared in a strikingly perfect manner, and
it was only necessary to regulate the current cautiously and stop the
operation at a given moment to obtain any oxide-tint desired almost
uniformly over the whole length of the wire. The observations of this
paragraph therefore give in an approximate way the temper-value of
the oxide-tint appearing in air on a bright hard steel rod, in terms of
electrical resistance.

Results.—The following table, 1, contains a perspicuous comparison
of the data of observation as obtained with six steel rods in different
states of temper. For the diameter 2 p (cm) of the rod and the length
I (¢cm) direct measurement showed the resistance w (ohm) at the tem-
perature ©° (C.). Also the resistance W (ohm) at 7°. This is sufficient
for the calculation of ‘w, for 0° and «, the required coefficient. The
known dimensions then enable us to-deduce the specific resistance s
(cm/em? 0°).  Fivally, we give the specific gravity 4 of the wires, calcu-
lated for the known dimnensions and the known weight. Our object in
computing this constant was primarily that of checking the values for
the sections of our rods as measured by the aid of the microscope. But
they furnish a satisfactory corroboration of the general increase of dens-
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ity of steel on passing from the hard to the soft state, conformably with
the results of C. Fromme:
TABLE 1.—Temperature-coefficient of stecl.

Rod. 2p 1 A Cow ¢ W r r Wo a 8
cm. ohm. ohm. ohm. microhm.
2 p= 0.151 | 0.04523 | 10.0 | 0.04685 | 32.9 | 0.04450 | 0.00161
Glasshard ........... { 1=17. 52 20 ) 10.2 69 120.5).......... 160 J.ovinnnns
A= T.56 P2 I 12" 3 PR PRl RS .
2 p= 0.148 | 0.03107 | 10.2 ) 0.03297 | 35.5 | 0.03030 | 0.00250 28.9
Amnealedlight-yollow. { 1=17.98 06 | 10.3 65822 (..........l WB.........
A= T7.57 10 [ 10,6 {oeen ] emae e e
2 p=0.150 | 0.02782 | 10.9 | 0.02950 | 33.2 | 0.02698 | 0.00278 26.3
Annealed ycllow..... { =18.17 84 |11.0 22(20.6|..........] 219 0..........
A= T7.54 £3 NI & PO | 2 RO PRI P
2 p=0.149 | 0.02043 | 10.0 | 0.02191 | 32.5 | 0.01978 | 0.00327 20.5
Annoaled blue....... { 1=16.77 47 [ 10.1 5(29.8 [...o...... 332 [.aviaannne
A= T7.56 EE D (13521 PR PR FRR I RN PO,
2p=10.148 0.01948 | 9.3 | 0.02097 [ 31.6 | 0.01881 | 0.00357 18.4
Anncaled light-blue. . { 1=17. 58 461 9.5 70 [27.7 |eeeeenene. 363 |ooveennnnn
A= 7.66 47 9.7 e vaanes O
2 p=10.146 | 0.01600 | 9.7 | 0.01850 | 32.5 | 0.01625 | 0.00428 15.9
Soft ceeeiiiiienan. 1=17.13 91| 9.9 27 [ 20.4 |.ooaen. ... 419 |.-e.nnen..
A= T.69 e 0 e O ) i P PN

If for « we take mean values, and compare these with the degrees of
hardness of steel, characterized by s, we obtain more clearly: '

TABLE 2.—Ozide-tint, specific electrical resisiance and electrical temperature-cocflicient of

stecl.
8 _go a
cm?
microhm.
L83 BT T 112 |t S PP eeeeen 45.7 0.00161
Annealed light yellow . . .ee eene . 28.9 244
Annealed vellow....... .. .- . 26.3 280
Annecaled blue...... . . 20.5 330
Annealed light blue e+ 18.4 360
S R 15.9 423

The electrical temperature-coefficient of steel, therefore, decreases in pro-
portion as its specific resistance or its degree of hardness increases, at @
rate diminishing as we pass from soft to hard steel.

The following little table interpolated from the above values, for prac-
tical purposes, may be put on record here:

TABLE 3.—Specific electrical resistance and electrical temperature-coeflicient of steel. Prac-
tical table. :

8 3 8 ] 8 a 8 [
o oo om_go AL an_go
cm? cm? cm? cm?
microhm. microhm. miorohm. microkm.

10 0. 0050 21 0. 0033 32 0. 0022 43 0. 0017
11 43 22 32 33 21 44 17
12 46 23 31 34 21 45 16
13 44 24 29 35 . 21 46 18
14 42 25 28 36 20 47 15
15 41 26 27 37 19 48 15
16 39 27 27 38 19 49 15
17 38 28 26 39 19 50 15
18 36 29 25 ] 40 18 60 13
19 35 30 24 41 18 70 13
20 34 31 23 | 42 17 8N 12
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WROUGHT IRON.-

Digest of earlier results.—The relation between electrical resistance
and temperature in case of iron has been studied by a large number of
observers, among whom Lenz, Becquerel, Arndtsen, Mousson, and
others, are to be mentioned. But the most comprehensive and accurate -
. data are unquestionably those given by Matthiessen and Vogt.! These
will therefore be discussed here.

Matthiessen and Vogt assume the quadratie formula

A=A,—at4bt?
for A, the condu(,tlwty of any given metal, relatlvely to hard-drawn

sﬂver (A,=100). Their results for a and b, in case of fifteen samples of
iron, convemeutly abbrevnted are contained in Table 4.

TABLE 4.— Electrical temperature-coefficient and e!ecirical'condnctivity of divers samples of

iron.
Description of sample. No. a b I Ao
[ 1 0.512 0.00129 [ (16.810) 12
Elcctrotype iron; Nos. 2 and 4 ignited in hydrogen and 2 0.519. 134 | (16.810) 12
in air, 1espect,wely .................................... 3 0. 514 132 | (16.810) 12
4 0. 509 127 | .(16.810)12
5. 0.473 112 15.712
Drawn iron wire, analyzed chemically....coveenennae... g ’ g ﬁg ;‘55 }i’ g’ﬁg
' 8 0.453 12 12,132
1 0.463 100 | 14728
. 49 :
Tron wires of different degroes of carburation ....... e }‘1’ g 22)2 gz; lg: gg?
12 0. 397 091 9,449
Piano-forte Wile ccoececveereianiaeiraineicecnonacannnn. 13 0.425 092 13.203
Watchspring ......... .. . 14 0. 340 063 8. 568
Commercial iron wire 15 0.428 090 18.774

For the sake of facilitating a comparison of these results with our
own, we reduced them, as nearly as possible, to absolute values of
g om
$ om?
and Vogt put A=100,

. 00 microhm, by accepting for "sﬂver hard,” for which Matthiessen

§=1.574.

Morcover, the values have been arranged, commencing with pure
iron, in the order of the values for resistance, the coefficient of quadratic
t being discarded and only linear @ introduced. The interpretation to
be given to “a interpolated” will be explained presently.

1 Matthiessen and Vogt: Pogg. Ann., CXVIII, p. 431, 1863.
12Probable value for pure iron, hard, deduced from the observations with impure
metal, from an inspection of the rcspectivc temperature-coefficients.
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TABLE 5.—Specific electrical resistance and electrical temperature-coeficient of different
. kinds of iron.

. om0 @ a

Desciiption of sample. | & =5 0 observed. |inierpolated.
mierohm.

Nos.1t04 ccovvennnnn.. 9.4 0. 0052 0. 0052

\ 5 10.0 47 50

10.1 47 50

10.7 46 49

111 45 48

1.4 43 47

11.8 42 40

13.0 45 44

14.8 42 41

15.9 40 40

16.7 40 37

18.4 34 36

15.9 42 49.

Resistance-temperature cquations of ‘iron and of steel.—The first line of
these data, showing the mean value of a number of observations with
pure iron, is the most reliable. If this be added to our results for steel
(Table 2), the whole series of résults may be compared graphically, by
representing specific resistance, s, as abscissa temperature-coefficient, a,
as ordinate. The points lie satisfactorily on a locus of definite charac-
ter, which in its turn may be utilized for purposes of interpolation. In
this way the last column of the foregoing table (“« interpolated”) has
been deduced, the temperature-coefficient for each value of specific re-
sistance for the sample of iron cited being selected. The discrepancies
or differences between observed and calculated results are not larger
than a combination of observations made on the great variety of mate-
rial by different observers, together with the wide range of possible
errors incident to all, would lead us to anticipate. Iiven the position
of soft ,steel with reference to the curve is, in every. respect, satisfac-
tory. It is in this way, finally, that the practical results in Table 3 -
were derived.

Benoit™ finds the following relations between resistance and tempera-
ture for soft iron and soft steel, respectively:

8,=0.1272 (14-0.00452 - t4-0.0000058 - #?),

8,=0.1149 (140.00498 - t+0.0000074 - %),
| (Hy=1 m|mm?)-

These results referred to microhms and ¢m/cm? are
§=12.1 a=0.00452

and

for iron, and , :
§=10.9 a=0.00498

for steel. Both sets of values are in good accordance with our graphic
representation. We obtain by means of this: ‘
For s=12.1, the value a=0.00457,
- and .
‘ ' For §=10.9, the value a=0.00485.

13 Benoit: Comptes rend., LXXVI, p. 342, 1873, Wiedemann, 1. c., p. 525. The
small value s=10.9 obtained by Benoit for soft steel is remarkable and exceptional.
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CAST-IRON.

Anticipative results—Of particular interest in connection with this
discussion is the behavior of the most highly carburized of commercial
iron-products, cast-iron. Observations for pairs of the electrical magni-
tudes under consideration, for this material, are not in hand. Else-
where we will describe certain experiments, made in some number, with
reference to the thermo-electric and galvanic properties of cast-iron.
Here we need only mention, that the specific resistance of this metal is
very decidedly larger than the largest attainable results for glass-hard
steel. If, therefore, a relation* between electrical conductivity and
electrical temperature-coefficient of the kind premised, actually exists,
then this latter quantity must, in like manner, be smaller than the
smallest results arrived at in case of steel. -

To test this inference, three samples were selected from our supply of
cast-iron rods, Nos. 13, 14, 15, each about 25 cm. in length, and their
resistance in the soft or thoroughly annealed state (annealed at red heat
and cooled very slowly) determined at different convenient tempera-
tures. But this resistance, in view of the comparatively large section
of the said rods (about 0.4 cm?) being as small as 0.004 ohins, the
measurement had to be made even with greater precaution than was
necessary in the case of steel. .

Method of measurement.—The method of measurement was, however,
essentially identical in the two sets.of experiments, being Matthiessen
and Hockin’s. The terminal wires of copper, wherever necessary in-
sulated by glass tubes, were wrapped around and soldered to the cast-
irou rods; these, together with the insulated terminals and a good
thermometer, introduced into a wide glass tube. Through the latter,
closed at both ends by suitably perforated corks, securing tubes of in-’
flux and efflux, vapor at the boiling point of the respective liguids con-
tinually circulated. Methyl alcohol vapor, and steam were especially
convenient. The tube itself, thickly jacketed with felt and cloth, showed
a desirably constant temperature throughout the course of the work.
. All these precautions were necessary, for the ulterior reason of exclud-
ing possible thermo-electric action at the junctions of cast-iron and cop-
per. Such currents are otherwise readily evoked in intensity sufficient
utterly to vitiate the accuracy of the measurements.

Results.—The following table will show that the experiments con-
ducted with this care were satisfactorily succeessful. Here a and b
denote the sides of the approximately rectangular section of the cast-
iron rods; 1, the effective length in the resistance measurements. I'rom
an inspection of the resulting errors, the linear relation assumed to exist

1A detailed discussion regarding the electrical effects of the strain accompanying
hardness and of carburation, respectively, will be given in Chapter II1.
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between resistance and temperature within the interval 0°—1009, will be
found to be acceptable.

yu
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Fic. 2.—Diagram of the relation between specific electrical resistance and temperature-cocficient for
wrought iron, for steel, and for cast iron.

The results show that the mean temperature-coefficient of cast iron
falls very fairly on what may be considered a prolongation of the locus
obtained for iron and steel (see figure), or that the electrical tempera-
ture-coefficients of iron-carburets, in general, may be regarded as a defi-
nite function of the respective specific resistances:

TABLE 6.— Temperature-coeflicient of cast-iron.

Rodl t w w .
N o.’ Conatants. t w mean. | observed. | calculated. Diff. ° @ &
em. C. ohm. ohm. microhm.
13| a= 0.640 | [ 23.8 | 0.003749 | 23.5 | 0.003743 | 0.003743 | 0 | o0.003637 | 0.00124 6.0
b=0.656 || 23.2 3738 |.......
1=20. 10 67.2 3938
67.5 3043
- 99.4 4093
| 99.3 4077
14 | a= 0.643 22.8 3839
b= 0.642 22.8 3835
1=20. 10 67.8 4041
7.2 4061
99,5 4235
99.5 4235
15 | a= 0.646 20.0 4095
b= 0.647 17.8 4095
1==20. 10 18.3 4108
66. 0 4347
66.0 4347
100. 0 4500
100. 0 4490
1100.0 4536
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DEDUCTIONS.

Analogous behavior of alloys and of iron-carburets.—The data contained
in the above tables throw some light on the probability of an analogy
between alloys generally and iron carburets, inasmuch as they show a
certain similarity of behavior in both kinds of products. It is not im-
possible that we have here in hand examples of a general law; in
other words, it may be plausibly argued that whenever the properties
of a primary metal are altered by addition of various quantities of a
second substance (metallic or non-metallic) alloyed thereto, that then
the known variation of electrical resistance is invariably accompanied
by a corresponding variation of the electrical temperature-coefficient—
in such a way that an increment of the former corresponds to u decre-
ment of the latter in accordance with some fundamental relation. In
the ‘case of ordinary alloys, small quantities of a second metal are
alloyed to the original material, producing the known electrical effect.
In the case of steel the process of tempering is the cause of a change
in the quality of carburation, so that in a highly tempered bar more com-
bined or electrically active carbon is, as it were, alloyed to iron than in
one of inferior ‘temper or in a soft rod Hence the corresponding elec-
trical effect. But it is well to waive this subject here to discuss it more
satisfactorily in another chapter.

Temperature-coefficient and volume. —Weshall show el sewhere15 that for
steel at least, and possibly for all non-electrolyzed conductors, the spe-
cific resistance may, with some fitness, be regarded as a volume-function
only. Probably a similar remark may also be made with reference to
the temperature-coefficient of steel, and it would appear that with this'
metal, the most promising of the available means for the study of the
bearing of specific volume on specific resistance and temperature-co-
efficient, is furnished us. Clausius’® was the first to call attention to
the approximate proportionality of the resistance of most pure metals
with their absolute temperatures. If we accept Mathiessen’s general
relation between resistance and temperature for pure metals:

8, =8, (l4-at4+6£2),  «=0.003824,  6=0.000 00126

and put
ds, .1
at =273’
we find that at about 60° C. the said proportionality is accurate.
There would be some propriety, therefore, in consulerm«r this state of
the metals i in questlon as a normal state, and the ¢ corresponding specific

1> Chapter III.

16 Clausins: Pogg. Ann., CIV, p. 650, 1858. Auerbach (Wied. Ann,, VIII, p. 479,
1879) has endeavored to exphm this clrcnmstmce, and also to mterpret the excep-
tional value encountered in case of iron.
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resistance as their normal resistance. It may be remarked, in passing,
that the temperature to which soft steel must be cooled in order (theo-
retically) to annul its resistance coincides very nearly with the absolute
zero of temperature. :

ADDENDUM.

STATEMENT OF A RESISTANCE METHOD FOR THE MEASUREMENT
. OF HEAT-CONDUCTIVITY.

The success of the above application of Matthiessen and Hockin's
method for the accurate measurement of very small increments of resist-
ance, has suggested to us the availability of the same method in deter-
mining the necessary data for the calculation of heat-conductivity.

The subject of heat-conductivity has of late been largely disenssed,
especially in German literature. In most of the cases new methods
have been proposed and employed. Our object herewith is to offer an
experimental modification of the well-known method due to Biot, but
first applied by Depretz,'” which we believe has certain practical ad-
vantages.

Depretz heats the ends of a straightrod of uniform section to different
constant temperatures T and ¢ (T>t). After the stationary thermal
condition has set iu, ¢, t,, %, the temperature of any three -consecutive
right sections, at the sane distance ! apart, respectively, are related as
follows : ' :
‘ ete—m=(t+t):t, . . . . . . . (1)
where, moreover, u for rods of the same section and of the same exter- -
nal conductivity is, under the assumption of constant I, inversely pro-
portional to the square root of heat-conductivity. Suppose, however,
that instead of measuring the temperatures at three consecutive equi-
distant sections, we propose to determine the resistances of, three con-
secutive equal lengths I of the rod, after: the thermal condition has
become stationary. We have

dr=%(1+at) dz,

where dr is the elementary resistance corresponding to the length du,
at the temperature ¢, s the specific resistance of the material, ¢ its (uni-
form) section, « @ given constant. In view of the steady thermal flow,
we may write .
i dr:%[l-{- a(Cerat Cle=12)] dr.,

If this'equation is integrated successively between the limits I, and I,,
I; and b, I, and s, where L,—I,)=l;—l,=l;—Il;=I, we obtain three equa-

17 Depretz: Ann. d. chim, XXXVI, p. 422, 1827; Cf. Langberg, Pogg. Ann., LXVI,
P- 1, 1845; Wiedemann and Franz, Pogg. Ann., LXXXIX, p. 497, 1853.
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tions from which the constants ¢ and O may be eliminated. The fol-
lowing relation results:

R

where 7, is the resistance of the length I, at zero. KEquation (2) might
have been more clegantly derived indirectly from equation (1) above.
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Fi16. 3.—Diagram of a resistance-apparatus for measuring heat conductivity.

Suppose, now, that in connection with this result we use Hockin and
Matthiessen’s device of two corresponding sliding contacts in the man-
ner indicated in the annexed diagram. Let

=V =l — L=l ==l —1;,=1
Let the points m/, m’/, m;....ms on the wire de correspond to U, I,
l.. .1y in such a way that, it connection be made between any two of
them with the prolonged terminals of a galvanoscope G, the needle of
the latter will receive no additional impulse 6n momentarily closing the
key K. Then we may write

My — My My—M3
’7//‘—”"'/—1‘!‘ 11 ”‘/’—‘1
m 'm ’I’I’L —m
T
My—My 1 .

m'’—m/!

whence it follows that Depretz’ method by application of Hockin and
Matthiessen’s device may be theoretically reduced to a simple measure-
ment of lengths.

It is not our object here to go into any practical details.'®* But we
may remark that hurtful thermo-currents may be reduced to a mini-
mum by using a sliding contact at the points [ of a material thermo-
electrically similar to the rod to be examined. Their effect would be
that of changing the position of equilibrium of the needle of the gal-
vanoscope, and they would not seriously influence the impulse given
to it by momentarily closing K. Moreover, the eunds, L and J, of an
independent, permanently closed bridge-wire may be so adjusted as
to compensate the thermo-electric disturbance entirely (end L), and

1¥The compendious form of Wheatstone’s Bridge, invented by Kohlrausch, suggests
itself for these measurements.
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yet not interfere with the measurement (end M). In this case it is not
necessary to close l'. .. .1, for a short time prior to closing K, but both
nmay be closed momentarily, the latter contact a little before and a little
after the particular one of the former, with reference to Whl(}h the ob-

servation is made.

It is our intention to endeavor to apply a procedure of thls kind for
the purpose of investigating whether the abnormal diminution of elec-
trical conductivity due to tempering (about 70 per cent.) is accompa-
nied by acorresponding variation of heat-conductivity. The plan would
be the same as that detailed elsewhere.”®

* 9Strouhal and Barus, Wied. Ann., XI, p. 976, 1880; ibid., pp. 953-4, 977.
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CHAPTER II.

ON THE CONDITIONS WHICH IN THE CASE OF STEEL ESSENTIALLY
DETERMINE THE EFFICACY OF THE OPERATION OF TEMPERING;
THX MEASUREMENT OF THE STATE OF HARDNESS OF STEEL.

INTRODUCTORY REMARKS. .

Origin of the work.—At the outset of the present series of experi-
ments it was our object to subject the relation existing between the
amount of magnetization which saturated steel rods can permanently
retain, and their mechanical condition, particularly their state of hard-
ness, to a new and rigid investigation. We were led to this undertak-
ing by the results shown in a paper by Barus,? in which it appears
that the electrical properties of steel—its thermo-electric power and
specific resistance primarily—furnish a datum of singular sensitiveness
for the hardness of this material. It therefore lay within our scope
and purpose to invent a method for obtaining as many well-defined de-
grees of hardness between the glass hard or suddenly chilled state on
the one hand, and the soft or thoroughly annealed state on the other,

as would be practicable.
" During the progress of the work, however, the phenomena attending
the operation of tempering, as exhibited. by the thermo-electric power
and the specific resistances of the different stages of hardness of steel,
began more and more to engross us, and eventually became of sufficient
importance to occupy our attention wholly. Thus it was that a special
research, though partaking of the nature of a digréssion and calling for
a larger expenditure of time than had been allotted to this part of the
projected series of experiments, became almost necessary. The data in
hand throw new light on the conditions determining the temper of steel,
and indeed enable us to discuss the whole subject perspicuously and
from a general standpoint. These remarks will suffice to account for
the origin, purpose, and disposition of the parts of the present chapter.

‘ Material used.—The steel used in this work was of the kind known as
“English silver-steel.”?* It came to our hands in the shape of rods,
about 30 cm. long, varying in diameter between 0.03 ¢m. and 0.01 em.,
drawn accurately cylindrical for the use of watchmakers. The rods
were nominally identical in composition, and obtained from Cooks’
Brothers, of Sheffield-and Manchester. In view of the great complexity

2 Barus, Phil. Mag. (5), VIIL, pp. 341-68, 1879 ; Wied. Ann., VII, p. 338, 1879 Cf.
- Appendix to this Bulletm p- 203,
21 See Chapter VIL.
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and vagueness associated with the term steel, it appeared necessary to
confine the operations to the given type of this material—an excep-
tionally favorable type, moreover, when considered with reference to
the enormous interval of hardness compréhended between its glass-hard
and soft states. Chemical analysis of this individual member of the
infinite family of possible steels would have been more than useless, as
will clearly appear from a perusal of the present series of papers as a
whole. As arule we draw our inferences from rods broken from & sin-.
gle -longitundinally homogeneous sample only. The purely pbysical
relation sought is thus investigated unaffected by secondary phenomena
or distortions, while the material, as it were, is represented by a series
of temporarily constant parameters. In the present chapter this
method of research is suggested naturally by the experiments them-
selves, and satisfactory material is easily obtained. But in the later
chapters on magnetism, where the necessity of using chemically and
structurally identical rods is much more urgent, these essential condi-
tions are often secured only with difficulty.

APPARATUS FOR IMPARTING GLASS-HARDNESS TO STEEL.

In view of the great number of steel wires to be tempered; the con-
struction of an apparatus by the aid of which the operation of sudden
cooling could be expeditiously and conveniently carried out, and which
would impart to the wires a uniformity of hardness throughout théir
Iength, was an essential requisite. The following machine answered
the purpose satisfactorily :

T16. 4.—Apparatus for hardening steel rods.
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In figure 4, A is a hollow cylinder 9 em. long, of dense (box) wood, pro-
vided with a circular groove and slot so as to admit of its being securely
fastened by a sort of bayonet-joint to a substantial tripod, or again re-
moved, conveniently. Intothelower and wider part(3:0 cm.in diameter)
of the aperture a closely-fitting faucet communicating with the water-
mains by means of a hose, is inserted ; into the upper opening of the same
(1.5 cm. in diameter) there is fitted a glass tube of thin material and about
30 cm. long. This serves primarily as a protecting envelope for the steel
wire stretched in its axis. Besides this gradually tapering canal, the
box-wood cylinderis provided with a second perforation at right angles
to the axis of the latter, in which a thick steel rod B (0.5 cm. in diameter)

fits snugly. :

The wire to be hardened is drawn tensely between two clamp-screws,
in connection with the terminals of a powerful battery, in the following
way: The lowerclamp-screw possesses a longitudinal and a cross perfora-
tion. One end of the wire is fastened in the first of these holes by a
lateral screw and then introduced into the wooden cylinder and attached
glass tube, A4, from below, whereupon the steel rod B, passed through
the cross perforations in both cylinder and clamp-screw, and fastened
by the vertical screw of the latter, puts the lower end of the wire in con-
nection with one pole of the battery. As B may be rotated around its
own axis and at the same time maved laterally, the wire may be satis-
factorily centered. 4, thus adjusted, is now attached to the tripod as
above described, the fauncet forced tightly in from below, and the upper
end of the steel wire, which projects slightly out of the glass tube,
grasped by a second clamp-screw. The latter forms a part of a peculiar
spring C, in shape of a rhombus of very large horizontal but very short
vertical diagonal. In this way a gentle tension, not so strong as to rup-
ture the wire when red hot is constantly maintained, while the parts of
the spring are thick enough to allow the passage of an intense galvanic
current without becoming perceptibly heated. ‘We have found that a
wire symmetrically chilled and held tense in this way remains straight
after the glass-hard temper hasbeen imparted to it—an imnportant desid-
eratum. In order to centrally adjust the upper end of the wire, or to
regulate the tension of the spring, the latter may be moved around and
along a horizontal arm, which in its turn is similarly adjustable around
a vertical post screwed to the tripod. To C and B the terminals of a
powerful battery are suitably attached.

A current of dry carbonic acid gas continually circulating through the
tube practically obviates the annoyance of oxidation during the heating
to redness. To introduce this gas, the faucet is doubly perforated in
the way devised by Senguerd. The larger of the canals is intended for
the influx of water, the smaller for carbonic acid, and they are so dis-
posed relatively to each other that if the one is open the other is neces-
sarily closed. To manipulate the apparatus satisfactorily a considerable
head of water is desirable. But even when these facilities are available,
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the water, on opening the faucet, is apt to enter the tube with a squir,
chilling some parts of the wire before the main column advances, and
in this way vitiating the otherwise attainable uniformity of glass-hard-
ness. Tor this reason a second faucet (not shown in the figure) belong-
ing to the hydrant was put into use. We operated in this way: The
former faucet was first opened, producing no other effect than the inter-
ruption of the current of carbonic acid. - Then one of us rapidly opened
the second faucet, while the other, in due time, broke the galvanic cir-
cuit. As the glass tube was of comparatively small diawmeter, the water
rushed into its interior, ascending as an unbroken colunn with great

" velocity and imparting to the wire the glass-hardness desired. Accord-

ing to Jarolimek* this rapidity of current is of paramennt importance
when the attainment of extreme degrees of hardness is the desideratum.
In the case of quiet water a non-conducting envelope of steam is apt to
inclose the wire, protecting it against instantaneous chilling. Such a
layer would effectnally be torn away by a very swift current, and cold
water and wire remain in more intimate contact. We regarded the
hypothesis, which Jarolimek believes to have verified by experiment, -
as plausible. .

Glass tubes of thin walls were chosen, and breakage was therefore a
rare occurrence. Of course we did not keep the wire in the red-hot
state longer than appeared absolutely necessary.

The operation of disadjusting and drying the parts of the apparatus
after each chilling proved to be a tedious annoyance. Nevertheless the
efficiency of the apparatus may be said to have been demonstrated by
the fact that after a little experience we were able to temper 50 to 60
wires during an interval of five hours. Of tbe total number of hard
wires obtained (some 180), those were selected for the measurements
which bad been operated upon during our later and more expert manip-
ulation. The ends were broken off and discarded, and only as much of
the central part of each wire used as would warrant the assumption of
uniformity of hardness throughout the lengths employed. The degree
of homogeneity, moreover, admits of being specially tested, as will be
explained below.

The battery used consisted of 20-30 large Bunsen cells, connected in
series or in multiple arc in a way to correspond with the external resist-
ance. In the latter case it is necessary to keep the partial circuits as
nearly as possible alike. Otherwise a reverse current is apt to traverse
one of them, gradually disintegrating the carbons. :

MEASUREMENT OF THERMO-ELECTRIC POWER.

Thermo-clement.—The thermo-electric powef of our wires was deduced
from measurements of electromotive force and temperature, obtained by
#Jarolimek: Dingler’s Jour., CCXXI, pp. 436, 518, 1876,
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combining them thermo-electrically with the same given normal wire.
Chemically pure silver, deposited galvanoplastically, fused, drawn, and
softened, appeared to be the most desirable metal-of-reference for this
purpose. Two samples of this were selected and compared. From rea-
sons of a practical character, however, we found it expedient not to use
these normals in the actual work. = In the measurements,a copper wire
of a given kind, which had frequently and very carefully been compared
with the silver, was substituted for it, and the thermo-electric powers
steel-copper subsequently reduced to steel-silver, by calculation.

. After testing many modifications, we adhered to the very efficient
form of thermo-electric apparatus diagrammatically represented in fig-
ure 5. §; and 8, are two doubly tubnlated spherical receivers, of the

F16. 5.—Form of thermo-element.

capacity 1 liter approximately. These were mounted on good non-con-
ductors in such a way as to place the axes of the tubulures 4 and B in
horizoutal, the other two in vertical position. The former were pro-
vided with well-fitting corks, centrally perforated, so as to admit the

glass tube ed (diam. 1 cm.) snugly. -In this way the two receivers were -

held firmly together, and at distances apart adjustable at pleasure, thus
adapting the arrangement for examination of a long or a short wire.
Two small suitably-perforated corks, fitting the ends of the tube cd,
gave to the wire an axial position within it. In thisway the steel rods,
exceedingly brittle and frail when in the state of glass-hardness, were
adequately protected. Mention is still to be made of the terminals kb
and k of the apparatus. These were specially-selected samples of cov-
ered copper wire, as stated above. They passed through the large corks
at A and B—in which they were cemented once for all—to the junctions
at the center of the respective receivers. When a new rod was to be
introduced, this was thrust through the tube c¢d, and the latter duly
closed with the small corks, in the perforations of which the rod fitted
tightly. Then the free ends of the terminals were connected with the
respective ends of the steel rod, either by flat brass clamp-screws, or,
where the temper permitted it, by soldering. The tube carrying the
large corks was now in complete adjustment, and it was only necessary
to insert these in the tubulures A and B of the receivers. One of the
latter was then filled with water of the temperature of the room, the
other with hot water. A -woolen jacketing appropriately surrounding
the hot receiver reduced the loss of heat by radiation to a minimum.

(624)
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By the aid of two carefully calibrated thermometers, with their bulbs
- at the centers of the respective receivers, the temperature of these was
read off. A small hole was drilled at = in the tube c¢d to allow for the
expansion of the air heated by proximity to the hot water.

Method of mieasurement.—TFor the measurement of the thermo-elec-
tromotive force (expressed throughout in volts) a zero method was
-adopted. If F (figure 6) be the compensating (one Daniell), ¢ the com-

E : E

T
e F
M M
F16. 6.—Disposition of thermo- Fi1G. 7.—Apparatus for galvan.
electric apparatus. ometer-factor.

pensated element (the thermo-couple), W the resistance of AEB, w
that of AMB, we shall have, when the current in AeB containing the
galvanometer is zero, .
€ w
E=Wtw’
In our experiments, in the most unfavorable cases,
0 5
_ W=10000’
and hence, with sufficient accuracy for the present purpose we may put

€ w0
E=W

Both w and W were furnished by Siemens’ rheostats. The resistances
of the connecting wires and of the Daniell are negligible. W could be
increased to 30,000 ohms, w diminished as far as 0.1 ohm.

In order to eliminate such discrepancies as would arise from varia-
tions of the Daniell, the electromotive force of this element was meas-
ured before and after each observation. It is known that this source of
error is by no means negligible, and that it depends on the way in
which the Daniell has been put together, and on the time of use. TFor
the purpose in question, the terminals of a Wiedemann’s galvanometer
of known factor A could be introduced into the circuit FAMB with the
aid of an appropriate key. If therefore the line AS8B is broken, the
resistance w excluded, we shall have a simple circuit Z4 M B such that
if n be the deflection at the galvanometer
Usually W=20,000 ohms was chosen, as it was through this resistance,
approximately, that the Daniell acted during the measurements with the

~zero method. :

To determine the factor A of the galvanometer we made use of a
tangent-compass of known factor, C. This we calculated both from the
dimensions of the coils and from voltametric observations. Figure 7

Bull. 14—3 (625)
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gives the disposition of apparatus diagrammatically, wherein E is the
Daniell, T the tangent-compass, G the mirror-galvanometer. Let w be
the resistance, ¢ the intensity of current in the shunt A M B, W the re-
sistance, and I the current in A G B; then

IW=iw;
whence o
I _ w
I WHw'.

But by measurement wifh the tangent compass we get

I+i=Ctg @ [1+f(9)];
and with the galvanometer, simultaneously, I=An, whence

By a proper choice of wand W, practlcally convement deflections, both
at the tangent compass and at the galvanometer, are obtainable. The
determination of 4 was frequently repeated.

Essential details—The actual arrangement of apparatus as given in
figure 8 differs from the diagram (figure 6) described above, only in that
serviceably-disposed commutators and keys have been introduced into -
the partial circuits.

Fic. 8.—Details of thermo-electric apparatus.

The commutator I, inserted immediately after the Daniell, is used,
in the first place, in determining the value of the electromotive force of
this element from the double deflection of the mirror of the galvanometer

G put in circuit by the key II. In the second place, when manipulated
in connection with another cdmmutator, 71, which changes the direc-
tion of current of the thermo-element, it adds very materially to the
attainable accuracy by enabling the observer practically to eliminate
the discrepancies due to extraneous thermo-currents. These result
from an 1rregulzu d1str1but10u of temperature in the connections. We
actually measure not

e+£ w
E W’butE+e’ W .
where ¢ and ¢ are the disturbing electromotive forces in question.
Now &, which has its seat in the branch EAMB, is always negligible in
comparison with E. A similar assumption, however, by no means
applies to e—i. e, to the electromotive force which originates in the
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branch 48B. This quantity, as our experiments have shown, very fre-
quently reaches values amounting to a considerable part of e——mdeed
when ¢ is small, ¢ is directly comparable with it.

‘We therefore have -

If both e and ¢ retained the same value before and after an observation
there would result: Before commutation,

ete_w.
, E=wW
- after commutation,
. — w!
=W
whence :
e 1/w w‘)
=3\ wtw)’

Now, although both ¢ and ¢ do vary during the interval of an observa-
tion, the amount is small and the change of the former so nearly linear
with the temperature 7 of the warm receiver, that the mean of the elec-
tromotive forces ¢ may be regarded as coincident with the mean of the
temperatures 7. If the observations after commutation are rapidly
- made, which can easily be done because the approximate values of W
and w are known from the first measurements, we may suppose ¢ to have
remained constant,?® A mean of the two determinations therefore will
very nearly eliminate e.

Finally, reference is still to be made to the form of Weber’s commutator
IV, which serves the purpose of a key of special kind. - The small mer-
cury cups are so filled that the thermo-current is not closed until a mo-
ment after the partial current from the Daniell. When 0 and W are .
properly chosen, therefore, the needle of the galvanometer S remains at
rest. Anexceedingly sensitive form of apparatus with an astatic needle,
devised by Magnus and constructed by Sauerwald, was used here.

While one observer made the adjustments w and W, the other read
off the temperatures of the thermometers in the receivers at given sig-
nals.

Calculation of constants.—If ¢t and 7 be the temperatures of the thermo-
electric junctions, ¢ the corresponding electromotive force, we shall have
generally > ‘

e=a(T—t)40(T2—2) . . . . . . . (1)
Putting T—t=w, T+t=u, e=y, . '
y= am+bxu e 9]

Inasmuch as the number of observations was always greater than two,

2By commutating again we frequently convinced ourselves that this supposition was
quite permissible. The values otained for the first and third positions of the commu-
tators were so nearly identical that we could satisfactorily, accept them as such.

24 Avenarins: Pogg. Aun., CXIX, p. 406, 1863; ibid., CXLIX, p. 374, 1873; Tait, Trans.
R. Soc. Edinb., XXVII, 1872-73,p.125. In this mewmoir the above equation is ac-
cepted merely as an empirical relation. Tait has discussed it theoretically.
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the constants a and b were calculated by the method of least squares,
on the basis of an equation of the form

g=a+ bu.
&

We were led to choose this form not merely because the calcula-
tions are thus essentially simplified, but principally because the form
(2) gives to the values of ¢, corresponding to great values of T'—t,
an amount of preference which appears to us wholly unwarranted:
for although e is much more accurately measurable in the case of large
values of T—f¢, the observed value of T' will differ the more appreciably
from the true temperature of the hot junction of the thermo-element, in
proportion as 7' is greater than the temperature of the room in which
the observations are made.

By aid of the well-known formule developed by the method of least
squares, a, and b,, of the thermo-couple copper-silver, were calculated
from a large number of special observations.

By the same method, moreover, we derived the constants, a!, b', for
the elements steel-copper. To reduce from these the values a, b, which
hold for the couples steel-silver, we made use of a set of tables calculated
thus: If ¢, ¢!, ¢, correspond to a, a', a,, we have -

e=el—e,
where ¢! is dependent on the arguments T and &. Now ¢, can be thus
expressed: '

e,=(a,T+0,T%) —(a,t+b,t%);

that is, as a difference between identical functions of the same argu-
ments 7 and t. A table for 4

az+b2"
is therefore calculated once for all, from which for every combination of
T and ¢ the quantity e, and therefore e, is easily obtained. After -all
the observations,.e, had been referred to silver, the censtants ¢ and b
were deduced by the thermo-electric formule above given.

MEASUREMENT OF ELECTRICAL CONDUCTIVITY.

Method calculation.—For the measurement of resistances we employed
Kirchhoff’s form of Wheatstone’s bridge. The resistances w and ¢ to
be compared could be exchanged by the aid of a mercury commutator.
Heavy copper plates, the resistance « and 6 of which was such as to
introduce a very small correction only, connected the latter with an
interposed commutator and finally with the end points of the bridge.
The current was advantageously furnished by Weber’s magnetic in-
ductor. Sauerwald’s Sensitive apparatus, already referred to, was used
as a galvanoscope.
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The following is the method of calculation adopted:

. s g wW4a_
First position of commutator, m_b—l_”"
Second position of commutator, ?:5 LI
whence , .
w=n0+nf—a, W =020 -+ Npcx— 6,
and therefore, if 4(n;+n.)=n,
6 n—n, a—6
w=nd+(n-1)2FI_ MM 0
In the case of our bridge, at ¢=100°
ats. 228 = —0-00016.

Now, in so far as n; and n, are always nearly identical, a sufficient ap-
proximation for e is furnished by the formula

w=nd+(n—1 )a+6 R ¢ §)

In this way the calculations were greatly simplified, since n could
be immediately obtained from Jbach’s® tables. A small table of our

own contained the respective values of the term (n—1) —— a+6’

In a part of the measurements we obtained exce]lent results with
the beautiful method due to Hockin and Matthiessen.

From this value of 1w, the length and the diameter 2p—the latter di-
mension being determined microscopically—the specific resistance of
the given wire at the temperature ¢ followed at once.

The normal resistance ¢ was given by a specially constructed étalon
of heavy German silver wire, soldered to stout terminals of copper
properly amalgamated. We were in possession of six of these, such
that by suitable c'ombina.tions, either in series or in multiple arc, re-
sistances as high as 0:6 ohms and as low as % ohm were available. We
were thus able to keep the sliding contact near the middle of the bridge
wire, and the value of the factor (n—1) in equatlon (1) was therefore in-
variably small,

Resistances at points of contact.—In view of the very small resistances
(0.5 to 0.05 ohms) to be measured, great care had to be taken to reduce
the resistances at the places where the steel wires were inserted to a
. minimum. To obtain an estimate as to the value of the discrepancies
produced in this way we made a determination of the resistance of a
soft steel wire for three different methods of insertion. In the first of
these the wires were firmly held hetween flat clamp-screws; in the see-
ond, the ends of the wires were covered galvanoplastically with a thin
even coat of copper, which was then amalgamated; finally, the contact
was obtained by actually soldering the steel wires to pieces of heavy

* E. Obach: Hiilfstafeln fiir Messungen elektrischer Leitungswiderstiinde mittelst
der Kirchoff-Wheatstone’schen Drahtcombination, 1879,
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copper wire. Only the last of these methods of insertion was found to be
thoroughly satisfactory under all circumstances. In the first the error
was quite large, while the second proved to be unsafe; for the amalga-
mated copper coat was apt to become insufficiently adhesive. In the
case of glass-hard wire expeditions soldering is essential, otherwise the
ends are annealed to an extent that will seriously affect the results.
We avoided this at least partially by cooling the wire, immediately after-
the soldering had been effected, by a jet of water from a small wash-
bottle. With a little practice the whole operation is finished in a few
seconds. It is to be noted that if an error had been introduced in this
way its effect would only have been that of giving further emphasis to
the abnormally large results discussed in the sequel, since the values
for specific resistance as thus actually found can only be short of the
true values. In the later experiments all these inconveniences were
avoided by the use of Hockin and Matthiessen’s method. :

Criterion for homogeneity.—~The method just mentioned is peculiarly
adapted for the determination of the degrees of uniformity of hardness
along a given length. of wire, because it enables the observer to com-
pare the resistances of different parts of the said length with facility.
The process as actually employed will be discussed in another chapter.

The method used for calibrating the essential wire of the bridge has
been described elsewhere. (See appendix to this chapter, p. 72.)

THE OPERATION ‘OF SUDDEN COOLING. GLASS-HARDNESS.

Effect of chemical composition.—The steel rods tempered to glass-hard-
ness in the manner described were found, on examination, to be ther-
mo-electrically negative® relatively to silver.

In so far as the same process had been applied to rods nowminally of
like composition, it appeared plausibly presumable that the degrees of
hardness attained would be nearly identieal; in other words, that the
tempering would have furnished us with a set of glass-hard rods of
nearly the same thermo-electric power. This was not the case. A .
graphic representation of the relation between thermo-electromotive
force and temperature showed this remarkable result, that the wires
tempered were readily referable to a few distinct groups; for the posi- .
tion of the different thermo-electric curves was such as to permit them
all to be comprehended by a few narrow and well-defined sectors. This
implies that though the maximum of, attainable hardness is different
in the different wires, particular groups possessing nearly ideutical
properties are readily discernible. We were unable to discover any
relation between the individual members of the said groups and the

26 Cf. preface, p. 6.
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respective diameters of the wires. Nor did the wires hardened on any
particular day show like thermo-electric qualities. It is conceivable,
for instance, where currents of different intensity are employed, that
the resulting difference in the degrees of red heat imparted to the wires
would find its expression in a correspondingly marked difference in the
degrees of hardness. The true cause of thie difference of character ob-
served must therefore be ascribed to chemical composition. In other
words, the groups are distinguishable one from another by the respect-
ive amounts of carbon contained in the wires. The rods were not all
received at the same time. Without doubt the maximum of hardness
-attainable by sudden chilling is essentially conditioned by the degree
of carburation of the steel rod, and to a very small degree only by the
impurities present. In a general way we may state that the maximum
in question is a characteristic datum for the type of steel under experi-
ment. In Chapter VII of the present memoir we shall have occasion
to discuss this subject in detail.

Maximum hardness reached.—The greatest hardness met with in this
work was that possessed by two rods of.the diameters 0.036 cm. and
0.073 cm., respectively. The thermo-electric constant a here reached
the exceptionally small value a= — 2:60 (microvolts), and the specific
resistance, at ordinary temperatures, was as large as 45 microhms,
cm/em?. Unfortunately most of these very hard wires had to be dis-
carded, because in the earlier experiments boiling water had been used
in investigating their thermo-electric powers. We subsequently found
that 100° produces a very pronounced annealing effect. In the later
experiments with glass-hard wires water of only 40° was employed, and
this but for a very short period of time.

Temperature of ignition.—Jarolimek and Ackermann® in their experi-
ments on steel arrived at the important result that the rapidity of the first
part of the chilling of red-hot steel, say from 600° or 700° to 300° or 4000,
is far more essential as regards the degree of hardness obtained than the
further cooling from 3000-400° to zero. 1t is easily possible to harden
a rod very perceptibly by cooling it from bright redness in a metallic
bath (Zn, Pb) at 400°. Such a process combines in one the operations
of chilling and of annealing. Cooling from 300° or 4000, however, pro-

. duces no effect. Again, Chernoff had previously found that if the tem-
perature from which steel is chilled be supposed to increase continu-
ously, no observable effect will be apparent until a temperature in dark
cherry-red heat is reached, when glass-hardness is suddenly attained.?

Our experience is in perfect accord with these results. The phenom-
enon was strikingly manifested both in rods of the samme diameter and in

27 Jarolimek u. Ackermann, Zeitschr. fiir das chem. Grossgewerbe, 1880. Similar re-
sults, we believe, were published hy the distinguished American engineer, Mr. Joshua
Rose, but we have been unable to find them.

8D, Chernoff: Vortrag gehalten in der russischen Technischen Gesellschaft, im
April u. Mai 1868.
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those of different diameters. In the first instance we may cite our obser-
vations with comparatively thick steel rods, which the available carrent
was able to.heat to dark redness only. After chilling these remained
soft and pliable for more than one-third of their length; but at a
particular point of the wire its mechanical condition changed suddenly
to brittle harduness, and this despite the fact that during the heating a
change of intensity of redness along the parts of the wire in question
was scarcely discernible. In the second instance we frequently noted
that where the intensity of current used was sufficient to impart hard-
ness readily to a given comparatively thick class of wires, this was no
longer possible for the next larger dimension, notwithstanding the
fact that the respective thicknesses varied as little as 0.125 cm. and
0.145 cm. It is furthermore to be added that the sudden change in
‘question is equally apparent both in the me(,hamca.l as well as in the
electrical properties of steel.

The experiments made would certainly not warrant the forced assump-
tion that the phenomenon in. question partakes of the nature of a true
discontinuity. Some molecular change occurring at an extremely rapid
rate is alone to be understood. In a general way, however, it may be
stated that a certain critical temperature in red heat must be surpasséd
if sudden cooling is to produce glass-hardness; otherwise the steel

‘remains soft.

Thermo-electric maxima and neutral points.—In this place a final re-
mark may be added. During the experiments we had frequent occa-
sion to observe “neutral pomts” (occurring at the mean temperature

HD4-t)= %b of the junctions of- the thermo-element, the temperature at

which the electromotive force passes with a change of sign through zero)
of comparatively low value. Many of the hard rods differed but
slightly from silver as regards their thermo-electric properties. Max-
ima of electromotive foree at low temperatures were even more fre-

quently obtained. A number of examples of this kind will be found in
the tables below.

BEHAVIOR OF HARD STEEL RODS ANNEALED IN HOT OIL BATHS.

Manipulation.—Having thus in hand an assortment of glass-hard
rods of excellent quality, it was our next endeavor to reduce the de-
grees of hardness of these consecutively by equal amounts. In other
words, the problem was so to anneal the rods that between the glass-
hard and the soft states as extremes a great number of intermediate
approximately equidistant states might be obtained. We commenced
our operations with this end in view by heating the hard steel in a
large bath of linseed oil very gradually to different temperatures, re-
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moving samples of the series of immersed rods at different stages of
the process. “Inequalities of temperature in the bath were reduced to
a2 minimum by constant stirring, We also adopted an inverse method
of procedure, in which, when a desired temperature was reached, the
hard wires selected were submerged in the oil on a false bottom of wire
gauze, and the whole allowed to cool. After several days they were
examined both as to their thermo-electric power and their specific
resistance. . ‘

Results.—The results of these measurements are given in the follow-
ing table. It will be remembered that e (observed or calculated as
specified) is the electromotive force in microvolts for the temperature
T and ¢ (centigrade) of the junctions. @ and b are the thermo-electric

constants of Avenarius, s, (%’2t°microhm> the specific resistance at

the temperature ¢, p (cm.) finally the radius of the wires:

TABLE 7.—Thermo-electrics and conductivity of steel wires, annealed.in oil baths.

Annealed 1 e:10 ‘ e:10?
at— No. t%‘ T | obgerved. 'calculatedl. @ b &t ¢
omy
. om?
: oC. | ©C. | microvolts.| microvolts.| microvolts.| microvolts.| microhm.|°C.
I 8009....] No. 1 (20=0.0968) |10.3 |88.1 4.418 g.gz{s)
10.3 (74.0 3.622 3.615
19.3 /63.3 |  2.082 2,971 7.80 | —0.0127)  18.96) 19
19.3 |50.1 2.125 2,181
No. 2 (2 p==0. 0900) %9. g 'go. g 4.619 g. 2423
9.5 |76, 3. 849 ,
+ losle2o| 2061 2959 } 8.03 —0.0130 ) 184019
19.5 [54.3 2.457 2,458 ||
No. 3 (2 p=0. 0721) }9.6 89.8 4.052 4. ggo 1
9.7 [73.3 3.194 3.191
196 1363 3 406 5 6.99 | —o0.0111 20.54 | 10
19.7 |50.1 1.803 1.888 J
No. 4 (2 p=0. 0568) %gg ;%.9 4.4% g. 323
.9 170, 3 3. 4 .
189 |57 ¢ g 2 651 } 7.78 | ~—0.0118 |  20.00 | 19
18.9 48,3 2.052 2,056 .
No. 5 (2 p=0. 0345) }g; sg.7 4 78;( g. Zgg
.7 [72.1 3.84 . .
19.7 {59, 4 2,975 2.977 8.52:| ~0.0130 | 17.64 | 10
19.7 |50. 6 2.353 2,352
IL 2750 ...| No.6 (2 p==0.0903) ggo sg.z 3,987 3.21335
: .0 |78.2 3. 437 3.436 ([
500 64 o b 5 739 } T.24| ~0.0135 | 20.75 | 20
20.0 150.9 1.941 1.940
No. 7 (2 p==0. 0558) 33 8 99.1 3 55_3/ 3. 3% ;
.0 (719 2.73 2.
500 159, 5 20 ERE 6.15 | —0.0097 22.74 { 10
20. 0 |48.3 1.529 1.533
IIT, 250°..[ No. 8 (2 p==0. 0880) 1133 ggg 3 gzg ggg
.9 {74, 2. 86 .
19.9 o1, 2o 2 ou } 6.46 | —0.0132 23.20 | 19
10.9 |51.9 1.767 1,763
No. 9 (2 p=0. 0720) ggg ggg 3. gﬁ? g ;g;
.0 {65. 2. 69 )
20.0 |55.3 2124| 218 } 6.96) —~0.0124 | 20.47 19
20.0 149.9 1.827 1,892 |,
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TABLE 7.—Thermo-electrics and conductivity of steel wires, annealed in 0il baths—Cont’d.

Annealed ’ e:10? e:10?
at— No. ¢ | T | gbserved. lcalculated. @ - b a |t
LUl
R . cm?
oC. | °C. |microvolts.| microvolts. microvolts.[microvolts.| microhm.?°C.
No.10(2p=0. 0720) 20.0 170.9 2 ggg 2.5, 1 - o
0.0 68,4
20.0 573 | 1385 1 540 J 467 —0.0007| 256619
20,0 149, 0 1,144 1,141
No. 11 (2 p=0. 0565) 2.1 !87.1 2008 2.072
1 /65.9 .
5016901 164 T 515! —0.0100 [ 2481|109
20.1 41.8 0.971 0.972
No. 12 (2 p==0. 0548) 2.1 8.4 3442 3434
0.1 [67.9 4 .
oo o2 . 900 - } 6.40 | —0.0131] 22.93)19
20.1 |44.8 1.372 1,369
No-13@p=0.0580 B0 1 0eo | 38|  aaon il
0.1 (62, ¢ 2,498 2,496 6.89 | —0.0121|  20.66 | 19
i20.1 59. 0 1.922 1923
IV. 2250...[ No. 14 (2 p==0. 0900) 19.9 180.2 2 ggsi 2.068 . .
.9 [75.8 1 .
190 loa e Lo 1o 406| —0,0008| 27.3620
19.9 [54.9 1161|1163
No. 15 (2 p=0. 0558) 201 oo 5 1989 1980 I
.1 |68, 1 I
20.1 [69.1 1931 1,995 3.85| —0.0000 | 281119
) 20.1.50. 1 0. 963 0,965 |J
V. 200°....| No.16 (2p=0. 0974) 18.0 1608 2524 2,58
18.9 |74, 2. 06; 10 4
18.9 [61.1 1,631 1. 696 467 —0.0102,  26.70 | 19
18.9 |51.7 1,204 1,207
No.17 (26=0. 0852) 8.9 [82.5 2.00 (2036
10 |68, 1 .
1o (a8 b L 4.26| —0.0102| 27.93 |19
19.0 [51.9 1,166 1.165
No. 18 (2p=0.0729) (19.1 [78.8 1314 1812
. . 1 . -
19.1 157. 8 0,899 0,900 2.79 | —0.0060 | 31.32) 19
19.1 148.7 0. 706 0. 705
No.19 (2p=0.0560) 18.1 |82.0 1350 1862
13. 62, 1. .
. e e oo } 3.63| —0.0001 | 286819
18.2 398 0. 714 0.713 |+
No.20 (2p==0.0236) J18.8 /76.8 2,723 2110
18.3 62,3 2,088 2.09
15 s . b 5.5 | —~0.0086 | 24.34 |19
18.3 l42.1 1177 1.176
VI 175°...| No. 21 (2p=0. 0908) 18.8 jo6.4 1.8% 1809
18.8 [67.1 1,366 1.38 ,
18.8 [53.8 1,061 1,054 8.76 | —0.0108 |  20.34'19
18.8 |43.3 0.765 0.763
No.22 (2=0.0571) 18.8 7.2 1.734 1720 o
18.9 {72, 1414 141
18.8 [59.7 11922 1126 3.41| ~0.0083 |  30.94 ) 19
18.9 |48.8 0. 854 0. 850 .
VIL 1500 .| No.23 (2p=0.0335) 185 73.7 1.745 1.744
18.5 |60, 4 1,387 1.300
oyl 1200 } 424 —0.017 [ 279319
18.5 |45.4 0:941 0. 939

~ Digest.—If-we arrange these different degrees of hardness, expressed
both thermo-electrically and in terms of their specific resistance, with
reference to continuous variation of the former quantity, we obtain
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the following perspicuous tabular comparison. The table shows that
our endeavor to reach a great number of symmetrically distributed de-
grees of hardness systematically, was only partially successful.

TABLE 8.—T hermo-electric position and conductivity of annealed stcel.

No. a 8 Annealed at ’ No. @ 8 Annealed at
microvolts. | microhms. oC. microvolts. | microhms. oC.
8.52 17.6 300 5.15 24. 81 250
8.03 18.49 300 4,67 26.70 200
7.80 18. 96 300 4.67 25. 66 250
7.78 20. 00 300 4.26 27.93 200
7.24 20.75 vo275 4.24 27.93 150
6. 99 20, 54 300 4.06 27.36 225
6.96 20.47 250 3.85 28.11 225
6.89 20. 66 250 3.83 28.68 200
6.46 23.20 250 3.76 29,34 175
6. 40 22,93 250 3.41 30.94 175
6.15 22.74 275 2.79 31.32 200
5.45 24,34 200 [luneeeeeecnsfoeeansaaeeeafoaransammeas]oanceaeranaeas

ON THE BEARING OF THE TIME OF EXPOSURE ON THE EFFICACY
OF ANNEALING.

Low annealing temperatures.—In the foregoing experiments the lowest
temperature employed was 1209, It will be seen that the annealing
effect thus produced is s{rikingly large. This observation naturally
suggested the question as to what results are to be expected when the
annealing is conducted even at lower temperatures. The inquiry would
have an immediate practical bearing: It will be remembered that in the
thermo-electric measurements it is desirable to raise one of the junec-
tions to a high temperature relatively to the other. We are led to ask,
therefore, how high this temperature may be chosen without destroying
uniformity of temper and producing partial annealing at one end of the
rod. : .

Results for 1000.—We began the preliminary experiments with the
two rods, Nos. 24 and 25, of nearly the same thicknesses, 0.0574 cm.
and 0.0554 cm., respectively, but of different degrees of glass-hardness.
Thermo-electric measurements only were made, with results for the
glass-hard state as follows:

TABLE 9.—Thermo-electric power of glass-hard wires.

e:10° e:10? .
f T observed. | calculated. o 4
°C. - °C. ;microvolt. microvolt. | microvolt. | microvolt.
No.24.covviinunnn. cemieacann %g 5 88.11° —2.809 —2.793
.5 78.8 —2.376 —2.396 .
125 51|  —1572]| —1.567 -2.81 —0.0008
12.6 44.1 —1.139 —1.139
No.25...... ceearianane s }gi 38 g -0.707 -0. 697
. . —0.552 ~0. 554
12.4 2|  —0415| o428 018 —0.0108
12.4 59.8 ~0. 294 —0. 289 !

—_
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These wires were now exposed to the action of steam at 100° for a
period of one hour, in an ordinary boiling-point apparatus. The meas-
urement of thermo-electric position made on the following day showed

these values: :
TABLE 10.— Hard wires, 1b at 100°.

e: 102 e: 102
t T observed. | calculated. @ b
o0, o(. microvolt. | microvolt. | mierovolt. | microvolt.

No. 24 e vamceeiieenas lg. g gg ; —0. 069 ~0. 039

16. A —0.025 —~0.025

16.9 45,2 —0.005] —0.005 +0.613  —0.0102

16.9 39.9 +-0. 008 -+0. 008
NO.25 ueiiieiiranracenanaen lg, g Z}g. % % 030 1. 029

16. 3 . 803 0. 890

16,9 54.7 0.750 o.746 | 278  —0.0109

16.9 46.0 0. 599 0. 600

1 Neutral point: (T+t)=—%=60°.2; . T'=430.3,

From a comparison of the values of a before and after annealing at
1009, a variation of thermo-electric power, therefore also of mechanical
state, is very strikingly apparent; whence it follows at once that in
the measurements of ¢, the use of boiling water in the hot receiver m
the case of very hard wires is under no circumstances permissible.
Indeed, from the magnitude of the variation in question, we infer that
temperatures even much lower than 100° will show a tendency to pro-
duce an annealing effect seriously detrimental to a uniformity of the
temper of the wire.

The above experiment was repeated. The rods were again annealed
at 1000 for a period of one hour, and thermo-electrically examined on
the following day. '

TasLe 11.—Hard wires, 24 at 1000,

e: 102 e: 102
t T observed. |calculated. @ b
°Q. °Q. microvolt. | microvolt. | microvolt. | microvoll.

No. 242 oo eiiiiiaaas ];. 2 gi g 0.142 0. 152

17. . 0.184 0. 17 .

17.4 56,1 0153 0178 126} —0.0110

17.38 49.3 0.162 0.167 J
NO. 25 eeeeeveieeiiaiannes l;. g 'él. é 1. 256 1. 243 *

17. 1. 1.093 1. 09

17.4 53.4 0.916 0.932 3.84)  —0.0050

17.4 46.7 0. 794 0,787

*Maximum at T=—3%_—_57°.8 ; observed, y=18.5; cale., y=17.8.

The results again show a smaller but nevertheless clearly pronounced
variation of thermo-electric power, and we arrive at the important con-
clusion that, in addition to the temperature of the annealing bath, a sec-
ond factor is essential in conditioning the resultant. hardness, namely,
the interval of time during which the annealing is prolonged, or the rod
exposed to the given temperature. '
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With the object of discovering the nature of this time-effect, the ex-
periments were continued in the same way. The results are contained
in the following tables:

TABLE 12.—Hard wires 30 at 100°.

e: 102 : 102
¢ T observed. | calculated. @ b
°Q. o(Q. mierovolt. | microvolt. | microvolt. | microvolt.
NO.24 eeiiiiiiiiniianannns 17.5 ?}é% i g g?g 0 228
17.5 . . . 31
1.5 54,2 0.294 0. 291 0.161| —o.0111
17.5 48.6 0. 270 0.269
NO. 25 ceeiiriienienennnns 17.5 'ég g i 393 % égg .
17.5 8 .24 . -
175 53.8 1.033 .1.033 8.55 )  —0.0100
17.5 -49.2 0.926 0. 926
TABLE 13.— Hard wires 4t at 100°,
e: 102 ¢:10?
¢ T observed. qalculnted. a b
oC. o(. microvolt. | microvolt. | microvolt. | microvolt.
NO.24 eoeriiieiiaiiaannnn, l;; gs g . 0. ;134 8 2;; l
17. . 0.480 5
1.7 06.4 0. 444 0.445 | 176} —0.0001
17.7 54.7 0.379 0.379
NO.25 i oiiieceeiaiiaanans l:ll. 7 %{ 1. 886 1 83;
1.7 5 1. 660 1. 64
1.7 7.7 1447 1,453 877 —0.0102
17.7 56.6 1.177 1.182
TABLE 14.—Hard wires 58 at 100°.
e:10? e: 102
t T observed. | calculated. a b
°C. o(. microvolt. | microvolt, microvolt. | microvolt.
NO. 24 ieeeiiiiiineiannaann . };8 gég 0. 260 . 563
7. . 0.477 0. 46 =
17.0 44.5 0. 326 0. 340 L70}  —0.0075
17.0 34.5 0. 283 0.228
NO. 25 oveneiinncnrecninenns }; % gg 2 1. gﬁ] 1. 665 .
. 3 1.363 1. 358
1M1 53.6 1,136 1,138 3.90| ~0.0i11
17.1 47.0 0. 952 0. 954
TABLE 15.— Hard wires 6P a¢ 100°,
e: 10? ©e:10?
t T observed. | calculated. @ b.
°qQ. o(C. microvolt. | microvolt. | microvolt. | microvolt.
No 24 ieivaiiianaanaannn }g g gg (li 0. 637 0. 641
8 f 0.483 0.483
17.5 40.7 0.819 0.329 192  ~0.0093
17.5 33.9 0. 230 0.236
NO. 25 i eiiieniranrrannonnnnn 17. 2 Zg 9[ 1. 628 1. 632
17. . 1.018 1.019
17.4 36.3 0. 648 0. 642 4.02]  —0.0115
17.4 27.5 0, 851 0. 355 R
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Digest.—The relation between a and the time of exposure is more per-
spicuously appayent in the following comparison:

l ok { 1b : ob 3b LI ] &b
7 a=| —2.83 | 40.61 | 1.26 | 1.61 | 1.76 | 1.70 | 1.92
(25) teence e ittt a=| +0.13 2,75 | 8.64|3855|3.77 390 4.02

From this grouping of parallel results,-or, more evidently still, from a
graphic representation (time as abscissa, thermo-electric constant as
ordinate, mean values of Nos. 24 and 25, figure 9), it will be seen that

”g
§
+3-00 =
=
+2.00 5\ v
8
§
+7-00%
0 S . Az ) Sh . L
Time of exposure-»|
-700

Fi6.9.—Hard wires annealed for six consecutive hours in steam at 1000,

hardness varies continuously with the time of exposure of the glass-
hard rod to the given annealing temperature; that the amount of ther-
mo-electric change rapidly decreases as the time increases, until finally
a definite and superior limiting value is asymptotically reached.”
After these introductory experiments we determined to investigate

2Among the above results the individual values of @, 1.70 for the first and 3.77 for
the second rod, require comment. It is obvious that from the four observations for
each, probably affected with larger errors than usual, the method of least squares
has not derived the constants in closest accordance with fact. This betrays itself in
the valunes obtained for b, which differ largely from the average values. The con-
stant b varies but slightly (as a general mean —b=0.0100 may be accepted). Associ-
ated with the values of @ in question, however, we have —b=0.0075 (corresponding
to the small result ¢=1.70) and —b=0.0102 (corresponding to the large result a=3.77).
But in view of the fact that the function of which a is the coefficient is positive, and
that in which b is involved, negative, the errors of both a and b are partially elimi-
nated in the sum, so that observed e¢ and calculated e are again in satisfactory ac-
cordance, ' ’
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the phenomena of annealing more rigidly, giving the effect of time of
exposure due prominence. Besides the boiling point of water, that of
methyl alcohol at 66°.0 and that of aniline at 185° were chosen for an-
‘nealing, the wires being suspended in vapors of these substances circu-
lating in a glass boiling-point apparatus. A still higher temperature
(330°) was furnished by the melting point of lead. Batches of three
wires of different diameters and different degrees of glass-hardness were
selected to be annealed respectively at each of these temperatures. To
trace the effects resulting, simultaneous determinations, both of thermo-

electric power and conductivity, were made at as many stages of the pro-
cess as appeared desirable. The data are contained in the tables 16-28.

BEHAVIOR OF HARD STEEL ANNEALED IN VAPOR OF BOILING
METHYL ALCOHOL (66°).

The rods selected were:

No. 28; diameter (20)=0.0827 cm.,
No. 29; diameter (20)=0.0631 cm.,
No. 30 diameter (2p)=0.0479 cm.

After the thermo- electnc power (mlcrovolts) and specific resistance
(microhms) for the glass-hard state had been determined, the wires were
subjected to the annealing intluence of vapor of methyl alcohol at 66°
for three consecutive hours, and at the end of each hour examined by
the aid of the electrical -qualities in question. The results are these:

TABLE 16.-—Hurd steel annealed at 66°,

|Rod No. 28. 2p=0.0827.]

e: 102 ¢ : 102 ' '
Remarks. t T observed. | calculated. a b L ¢
5
cm
cm“"’o
. ©0. | °Q. | microvolt. | microvolt. | microvolt. | microvolt. | microhm.|°0.
Glass-hard......oooee.... }g”; ggg —(1). ggg —-g 309 ] .
3 . —0. - 4
18.7]434] Zo21| —o0781 } =256 ~0.0064 | 42.64 18
. 18.7 | 85.6 —0.495 —0.492
pLE mhvx{.pgr of methyl al- }g% ggi —(1) gglzl —é. (9)%’7
cohol, =660, . 3 —0. —0.937 .
18.1'47.9 —0.792 —~0.798 —1.94 ~0.0111 42,55 | 18
18.1 ] 42.0 —0.629 —0.626
Propmeeni s e tm| b
cohol, t= 6. . . -0. —0.
183 [ 429 Zo 601 0 608 ~1.81| —0.0107 42.45| 10
1&4 38.7 - 0.497 -0.492 :
1"morenllvapgrofmethyl 20.0 | 60.6 —8 256 ~0. 947
aloohol, t=66°.0 WoOae| ol CoTAlt -ns8| —o.0122| 4255 19
20.0 | 39.4 ! —0.453 —0.448

(639)
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TABLE 17.—Hard steel annealed at 66°.

[Rod No. 20. 2p=0.063L]

e: 10t . e:10?
Remarks. t T | observed. | calculated. @ b 8 ¢
cm
omat®
°0. | °(Q. | microvolt. | microvolt. | microvolt. | microvolt. | microhm.|°C.
Glass-hard . .oooiaeano. lg. 7 52‘ g -—00. 632 ~0.697
18.8 | 44. -0, 5 —0. 559 .
187388 —0.420| —0.432 =190 —0.0044) 42.08) 17
18.8 | 34.8 —0.343 —0.342
1k inhvipor ot; x(l)xethyl al- %gg 57.; —g. ’g% —0. gg%
cohol, t=66°.0. 3 51. —0. -0. :
182|458 —0.467| —0.467 =125} ~0.0076| 4170 18
18,2 | 40.4 —0.378 —0.378
lhn;orginvapgrofmethyl lg.s 272 -—8. gg;i -0. gsg
aleohol, t=66°.0. 18.5 | 49. -0. —0. 48 :
! 18.5 | 43.9 —0.385 —0.387 -0.91 —0. 0098 41.52 19
18.5 | 40.1 —0. 324 —0. 321
gl FHET - Tl
cohol, t=66°.0. . X -0. ~0.47 .
' 19.9 {453 | —0.334| ~0.340 =0.70| —0.0098 | 41.42] 19
19.9 | 41.1 —0.280 ~-0.275

TABLE 18.—Hard steel annealed at 66°.

[Rod No. 30. 2p:=0.0479.}

° e: 102 e: 102
Remarks. ¢ T | obsorved. | calculated. a b & ¢
om o
cm‘lt’
, oQ. | °(Q. | microvolt. | microvolt. | microvolt. | microvolt. | microhm.| ©C.
Glass-hard...o..eoneeenn. 1871512 | " -0.335| " 0.3
18. . —0. —0. L
187402 —0.175] —0.178 —0.42| —0.0071| 37.08| 18
18,7 | 34.4 -0.126 —0.124
1bin vapor of methyl al- | 17.8 | 56.9 |  —0.209 |  —0.200 !
cohol te060.0. 2010451 —0117| —0117 } —0.01, -—0.0070) 36.80| 18
1bmoreinvaporof methyl | 19.2 | 59.1 —0.105 ~0.103
alcohol, t—=660.0." 1025451 —0.079| —0.079
19.2 49,0 —0.054| —0.055 +0.30 | —0.0074| 38.51| 18
19.2(42.6| —0.031| —0.032 ||
10.2 384 —0.023| —0.02L )
gl FHET ]
alcohol, t=66°.0. . . +0. + )
_ ' o840 oo s +0.47 | —0.0065 | 36.42 | 19
19.9 | 38.2 0.018 0.018

1Neutral point: (T+t)=—%=72.5; . T=520.7,

(640)
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BEHAVIOR OF HARD STEEL ANNEALED IN STEAM (100°).

The rods selected were: S .
No. 31; diameter (2p)=0.0839 cm.,
No. 32; diameter (20)=0.0616 cm.,
No. 33; diameter (2p)=0.0491 cm.

Our earlier experiments with rods Nos. 24 and 25 had shown that the
effect of annealing in steam is particularly marked during the first hour
of exposure. We therefore decided to obtain intermediate stages by
making interruptions and examinations after each of the first 10, 30, and
60 minutes of this interval. After this the rods were annealed during
two hours more, as above. The results for the hardness in the original
(glass-hard) and subsequent states aré fully given in the following
tables: : ' :

TABLE 19.;Hard steel anmealed at 100°.

[Rod No.31. 2p=0.0839.]

n e:10? e:10?
Remarks. ¢ T | ovserved. | calculated. @ 4 8 t
1
om
R cm?
oC. | °C. | microvolt. | microvolt. | microvolt. | microvolt. | microhm.|°C.
Jlasshard. .oeeun .n. ... ggg 2 —3, ggé , —8. ggg ,
22.4 | 44.9| —0.410| —0.409 =120 .—0.0003 | 40.47) 21
22.4 |39.6| —0.303] --0.304
10m in steam at 100°...... 119).;1 &0 —gggg _8'322
19.7 | 55.4| —o0: ~0.269
19.7 | 4871 Zol202| o202 —0.08 -—0.0080| 39.05} 20
10.7]42.9] —0.150 | ~0.150
20=more in steam at 1000, 13.5 76.0 —g.lgz ,0.130
; 18.5 [ 65.7| —0.0 0. 005
18.5|49.4| —0.009] —oomg|f 05| -—0.0000| 87.64) 19
185 37.5| +0.006 | 0,009
30™ more in steam at 100°. }g} gg g +g. i?):g +0.124
) . 12 0.125
18.1 ) 50,0 0.118 0.118 0.86| —0.0072 | 36.83 | 19
181 | 4.5 0. 107 0.107 ||
1% more in steam at 1000.: %g% Zgé 8 232 0.329 .
) . . 30 0.304 .
183 | 510 0.270 0,271 L55( —0.0104 3538} 18
18.3 | 45.4 0. 242 0.241 :
1» more in steam at 100°..| 19.2 | 71.4 0. 457 0. 455
19.3 | 61.4 0.410 0.410 : :
19.2 | 55,2 0.371 0.374 L8] —0.0003 |  34.72| 18
19.3 | 47.2 0.314 0.312

(641)
Bull. 14——4 :
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TaBLE 20.—Hard steel annealed at 1000,
[Roq No.32. 2p==0.0616.]

) ’ e: 102 -e: 102
Remarks. LU T | observed. | calculated. a b S ¢
- om
* . cm?
oC. | °C. | microvolt. | microzolt. | microvolt. | microvolt. | microhm.|°C.
@lass-hard .............. 20.7 | 50.7 —0.659 —0. 659 3 .
20.7 | 46.0 —0.545 —~0. 544 -1.44 —0, 0108 41.42 | 21
20. 714L9 —0.437 ~0. 448
10m in steam at 100°...... 19.2 5g. 7 —0.269 ~0.266
19.3 | 53.4 —0.235 ~0.238 .
19.2|407] —ole8| ~0.168 —0.39 | —0.0042, 59.53 20
19.3 | 40.4 ~0.137 ~0.136 °
20™ more in steam at 100°!.| 18.5 7g. 1 0.075 0. 0;5
18.5 | 63.6 0. 090 0. 088
18.6 | 56.0 0. 004 0. 094 0.80 —~0. 0075 38.021 19
- 18.6 | 44.8 0. 088 0. 088
80= more in steam at 100°.| 18,0 | 59.1 0.201 9 . 0. 294
18.0 | 49.6 0. 260 0. 253
18.0 | 44.7 0,995 0.225 1.39 -0. 0086 36.33 | 19
18.0 | 41.4 0. 201 0. 203
1» more in steam at 100°..| 17.7 | 55.7 0.519 .0.519 .
17:7 | 49.5 0. 451 T 0.451
17.7 | 41.8 0. 357 0. 359 2.00) -—0.0080) 3519 18
17.7 | 36.4 0.288 0.287
1* more in steam at 100°..( 19.2 | 67.3 0.754 0.754 .
19.3 | 58.9 0. 650 0.648
19.2 | 52.0 0. 556 0.536 } 226| —0.0080 | 3434 13
19.2 } 45.8 0.463 0. 463 )

IMaximum at T=—} %= 5301, .

TABLE 21.—Hard steel annealed at 100°,
[Rod No.33. 2p=0.0491.]

. e: 102 e: 10
Remarks. ¢ | T | observed. |calculated. LA b 8 ¢
Lom;
cm?
: °C. | °C. | microvolt. | microvolt. | microvolt. | microvolt. |microhm.| °C.
Glass-hard -.enenn oeenn. 20.5 | 57.0 —0.879 ~0.381 l '
20.6 | 52.3 —0.307 —0.306 !
20,6450 | —0.226| —0.224 J —0.07| —0.0122) 36.98| 21
20.6 { 4.2 | . —0.170 —0.171
10m in steam at 100°...... 19.% 58,6 0.151 ' 0.150
19.2 | 51.7 0.142.| .  0.142
102 | 44 4 0,124 o124 |(  ©97| =0.007 35.00 1 20
19.2{37.8 0.100 0. 100
20® more in steam at 100°.| 18.4 | 53.2 0. 361 0.364 |)
. 18.4 | 44.7 0. 294 0.290
184|375 0. 991 0.218} 1.50 | ~0.0062 33.58 | 19
. 18.4 | 32.5 0.163 0.166
30= more in steam at 100°.| 18.0 | 56.3 0. 632 0. 634
18.1 | 47.8 0.517 0.510
18.0 L 4109 0,418 0.423 } 22| -0.0079) 3220 19
18.1{32.0 0. 256 0. 257
1 more in steam at 100°..| 18.0 | 66.1 0.881 0.893 . .
18.0 | 58.6 0.795 0.783
18.0 | 514 0. 670 0. 668 } 2.67| —0.0097 | 31.23( 18
18.0 | 42.1 0. 500 0. 504
1* moro in steam at 100°..| 19.3 | 67.3 1071 1,070 " )
. 19.3 | 58.1 0. 395 0. 897
19.3 | 50,3 0.737 0,737 j 3.00| —0.0090 30.67 | 18
19.3 | 40.8 0. 521 0.521
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BEHAVIOR OF HARD STEEL -ANNEALED IN VAPOR OF BOILING
ANILINE (185°).

The details of the opera,tlons in this case were the same as those de~
scribed in the foregoing paragraph. The rods used were:

No. 34 ; diameter (20)=0.0835 cm.,
No. 35: diameter (20)=0.0627 cm.,
No. 36 ; diameter (20)=0.0481 cm.

The results obtained are the following:

TABLE 22.—Hard stecl annealed at 185°,

|Rod No. 34, 2p=0.0835.]

e: 102 e: 102
Remarks. ¢ T | observed. |calculated. @ b o ¢
cm
) om?t  |°C
oC. | °C. | microvolt. | microvolt. | mitrovolt. | microvolt. | microhm.
Glass-bard.....c......... 2% 11}50.2 —8. 273 —0. 569
22.1'151.1 —0.422 ~0.425 i
‘ ob1laae| —o0.313| —o313|f —O8 ) -0.0087} 30.34) 2o
22,0} 389.5 —0, 239 —0.238
10= in vapor of aniline at ‘ilg g ’é l)g i é;g 1. ggg
185°. 5 2 . 1 q
195|528 0. 081 0.975 3.59 | —0.0000 20.25| 20
19.5 1 43.6 0.722 0.726 :
30™ more igl vapor of ani. }gg | gg g 2. Ggf 2. 703 R
line at 185°, . 1.32 1.31
187 '49.7 1025 1027 4.10 —0. 0116 28.02 ) 19
18.7 | 42.9 0.817 0.820 |) -
30 more in vapor of ani. 13 PN g i 717 1.721
line at 185°. .2 | 65, . 568 1. 562
189 | 560 1395 1397 4.33 —0.0121 27.17 | 19
18.2 | 45.9 0. 986 0. 986
1 more in vapor of ani- 18.2 70,9 2,054 2,052
ine at 185°. 18.2 | 68.2 1.895 1.899
18261 1570 L 581 4.61 —0. 0118 26.32 | 18
18,2 | 52.5 1.298 1.297
1 h‘goretiﬁi 5v°apor of ani- lg. g gg g 3.453 2.45%
ine a . 19. . 043 . 04
193 | 6590 1 782 1770 4.84 —0.0121 25.85 | 18
19.3 | 58.4 1.526 1.528
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TABLE 23.—Hard steel annealed at 185°.
[Rod No. 35, 2p=0.0627.)
e: 102 e: 10?
Remarks. ¢ T | observed. | calculated. a b 8 ¢
cm
mt - °C.
oC. | °C, | microvolt. | microvolt. | microvolt. | microvolt. | microhm.
Glass-hard............... gg ; gs. 5 —8. gg’g —0. 846
3 0.4 —0. - —0,684
921|444 | —0.538] —0.534 —187) —0.0050 | 42.45] 21
A 22.1]389.1 —0. 402 —0.402, .
10m8i5n vapor of aniline at ig g g? 8 } ggé ) % ggZ
185°. . f . . 297
19.9 | 49.2 1032 1 038 4.22 —0.0097 28.58 | 20
19.9 | 42.6 0. 821 0. 819 }
_20;. more iéls vaﬁor of ani-’ {gg Zg g % gzg 2. 081 l
ine at 1850, 18. . 1. 808
o 18.6 | 56.2 1. 453 1. 455 J 4.75 -0.0118 27.26 | 19
18.6 | 45.7 1.082 *1.078
30; more ig vapor of ani- lg. i 72.7 % %29 2.189
ine at 185°. 18. 63. 2 . 861 1. 863 .
18.1 | 56,0 1. 604 1.602 518 -—0.0128') 2604 19
I 18.1 1 48.0 1.294 1.294
lllmoretinsvapor of ani- 183 69.4 2. 326 2,223
ine at 1859, 8. 62. 6 1. 962 1. 964 .
18.3 | 55.4 1.682 1. 686 .42 -0.01221 2520 18
18.3 | 45.3 1.256 1. 254
lhlgore in8 vapor of ani- igg ’ég.g g 352 22) %gg .
o at 1850, | 100 115 . . .
: 192|576 1. 806 1. 807 5. 64 —0.0122 24.72 18
19.3 | 48.7 1. 415 1.414
TABLE 24.— Hard steel annealed at 185°,
[Rod No. 36. 2p=0. 0481.}
p ¢:102 |+ e:10
Remarks. ¢ T | observed. | calculated. @ b & ¢
cm
omtt
oC. | °oC." | microvolt. | microvolt. | microvolt. | microvolt. | microhm.|°C.
Glass-hard.......coeeeen. gg i 2‘15 2 —8. ggg -0, 379
. 3 -0, —0.222
20,3 (418 —0.171| —0.170 ~0.05 —0.0121( 37.17 | 2
20.4 | 38.6 —0.137 -0.138
10;8i% vapor of aniline at lg. g ’él. 8 % ggg % %% )
50, 19.2 | 63.7 . . ‘
10.2 | 57.4 1.552 1,555 4761 —0.0091) 25.85] 20
19.2 | 49.4 1.251 1.250
20‘1211 mor? ig vapor of ani- | 18.5 | 78.5 % ggg 2. 383 .
ine at 1850, 18.5 1 64.3 1.971 .
18.5 ! 54.9 1. 609 1. 605 5.26 —0, 0115 24,91 19
18.5 | 45.2 1.207 1. 208
30i: morte ;g vapor of ani- 1;; g (7;2 g g ?clbg g egg
ine at 1850, 17. . .1 ;
17.9 | 55.5 1.726 1.720 5. 50 —0.0125 24,15 | 19
17.9 | 44.7 1. 259 1. 262
1"I moret ig vapor of ani- I;g 72:0 g §%7 2.461 .
ine at 185°. . 17. 64.7 8 2.163
17.9 | 53.8 1,708 1. 696 5. 50 —0. 0106 23.58 | 18
17.9 | 46.5 1.374 1.371
1b ﬁore 11n8 vapor of ani- 193 Ggg %Dggz % g;g
ine at 185°, 9.8 | 58. .
10.2 | 52.6 1. 632 1 6al 5.74 —0. 0114 23.12 | 18
19.3 | 44.7 1.273 1. 269
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BEHAVIOR OF HARD STEEL ANNEALED IN MOLTEN LEAD (330°).

From an inspection of the foregoing families of curves it appeared
probable, in view of this relatively high temperature, that annealing
effects of great magnitude would occur during the first minutes of ex-

posure.

Conformably herewith, the rods were subjected to 330° during

consecutive intervals of 1™, 30m, and 1", and examined at the end of

each of these times.

The following results were obtained:

TABLE 25,—Hard steel annealed at 330°.

[Rod No. 37. 2 p=0.0820.}

The rods selected were :

No. 37; diameter (2p)=0.0820 cm.,
No. 38 ; diameter (2p)=0.0616 cin.
No. 39; diameter (20)=0.0483.cm.

19

e: 102 €:10? .
Remarks. ¢ T | observed. | calouiated. @ b 8 | ¢t
cm
cmet
©C. | °C. | mierovolt. | microvolt. | microvolt. | microvolt. | microhm.|°C,
Glass-hard......eeennen.. 18.7 | 66.1 ~0.248 —0.248
. 18.8 | 52.7 —0.215 —o.ms} 0.00 ~0.0089| 36.51| 18
18.8 | 51.8 —0.206 —0.206
1™ in molten lead at 330° .| 17. g (7;7. 5 3. gns 3.898
17.8 | 67.5 3.308 3.308 ;
17.8 | 50.2 2,800 2,799 7741 00126 1896 18
17.8 | 46.9 2.012 2,012
30m moa‘g in molten lead igg gg% gggl 4%3& l
at 8300, . . . 806 3, .
18.5 | 62.3 3,003 2008 || 797 - -0.0113) 1878 10
18.5 | 50.7 2. 252 2. 251
lhglalggein molten lead at %g g 69.‘3 3351 3.428 l . .
) .9 | 57, . 667 2, 685
. 18.9.] 47,6 2.045 203 ¢+ 7| —0.008) 1878 19
18.9 | 39.4 1.472 1.470 |J
TABLE 26.—Hard steel anncaled at 3309,
[Rod No. 38. 2 p=0.0616.} '
e:102 e: 102 » : '
Remarks. t T observed. | calculated. @ b 8 ¢
cm
omzt
°C. | ©C. | microvolt. | microvolt. | microvolt. | microvolt. | microhm.|°C.
-Glass-hard.....coeeno. .t igg igé -8. 2’;7 ~0.573 :
. . —0.459 ~0.461 || -
. B8 a8 o3 B —1.19| —0.0093| 40.38, 18
18.8 348 —o.2n —0.269
17 in molton lead at 330° | 17.6 | 07.6 401 T
1.7 | 61.3 3.532 3.531 :
177 ed 5 ooe 5 bod 8.96| —0.0111] 17.55| 18
C 11T 427 2. 083 2.084 |
“‘“:ggfg in molten lead | 18.8 | 87.8 2.3‘7'0 5. 470 i
at 8300, 18.9 | 73.4 .413 4.417 '
18,9 | 637 3.794 3.784 b.24) —0.0124) 17.30
18.9 | 50.3 2.631 |°  2.633
lhstgo:e in molten lead at | 19.1 | 84.4 5,204 5. 201
0. 19.1163.3 3. 649 3. 649
19.1 ] 50,1 2. 610 2,615 9.39| —0.0138) 17.27 19
19.1 } 41.7 1. 936 1. 932 . !
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TABLE 27.—Hard steel annealed at 330°,

{Wire No. 89. 2 p=0.0483.}

[BULL. 14.

18

e‘: 102 e: 102 .
¢ | T | observed. | calculated. e 4 ¢
oC, | oC. | microvolt. | microvoll. | microvolt. | microvolt. oC.
............... 180 | 53.8| —0.254 | —0.254
181507 —0221| —0.221 0.08| ~—0.0110 18
181481 —0165| —0.104 :
Im in molten leac at 330°. }; ; geg g 647 2. 646
R .5 { 51, 335 2,334
17,5 | 45.8 1,013 1,948 7.61)  ~—0.0114 18
17.5 | 39.6 1,540 1,537 |.
wﬂtlgggg in molten lead }g 1856 4.372 4.372
at 8300, 11729 3,610 3,615
19.1] 619 2,037 2,929 7.76| ~0.0113 19
19.1 | 50.4 2,180 2,182
1 slggg'einmoltenleadat }gg ggg 4,218 4. gu ' ‘
. . 3.255 3,954 .
) 19.0 | 57.8 2. 687 2. 687 80| —0.0115
190 | 495 2,142 2,142

GENERAL DISCUSSION OF THE RESULTS OF THIS ‘ANNEALING.

Digest—The results thus far given adequately exhibit the general
physical character of the process of tempering. TFor the sake of clear-
ness, and with a view of partially eliminating such discrepancies as are
.due to incidental errors, the three individual values of thermo-electric
power and specific resistance for each of the temperatures of annealing

will be combined and their mean chosen for discussion.

at the following relations:

TABLE 28.—Mean resulis:

I.—For annealing in vapor of boiling methyl alcohol (66°).

Time of annealing=| 0% 1b 3t
a=|-1.62 —1.07 —0. 60
II.—For annealing in steam (100°).
Time of annealing={ 0b i b 2b 3b
a==[—0.91| 0.17 | 0.95 2.08

2.36

III.—For annealing in vapor of boiling aniline (185°).

Time of annealing={ 0® 3
. a=|

—0.95 | 4.19-

3
4.71

.2h

5.18

3h
5.40

IV.—For aﬁnealihg in-m

wolten lead (3300).

‘ Time of annealing=| (b

a={—0,37

31 h
g1

gh

8.30

(646)
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Deduction.—If these functionalities are constructed graphically, as has
been done in Fig, 10 (time as abscissa, thermo-electric constant as ordi-

&
900 1000 °
800 :
330 ° ’

r__,__,_—o——"'-"— )
7:00
G090

ﬂbms o

&
S
S

*
S
S

&
o
S

///_-Jo——-* 100°

fe
S
Thermo-electric power (Aeg.rmicrovolt )

1A

=
D
N

3 2h 3f go°

/r—"’—

Tine of exposure
F16.10.— Hard wires annealed continuously at 00, 662, 1009, 1850, 3300, and 1,000, respectively.

nate), we obtain a family of typical curves, the general character of
which is distinetly pronounced and may be thus expressed:

The degree of hardness retained by a glass-hard rod, after having
been subjected to the operation of annealing, is dependent both on the
temperature to which it has been exposed aud on the interval of time
during whieh this exposure has taken place, in such a way that the
effect of time, though of predowinating importance in the case of small
values of temperature, is more and more negligible in proportion as

(647)
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these values increase. The operation is always most effective in its
earlier stages, and this efficiency decreases very slowly where the tem-
peratures are low—very rapidly, indeed almost suddenly, where they are
high. If the action of any temperature be indefinitely prolonged; the
rod under its influence ultimately reaches an inferior and limiting de-
gree of hardness characteristic both of the temperature chosen and the
type of steel under experiment. In other words: the annealing effect
of any temperature increases gradually at a rate diminishing continun-
ously through infinite time, very slowly in case of low temperature
{<100°), with extreme rapidity in case of high temperature (>2000),
0 that the highest of the inferior states of hardness possible at any
given temperature is approached asymptotically. The effect of the in-
tensity of glass-hardness (strain) of the originally hard rod is not readily
discernible.

The considerations set forth readily suggest the termmology: “maxi-
mum of permanent hardness for the temperature t”—an expression which
will be used throughout the sequel to designate the highest of the in-

ferior states of hardness, persistent at the said temperature, t.

The relatively large effect produced by low temperatures (<100°),
when a glass-hard rod is subjected to their influence for a long period
of time, is deserving of special mention. It follows that a perceptible
annealing effect must be attainable with temperatures much lower than
the lowest above employed; indeed that the only inferior limit in this -
respect is probably thé temperature of the water in which the rod was
originally chilled,—while even the chilled.rod, though kept at constant
temperature, cannot be regarded as existing in a state of thorough
molecular equilibrium until the lapse of a considerable interval of time
after the hardening has taken place. Herefrom it appears that in the
thermo-electric experiments the danger of destroying the uniformity of
temper of a glass-hard rod by overheating the hot junction is greatly
to be apprehended. Quick work and low temperatures are, therefore, to
be preferred at an unavoidable sacrifice of accuracy. Nor is soldering
of the ends permissible, except with the most extreme and intelligent
caution. We desire to advert, in conclusion, to the important hearing
of this unlooked-for sensitiveness of hard steel, even to low temperatures,
on all other physical properties depending on the temper of this mate-
rial—permanent magnetism for instance. It is obvious that the nature
of a purely magnetic phenomenon can only be satisfactorily investigated
when the material carrying the magnetic quality, throughout the course
of the experiments undergoes no permanent change, otherwise we vir-
tually commence our investigation with one rod and finish it with
another, obtaining data which are not immediately, if at all, comparable.
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ON THE EFFECT OF HIGHER AND OF LOWER TEMPERATURES ON
THE TEMPER OF STEEL ORIGINALLY ANNEALED AT A GIVEN
,INTERMEDIATE TEMPERATURE.

" Bffect of lower temperatures—The marked tendency of glass-hard
rods to suffer diminution of hardness, even when exposed to tempera-
tures but slightly above mean atmospheric temperature, naturally led
to another important inquiry almost the converse of the preceding.
We refer to the behavior of a rod annealed at a given temperature
to the prolonged effect of lower temperatures subsequently applied.

For the purpose of obtaining experimental data a steel wire (No. 26,
2p=0.085), which had on a former occasion been annealed in an oil bath
at 2500, was exposed to steam at 100° for one hour.” The results of the
thermo-electric measurements made before and after this final exposure
were these:

TABLE 29.—Steel annealed at t° exposed to 1,°, f > b

Before. After.
b T lesn0z) ot ‘ T |e: 107 e: 107
|

N 16.1 | 89.1 | 4 05 |} 16.9 1 73.213.17| (3.22)
16.1180.713.62116.9163.2 260 | (2.72)
16.2 168.1|2.991 16.9 | 56.5 | 2.32 | (2.85)
16.2 | 54.6 | 2.29 |{ 17.0 | 50.2 | 1.98 | (1.99)
16.2 | 44.5 | 1.72
16.2 | 37.9 | 1.34

The temperatures ¢ in both series are approximately identical. The
electromotive force e may therefore be regarded as dependent on the
. difference of temperature 7'—¢ only,* and with this presumption graphi-
cally represented. If, with the object of interpolating graphically, the
two curves be carefully constructed, and the values of ¢ for the tem-
peratures of the one set of observations be derived from the curve for
the other, then a comparison of corresponding values of ¢ shows clearly
that no annealing due to 100° is appreciable. In the table (29) the in-
terpolated electromotive forces are distinguished by parentheses.

®For e=a(T—1)+b (T*—)=(T—1) (a+b [ T—t]+2 bt)=f (T—t) if ¢ is constant.
' (649)
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This .result was corroborated by a second experiment made in the
same way with rod No. 27 (2p=0.085), which had been annealed in oil
at 2000. The thermo-electric data obtained before and after the final

-+ annealing at 100° were:

TABLE 30.—8teel annealed at t;° exposed to 1,°, . >4,

Before. After.

3

t T e:lO"" t i T 6:102}6:102

3885|262 17.0 | 84.2 | 2.45 | (2.45)
418082381 17.0 | 71.7 | 2.08 | (2.08)
4700|206 17.1 (623|176 |(1.77)
i “6L.6 | 1.77 || 17.2 | 43.4 | 1.09 | (1.09)

Plainly these results admit of the following generalized interpreta-
tion: A steel rod, annealed at a given femperature, will remain the
more nearly passive as regards the effect of an inferior temperature, the
lower its value and the shorter its time of application on the one hand,
and the nearer the mechanical state of the rod to the limit of hardness
for the said temperature on the other. Where the limit in question has
been fully reached the rod is unaffected by the action of lower tempera-
ture, however prolonged.

Effect of higher temperatures. —-There is'another question of a similarly
important bearing on the nature of the phenomena of annealing. In
the above we drew the general inference that in the case of a given rod
possessing a given degree of glass-hardness, the mechanical state re-
sulting atter annealing is dependent on the temperature and the time
of exposure only; that when the latter is indefinitely prolonged, a par-
ticular and characteristic limit of hardness is reached for each tempera-
ture of the annealing bath. If this be the case, then it must be imma-
terial, in so far as the identity of the final states is concerned, whether,
for instance, a rod is first annealed in steam at 100° and then in aniline
vapor at 185° to a limit, or whether it is annealed to a limit in aniline
vapor at once. In obher words, the maximum reduction of hardness.
attainable by the action of any given temperature on glass-hard steel
is independent of the manner of variation of hardness (the path as it
were) by which this final state is reached. On this point the following
experiments were made:

Three steel wires of different thicknesses (Nos. 40, 41, 42), carefully
tested for longitudinal homogeneity, were first emmmed in the glass-
hard state. They were then broken in two, and one of the halves of
each was annealed directly in aniline vapor at 185° for 10 minutes; the
others, however, were first exposed in steam at 100° for 40 minutes, and
after this, as in the former case, for 10 minutes in aniline. Hereupon
the six rods were tested for hardness, with the following results. It
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was expuhent to make measurements of resmtance only, Hockin and
Matthiessen’s method being employed:

In steam and in aniline vapor. In aniline vapor only.
- - Glass-hard..s=41.3 . 8=40.6 t=149)-
Rod No.40 (2p=0.085) .-..ccvvmvennnninnen g Annesaled ...8=31.0 8=30.6 |..... ( ......
- — — —140).
Rod No-41 (3p=0.064) oo A nmonton - s=50.0 pi 4 2 I
-hay = — =140
R 0,63 30,08 . O 4 s |
: Glass-hard..s=40.2 §=40.0 (t=14%)
Mean ... srmnererereeseesieneeies { Annealed ...s=29.0 $=28.8 |.eeannrnnnns

A second experiment was made with three other wires (Nos. 43, 44,
45). After the hardness for,the glass-hard state had been obtaiued,.
the rods were again broken in two; one of the halves of each was an-
nealed for 40 minutes in ethylic alcohol vapor at 789, and then for 6.
hours in steam; the others in steam only during the same interval.
The results obtained are these: -

In vapor of alcohol and in steam. In steam only.
. . Glass-hard ..8=40.2 8=10.6 (t=100)
Rod NO. 43 (2p=0.085) e eneemeeenannnss { (Anncalead...ua].s =0y =1
_ tlass-ard ..5=40.5 3=41.2 (¢=100)
Rod No.44 (2p=0.066) ......c..ovvvenrnnn { élunen]ledd..sz‘w.g , P28 |
_ . 3lass-hard ..s=35. 8=35. (t=10°)
Rod No.45 (20=0.049) .....veveensinnnn.n. g é f’"eaﬁe da'" g ‘ "=2Z'g _________ o
ass-hard ..g=388. 8=39. (t=100)
MEAD. oo $| Aumeatod . s=26.8 §=20.7 .oooitnnnnn

Both of these series of experiments are in perfect accord, and we
therefore infer: The specific effect of a given temperature of annealing
on the state of harduness of steel is inidependent of the possibly pré-
existing effects of alower temperature, to the extent that the result of the-
influence of the latter is the more fully annulled the greater the period
of action of the former. '
~ Anomalous feature,.—This result is remarkable, inasmuch as by a sud-

den exposure of a glass-hard rod to (high) temperature, a very large
amount of potential energy is instantancously released. If, therefore,.
two identical glass-hard wires be annealed, the one by raising the tem-
perature very gradually as far as ¢, the other by being suddenly ex-
posed to #, we would infer, ceteris paribus, that a difference of hardness
‘must resnlt. TFor, in view of the sudden conversion of the available
mechanical energy into heat in the latter case, we anticipate an equiv-
alent increase in the temperature of the rod. Virtunally, therefore, this
steel is annealed at a temperature somewhat above that of the anneal-
ing bath, or above that of the other rod. So far as our experiments.
went this was not detected; but the tést made is not exhaustive. Our
attention was centered on other matters at the time. Possibly, how-
ever, the anomalous distribution of hardness obtained by anne’mlmg in
oil may be partially accounted for in this way.
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BEHAVIOR OF SOFT STEEL RODS.

Object of the measurement.~—~The above values for thermo-electric power
al] refer to elemepts in which steel is thermo-electrically combined with
pure soft silver; but the latter metal, though chosen expediently, is

-otherwise arbitrary and without inherent bearing on the subject in

hand. We will undoubtedly obtain data more in harmony with the
purpose of the present investigation, and far more readily intelligible,
by eiiminating this foreign metal from our considerations entirely. It
is to be our endeavor throughout the following paragraphs not only to

:add to the perspicuity of our data, but also to' give them. possibly im-

mediate theoretical significance, by referring all measurements to a
particular and normal state of steel. The soft state would appear to
suggest itself in so far as it occupies an extreme and inferior position
in the scale. If, however, this is to be chosen as a point of departure,
the rods in this state should possess normal and fixed thermo-electric

-qualities, even for different kinds of steel.- This is by no means the

case, as the special experiments presently to be detailed will show.
Indeed, even inthe case of soft rods nominally of the same material, at

all events nearly of identical composition, the difference of thermo-

electric power is often very marked.
Method of softening.—With the object of reaching extreme values of
the soft state, the rods were embedded in artificial powdered ferro-ferric

" oxide, as it falls from the anvil, and surrounded.by & closed gas-pipe;
- the latter in turn enveloped in a thick coating of fire-clay, protected

-externally with thin sheet-iron. The whole was heated to intense red-

ness, and then allowed to cool very slowly in the ashes of the smoldering
fire’, The non-conducting envelopes insured a very gradual subsidence

-of temperature.

Data for soft steel and for soft iron.—As examples the results ob- .
tained with rods Nos. 46, 47, and 48 will be given:

TABLE 3L.—Bchavior of soft steel rods.

i

e e
Remarks. t T | observed. | calculated. a b L t
cm
cme?
. °C. | °C. | microvolt. | microvolt. | microvolt. | microvolt. |microhm.|cC.
‘No. 46. 2p;?0. 0843 ...... 18.7 | 87.7 486.3 486. 2 k
18,7 | 67.3 354.8 354 5
18.7 | 54.2 264. 0 264, 6 8.33 —0.0121 17.08 | 19
18.7 | 45.5 202, 8 202.6 |) .
No.47. 2p=0.0625...... B.O| 87|, 8.3 %4.2
22. .1 3 5.
29.6 | 51.7 266. 9 266, 4 10. 17 —0.0137 15.09 | 19
22.4 | 40.6 169.0 169.3 .
"No.48. 2p=0.0485...... Ig(o) gig gg«éz g’igg
19.0 | 64. X X
19.0 | 50.8 242, 6 243.9 8.52 —0.0121 16.41 | 19
19.0 | 37.9 148.9 148.0 :

3'With regard to the decarbonization possiblesor incident to this operation see
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For the sake of comparison iron wires of different kinds were treated
in the same way and subsequently examined. The results obtained
“with Nos. I, II, and III will be cited as examples: '

TABLE 32.—Behavior of soft iron wire.

e e
Remarks. ¢ T observed. |calculated. @ b 8 t
em
. omet
’ oC. | ©C. | microvolt. | microvolt. | microvolt. | microvolt. | microhm.|°C.
No. I, 2p=0.0966 ....... 12Z ggg 52;3 283 0
18. 3 465. 64. §
18.7.] 54.8 356.3 355. 8 J -11.25 —0.017¢ 13.02 | 19
18.8 | 44.9 #64.7 265. 0 !
No. IT. 2p=0.0630...... %gg gig igg% iggg
: 19684 3326 se|f 10.50] —oow5| 12741 19
18.6 | 43.4 | 2416 241.1
No. Y. 2p=0.0812..... 1§g 22]9. S:Gg 2 i(lig (1) :
18. 5 18. 0 . X
185|543 310.3 309.3 9.66| -—0.0140 | 13.87| 19
18,5 | 40.1 190.7 190.9 ]

Impurities in steel and iron.—Now, there is reason to suppose that in
the case of iron carburets generally the electrical effect of foreign im-
purities is partially masked by the phenomenally great effect of com-
bined carbon.® Conformably with the usually accepted views, therefore,
the shifting of thermo-electric position due to the presence in iron of
materials (S., P., Si., etc.) other than carbon will be particularly marked
for the soft states. TFor it is here that the quantity of combined carbon
contained is at a minimum, while the steel itself is in a natural homo-
geneous state. We have analogies in.the case of alloys. Tor instance,
on alloys of gold and silver small additional quautities of foreign ad-

. mixtures are relatively without marked electrical effect, whereas if pure
goldorpure silverbe adulterated with the same quantities of thesame ma-
terial the result is pronounced. If we compare the values of ¢ and s for
soft iron with those obtained for soft steel the specific effect of carbon
is strikingly obscure. We are induced to refer the comparatively small
differences apparent to the effect of foreign impurities in the iron. At
least, in contrast with the phenomenal electrical interval between the
glass-hard and the soft states of steel, the electrical effect of carbon ig
here wholly masked by that of the incidental ingredients. But it is
herewith fully demonstrated that the steel rod possessing the qualities
of a normal must be sought for elsewhere than in the soft state.

% Directly or-indirectly. It will be shown in the sequel that the electrical variation
discussed in this.chapter is probably due to the strain accompanying hardness, but
this in its turn is conditioned by the presence of carbon in iron.
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THE RELATION EXISTING BETWEEN THE THERMO-ELECTRIC POWER
AND THE SPECIFIC RESISTANCE OF STEEL.

Reduction of data.—In the above experiments we have thus far met

- with 86 pairs of correlative values of specific resistance and thermo-

electric constant. We will supplement these results by values obtained

with four rods subjected to six hours of annealing in steam. They are
as follows:

° Rod. 2p a " 8, t
No.49..... 0. 0574 190 35.75 19
No.50..... 0. 0354 4.08 29. 34 19
No.51..... 0. 0531 4.06 27.08 19
No.52..... 0. 0344 3.90 28.68 19

In all, therefore, we are in possession of 90 pairs of values. These
amply suffice to decide in how far an intrinsic relation between thermo-
electric power and specific resistance, in case of one and the same metal
{steel), in different states of temper, demonstrably exists. Now we have

de .
d(T—t)>_-k;‘“’

whence it appears that the thermo-electric constant a primarily refers to
‘the temperature zero, centigrade. It is, therefore, consistent to reduce
the observed values of specific resistance (180—21°) to the same tem-
perature (zero). This is at best a laborious piece of work, and more-
-over presupposes a kpowledge of the relation of resistance and tem-
perature (the coefficients vary within the large range of 0.1 per cent.
nearly to above 0.4 per cent.) for each of the 90 degrees of hardness
encountered. But with the aid of the results contained in Chapter I

~of the present memoir this reduction may be satisfactorily made. The
results are given in the following table, where s,=s (14 at):
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TaBL 33.—Specific resistance (cm /em? 0° microhm) of steel.

No.| s, t | ax108 8 No.| & t {aX103) . 8 No.| & t | ax103 8
1/18.96 19 3.4 )17.81 29 | 41.32 | 19 1.7 ] 40.03 35 128.58 ] 20 2.4} 2127
21]18.49| 19 3.5 17.34 30| 37.08| 18 1.8} 35.92 35| 27.26 | 19 2.5 | 26.03
3120.54| 19 3.1(19.40 30 |36.80 | 18 1.9 | 35.58 35126.04 | 19 2.6 | 24.81
4]20.00 | 19 3.3]18.22 30| 36.51 | 18 1.9 ) 85.50 35| 25.20 | 18 2.7] 2411
5117.64| 19 3.6 | 16.51 30| 36.42 | 19 1.9 | 38515 35| 24.72| 18 2.7 | 23.57
620,751 20 3.2 110.5L 311 40.47 ) 21 1.7 | 39.08 36 137.17) 21 1.8 385.82
712274 19 2.9 21.55 3138905 20 1.8 1 37.70 36 | 25.85 | 20 2.6 24.58
82320 19 2.9 2199 31)37.64| 19 1.8 | 36.40 36 | 24.91 ] 19 2,71 -23.69
912047 | 19 3.2 119.30 31136.33 ) 19 1.9 35.06 36 | 24.15| 19 2.8 22.93

10 | 25.67 ) 19 2.6 | 24.46 31/35.38) 18) - 1.9 384.21 36 23.58 | 18 2.9 | 22.41
11| 24.81| 19 2.7 | 23.60 31| 34.7 18 2.0 ! 33.50 3612312 18 2.9 2197
12 122,93 19 2.9 2173 32 | 41.42 ] 21 1.7 | 39.99 37 1 386.61 | 18 1.9) 385.30
13§ 20.66 | 19 3.2 ) 19.48 321389.53| 20 1.7 ] 38.23 37 ]18.96 | 18 3.4 17.87
14 [ 27.36 | 20 2.5 1 26.06 32 (38802} 19 1.8 | 36.76 37 118,78 | 19 3.4 17.64
152811 19 2.4 | 26.88 32136.33| 19 1.9 | 35.06 3711878 | 19 3.4| 17.64
16 | 26.70 | 19 2.5 25.49 3238519 18 1.9 | 34.03 38 140.38 ( 18 17y 89.17
171 27.93| 19 2.4 (2671 3213434 18 2.0 ] 33.14 38 117.55| 18 3.6 16 48
18| 31.82| 19 2.2 1 30.06 33136.98| 2L 1.8 | 35.64 88 117.36 | 19 3.6 16.25
19| 28.68 | 19 2.4)27.43| 333500 20 1933721 3817.25| 19 3.6 16.16
20 24.34| 19 2.8923.11 83]33.58| 19 2.0(32.35] 89]36.04) 18 19| 348
21 129.3¢) 19 2.3 (2811 33 (32,28 19 2.1 {31.02 3911830 18 3.5 17.22
223094 19| 2.2[29.70) 33|831.22) 18 2.2[30.03)1 891811 19 3.5| 16.98
23(27.93| 19 2,4126.71 33(30.67 | 18 2,2 | 20.49 39011802 | 19 3.5 16.89
28] 42.64| 18 1.6 41.45 34 | 39.34) 21 1.7 | 37.98 46 | 17.08 | 19 3.6 15.08
28 [ 42.65 | 18 1.6 | 41.36 34(29.25| 20 2.3 | 27.96 47 {15.09 | 19 3.0 14.05
28 | 42.45 ¢ 19 1.6 ) 41.20 3412802 19 2.4 | 26.80 48 | 16.41 ] 19 3.7] 15.34
28 | 42.55 | 19 1.6 | 41.30 34121171 19 2.5 25.94 401 35.75| 19 1.9 | 34.51
29 | 42.08 | 17 1.6 4095 34|2632 | 18 2.6 ) 25.14 50 | 29.34 | 19 2.3 28.11
29 141.70 | 18 1.6 | 40.587|| 34 | 25.85 | 18 2.6 24.69 51| 27.08 ) 19 2.5] 25.85
20 | 41.52 | 19 1.7 | 40.12 3514245 21 1.6 | 41.07 52 128.68 | 19 2.4 27.43

Fundamental constants.—Tor the sake of greater clearness in designa-
tion, let @ be replaced by ¥/, s, by #. Parallel variations of 3’ and « we
have had frequent occasion to notice. But we have now the data in
hand for a complete discussion of the nature of their mutnal depend-
ence, and this will manifest itself perspicuously and at oncein a graphic
representation with x as abscissa, ¥’ as ordinate. Figure 11 contains
the 90 points in question. They lie within a band or pathway which,
as a rule, is narrow, especially so near its middle, but widens somewhat
as we approach the lower extremity, where 3'=0. Nevertheless, the
character of the functionality involved within the given range of possi-
ble variation appears with due prominence. ' It is unquestionably linear.

‘We may, therefore, with great probability premise that between 3’
and # a relation of the form .

‘ yY=m—anr . . . . . . . (1)
exists. If we male this equation the basis of a calculation in which the
fundamental constants m and » are to be determined by the method of
feast squares we arrive at the values

m=15.176 n=0.4123
by solving the normal equations
' P=mA—nB Q=mB—nC
where -
. . A==X" = 90

B=2>X =2536.55
0=3X? = 773.21
P=3y' = 31991
Q=3Xy'=6612.1.
(655) -
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New thermo-electric data.—Of these constauts, m commands only sec-
ondary interest, in so far as it depends on the metal (silver in our case)
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Fig. 11.—Diagram of the relation between the thermo-electric power of steel in different states of temper, and
its specific resistance.

arbitrarily chosen to fix a datum or point of departure for thermo-electric
meas@rements. . This, however, is not true of m—y’, a quantity wholly
‘ (656) ' ’
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independent of the arbitrary element in question. It therefore appears
expedient to select m—y'="h as a new thermo-electric variable,in which
case (1) reduces to the simpler form h=nx. The new thermo-electric
data (R, nx) thus obtained are exclusively dependent on gualities. in-
herent in steel. They have no reference to metals (silver) foreign to
the present purpose. From a mathematical standpoint m is the experi-
mental constant by which a specially selected set of co-ordinates is
determined. From a physical standpoint m wounld represent the thermo-
electric constant of a couple, one member of which is silver, the other
the imaginary steel rod, whose specific resistance, supposed diminishable
indefinitely in accordance with the above law, is zero. It is this initial
state of hardness (h=0) at which the new variable % originates.

Thermo-electric hardness defined.—The new thermo-electric variable, h,
will, throughout the present memoir, be designated by the term thermo-
electric hardness. The introduction of this quantity was suggested to us
by considerations similar to those which led to the conception of abso-
lute temperature. To the absolute zero of temperature, however, Thom-
son has been able to give a concrete physical interpretation ; whereas
the zero of thermo-electric hardness, so far as the results of the present
chapter go, furnishes no more than a point of departure, at once con-
venient and free from arbitrary assumptions. It is hardly necessary to
cite as a second example the hypothems defining the modulus of elas-
ticity, for instance.

The following is a brief summary of the ddvantages immediately de-
rived from the introduction of thermo-electric hardness:

1. Hardness in the case of steel is expressed for the soft as well as
for the hard rod in significant and at the same time convenient figures,
which increase as this quah'ry increases. Thescale is, therefore, adapted
to circumstances. ‘

2. A change of signs is avoided, the current invariably flowing from
the given specimen through hot to the normal. In other words, the
normal is thermo-electrically positive to the whole family of iron-carbu-
rets, iron, steel and cast iron, no matter what be their mechanical state.

3. The results are independent of the shiftings of thermo-electric posi-
tion common to all metals, due to small a,mountscf impurity or differ-
ence of mechanical state.

4. By the aid of the coefficients discussed in chapter I and for the sake
of concreteness of conception only, we may state that, theoretically, the
normal condition of steel, to which thermo-electric hardness refers, would
nearly be given by soft steel cooled down as far as the absolute zero of
temperature. (See Chapter IIL.) :

Tabular comparisons.—A complete table follows, showing the Qiffer-
ences between observed (h=m—y’) and calculated (nx) values of thermo-

BurL. 14—-5 _ (657)
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electric hardness. As has been stated, the results are deduced by the
method of least squares :

TABLE® 34.—Compazrison of the values of the thermo-electric hardness and specific resistance,

No.| & nz Diff. ||No.| & na. Diff. | No.| & nz Diff.
1 7.38 7.34 0.04 || 29 15. 88 16. 50 —0.62 !l 35 10. 96 11.24 —0. 28
2 7.15 715 0.00 || 30 15. 60 14.81 0.79 l 35 10. 43 10.73 —0.30
3 8.19 8.00 0.19 | 30 15.19 14. 67 0.52 1] 85 10. 00 10. 23 —0.23
4 7.40 7.76 —0.36 || 30 14.88 14. 56 0.32, 36 9.76 9.94 —0.18
5 6. 66 6. 81 —0.15 {| 30 14.71 14. 49 0.22 /| 85 9. 54 9.72 —0.18
6 7.94 8.04 —0.10,|| 31 16. 38 16.11 0.27 | 36 15,23 14.77 0.46
7 9.03 8.88 0.15| 31 15. 26 15. 54 -—0.28 .| 36 10.42 10.13 0.29
8 8.72 9.07 —0.35 If 31 14. 63 15.01 —0.38 || 36 9.92 9.77 0.15
9 8.22 7.96 0.26 || 31 14.32 14. 45 —0.13 ;| 36 9. 68 9.45 0.23
10 10 51 10.08 0.43 || 31 13.63 14.10 ~—0.47 | 36 9. 68 9.24 0.44
11 10.03 9.73 0.30 || 31 13.37 13.82 —0.45 | 36 9. 44 9.06 0.38
12 8.78 8.96 —0.18 || 32 16. 62 16.49 0.13 1} 87 15. 18 14. 56 0.62
13 8.29 8.03 0.26 32 15, 57 15.76 ~0.19 | 37 7.44 7.37 0. 07
14 11.12 10: 74 0.38 | 32 14.38 15. 16 0.78 [ 37 7.41 7.27 0.14
15 11.33 11.08 0.25 | 32 18.79 14.45 —0. 66 | 7 7.47 7.27 0.20
16 10. 51 10. 51 0.00 [{ 32 13.17 14,03 —0.86 I| 38 16. 37 16.15 0.22
17 10. 92 11,01 —0.09 (| 32 12,92 13. 66 . 74 | 38 6.22 6.79 —0. 57
18 12.39 12.39 0.00 [} 33 15,25 14. 69 0.56 || 38 5. 94 6.70 —0.76
19 11.35 11.31 0.04 (| 33 14,21 13.90 0.31 | 38 5.79 6. 66 —0. 87
20 9.73 9. 53 0.20 || 33 18, 68 13.34 0.34 { 39 15.10 14.37 0.73
21 11. 42 11.59 —0.17 || 33 12.93 12.79 0.14 || 39 7.57 7.10 0.47
22 11.77 12.25 ~0.48 || 33 12. 51 12.38 0.13 1 39 7.42 7.00 0. 42
23 10.94 11.01 —0.07 |{ 33 12.18 12.16 0.02 [} 39 7.38 . 6.97 0.41
28 17.74 17.09 0.65 ! 34 16.01 15. 66 0.35 || 46 6.85 6.59 0.28
28 17.12 17. 05 0.07 || 34 11. 59 11.53 0.06 || 47 5.01 5.79 —0.78
28 16.99 16.99 0.00 || .34 11. 08 11.05 0.03 48 6. 66 6.32 0.34
28 16.76 17. 03 —0.27 || 34 10. 85 10. 69 0.16 || 49 13.28 14.23 —0. 95
29 17.08 16.89 0.19 || 34 10. 57 10.37 0.20 || 50 11.10 11. 59 —0. 49
29 18,43 16.71 —0.28 {| 34 10.34 10.18 0.16 || 51 11.12 10. 66 0.46
29 16. 09 16. 54 —0.45 || 35 17.15 16.93 0.22 52 11.28 11.31 —0. 03

31 The second decimal place (k, nx, diff.) serves ori]y, of course, to give greater accu-
racy to the first and might perhaps have been advantageously suppressed.

Distribution of errors.—If this series of results is examined critically,
that is with especial reference to magnitude and location of the errors,
relatively large discrepancies encountered at the beginning of the table,
in the case of very soft rods, are conspicuous. -It is not, therefore, to
be considered as finally decided whether the relation h=f () may not
for small values of z be other than linear; such, however, as rapidly to
approximate to the latter form of function as z increases. The other
‘errors in general are as liable to assume positive as negative values;
they lie within sufficiently narrow limits, and do not, with one excep-
tion, exhibit any characteristic progress for consecutive states. In the
case of wires annealéd in methyl alcohol a uniform suceession of errors
is, however, apparent. For coutinually decreasing values of & we have:

No.28..... 7 1 0 —3
No.29..... 2 —3 —5 —6
No. 30..... 8 5 3 2

In other words, with continually augmenting time of exposure, the
temperature, 66°, produces an annealing effect such that the linear re-
lation between thermo-electric hardness and specific resistance is not

rigidly maintained. Here we have unquestionably the evidences of a
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structural phenomenon. ' The inference is plausible that the annealing
influence of this comparatively low temperature is largely confined to
those parts of the rod where the strain is most intense. This is prob-
ably the case with the superficial layers; for, according to Fromme’s datum
the density of these has been increased enormously. Now, it would
seem that it is upon the surface layers of a rod that thermo-electric
power is principally dependent, whereas specific resistance varies with
the mean hardness of rod taken as'a whole. The discrepancy in ques-
tion is repeated with such uniformity in each of the three wires, that it
is obvious we have in hand more than a mere error of observation,
Furthermore, the similar variation which occurs in the case of wires
annealed at 1000 shows that the anomaly exists in steel itself, and is
deserving of special inquiry.

Consequences of an elementary law, h_::ns.—A more detailed analysis
of the thermo-electric effects of structure does not substantiate the stated -
inference that the thermo-electric data are influenced to a greater extent
by the condition of the surface layers of steel than the resistance data.

From the very general evidence obtained in Table 34 in favor of the
law h=ns, we are justified in giving it fundamental or elementary im-
portance. In other words, the supposition is warranted that, for each
of the coaxial necessarily homogeneous elementary shells of which we
may suppose the rod to be made up, the relation

h=nms . . . . . . . . .0 (1)
applies. Suppose, now, we take into consideration any two such shells.

Let 8y, 8y by hay g1, G2, be their specific resistances, their thermo-electric-
hardness, and their right sections, respectively.

Let 813y h1o; Qiz==q1+ G2, be the specific resistance, thermo-electric hard-
ness, and right sections, respectively, of a single shell, which is capable
galvanically and thermo-electrically to replace the two original shells
(they are actually combined in multiple arc) in every respect. Then

hz81 +h, |
h,z_ﬁ.......(z)
™
and l
1%
6f12=31q1 qzsquz B )
et7

It therefore follows, in view of equatnon (1), that
hlz—q— (%‘le) 815=" 815
and in the same way generally
n

{11, 293+ e
That is, if the law h=ns be true for the element;ary (necessarily homo-
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geneous) layers of the rod, then must it be true also for the rod taken
as a whole, however complicated its structure may be, and whatever be
the difference in the variation of the density of successive layers while
annealing is in progress. 'The converse of this does not follow so readily.

The superficial layers of the steel, being the ones directly and immedi-
ately operated upon in sudden cooling, will probably be the ones experi-
encing greatest intensity of strain, It may be plausibly argued, there-
fore, that the effect of incipient annealing is confined to these, or at least
that the said layers expand at a far more rapid rate than the rod as a
whole contracts. The law h=ns may therefore be considered to apply
with good approximation, both in the case of volume expansion and of
volume contraction. v

We may account for the progressive errors encountered in the case of
hard wires annealed at low temperatures (<100°) from two points of
view: Hither the elementary law h=ns is not rigidly true throughout
the phenomenal variation of density which the individual layers experi-
ence on tempering (probably from 7 to 10); in other words, h=f(s) is
no longer rigidly linear when we approach the enormous condensation
near the surface, for instance. Or, the discrepancy may be due to the
facts observed by Caron® that a hard-steel rod during the annealing
contracts @®olotropically; ¢. e., not in like ratio both in the direction of
its longitudinal and its radial axes. In such a case the law h=mns, con-
ceded rigidly to hold good for isotropic strains, need no longer do so
in the case in hand. This discussion will be advantageously resumed,
in the light gained from further relevant data, in chapter IIL.%

SOURCES OF ERROR.

The difference between the observed and the calculated results of
thermo-electric hardness, as exhibited in the last paragraph, pertinently
suggest an especial inquiry in regard to how far they are referable to
errors of observation. This involves an examination into the possible
descrepancies incident to the various methods of measurement used.

Thermo-electric measurement.—If we commence with the thermo-elec-
tric measurement we at once encounter a series of obvious sources of
error which may be thus classified : Variation of the factor of reduction
of the galvanometer, to be referred in part to fluciuations in the inten-
gity of terrestrial magnetism, in part to the immediate influences due
to changes of atmospheric temperature; the inconstancy of the ele¢- .
tromotive force of the Daniell between the observations made for the
determinations of the same ; the effect of extraneous thermo-currents in

32 Caron : Comptes rendus, LVI, p. 211, 1863.
33 Chapter III, p. 88. :
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the galvanic connections; and, finally, the difficulties surrounding an
accurate measurement of the temperatures of the thermo-electric june-
tions, especially when they are high. The first two of these may be
satisfactorily avoided by frequent repetitions of a series of systematic
and corroborative measurements. The devices® by which we endeavored
to eliminate the third have already been fully described; nevertheless
the distortion due to this cause is not thoroughly eliminable, and its
effect will be most apparent in the case of small values of thermo-electric
force. Steel wires lying very near pure silver in the thermo-electric
scale are therefore apt to be seriously influenced. Conformably here-
with, the column of ¢ differences” in the foregoing table (34) shows large
values when %'is approximately zero. But there is another reason for
these relatively large discrepancies, which deserves mention as being
even of more importance than the one just referred to. The thermo-
eiectromotive force is expressed by the aid of two constants, thus—

e=a (T—1t)+b (T —t)

whence it follows that the accuracy of the constant a, resulting from
the calculation, is conditioned to some extent by the accuracy of b; for,
although the latter is usually small relatively to the former, it enters

the equation
e=[a+b (T+1)] (T—1)

as a co-efficient of the sum of the temperatures T and ¢. Now, an accu-
rate measurement of b presupposes a large range of variation of the
difference of temperatures T and ¢; and it is just here thatin the case of
glass-hard rods we encounter an unavoidable difficulty. Large values
of T are inadmissible, because they change the temper of the exposed
junction of the rod. It is equally inexpedient to cool ¢ below zero. At
least our attempts in this direction served only to convince us that the
errors encountered in consequence of insufficient constancy of ¢ more
than counterbalance the advantages gained, to say nothing of annoy-
ances of a practical kind. An inspection of some of the earlier tables
will show that wherever the value of @ is larger or smaller than was
-with good reason to be anticipated, this discrepancy is compensated by
~ a similar error of b. Indeed the calculations from which the constants
“of the 90 series of experiments given above were derived, clearly show
that a number of observations greater than four for each value of a is
indispensable for an advantageous application of the method of least
squares. This did not urgently appeal to us until the measurements
were well in progress, and we were equally undesirous both of changing
the routine adopted and of encountering additional labor in the cal-
culations. TFour observations, however, will noti suffice where an ac-
curacy of @ within one per cent. is demanded. We also observed that

" MCf. pp. 34-35.
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the correlative values of a and b were materially different, according
as the equation '

y=ax + bru
or

%:a-{- bu |

was assumed for the application of the method of least squares.

Resistance .measurement.—The values for specific resistance are liable
to two sources of error. The first of these, which is due to variations of
temperature, the results contained in Chapter 1 have enabled us largely
to eliminate. The second error is of a more serious kind, and embraces
the difficulties encountered in endeavoring to obtain values for the sec-
tions of (thin) rods. As the average thickness of our wires was only
about 0.05 centimeter, it would have been necessary to measure the mean
diameter to ;g centimeter in order to arrive at a mean section cor-
rect to within one per cent. This is not feasible, except with extreme
precautions, either by the use of microscopic or gravimetric methods.
In the case of thinner wires the difficulty is proportionately increased.
Such errors as are due to imperfections of contact at the places of inser-
tion of steel wires, etc., have been already touched upon.® They were
wholly avoided eventually by a change of method.

Other errors.—In addition to the sources of errors just mentioned,
~ such as are more intrinsically connected with the subject discussed, de-
serve consideration. It has been stated that the inference is warranted
that the rods used were not quite identical as regards chemical compo-
sition, and that the electrical behavior of these, though alike in kind,
may differ in degree.

CONCLUDING REMARKS.

A brief review of the general tenor of the results discussed in the
above, in so far as they have a bearing on certain important conse-
quences which we desire now to touch upon, will be in place here. We
purposely avoid all remote theoretical speculations and confine ourselves
to inferences immediately deducible from the facts.

Tempering.—The physics of the process of tempering have thus far
been but slightly understood; and it is therefore to the new light
which the present chapter throws upon the essential features and re-
sults of this operation that we desire first to advert. Only cursory
attention® has hitherto been given to the phenomenal difference between

3 Cf. pp. 37-38.

36 In certain thermo-electric measurements incidentally made by Joule (Phil. Trans.,
1859, I, pp. 95-97). The results for variation of specific resistance of all earlier ob-
servers (Mousson, Chwolson) are erroneously small.
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the extremes of mechanical state: the glass hard and the soft. The
largest thermo-electric interval observed in the present work is 10.17—
(—2.60)=12.8; and the maximum ratio of therespective values of spe-
cific resistance, $42=3.0. It is this enormous range of variation of the
electrical properties, together with the facility with which absolute data
dependent merely on qualities essentially inherent in steel are obtaina-
ble, that would seem emphatically to recommend the scale of hardness
here introduced to the attention of physicists. Furthermore, the
method of annealing adopted enables the observer to carry the temper
from any given initial state to any desirable final state within the range
of possible variation in a safe and systematic way. Of the two factors
which condition the degree of hardness reached—the temperature of
the annealing bath and the time of exposure of the hard steel rod—
the latter if sufficiently prolonged is particnlarly effective for very small
values of the former. It annealing be continued through infinite time,’
the ultimate states (measured as thermo-electric harduess), would ap-
pear to decrease continuously as the temperature increases, though there -
is reason to predict the existence of a minimum between 400° and 600°.
We had commenced a special investigation of this functionality, but
the work was forcibly interrupted. It is still to be noted that the maxi-
mum annealing effect of a temperature ¢/ is independent of the possibly
pre-existing effects of a temperature ¢, and is not in any way influenced
by subsequent applications of the latter, provided ¢ >t.

Scheme for magnetic and other allied researches.—The results above
detailed.open up a large field for further research in directions differing
from those of the present chapter. Indeed, wherever we have to. deal
with those properties which depend essentially on the hardness of steel,
the experiments discussed in the above formally prescribe, as it were, a
method of procedure at once expedient and safe.

From a physical point of view, steel possesses a special and peculiar
interest in virtue of its pronounced magnetic properties. The impor-
tance of the influence of harduness on the intensity of permanent mag-
netization has long been known. But the confusion and discordance in
the results of all observers bear witness to the difficulties encountered,
not only from the vagueness which attaches to the term steel, but prin-
cipally out of the want of a method by which identical mechanical
states can be rigidly defined. As a consequence the data of many
laborious researches do not readily admit of direct comparison,and are
therefore nearly valueless. Indeed, we may add thateven in the case of
one and the same type of steel each rod must be regarded as an indi-
vidual.

It follows, therefore, that a plan of research in which a given steel rod-
is carried, by annealing, from an initial hard to a final soft state, through
all intermediate states, is alone adapted to the class of experiments un-
der discussion. And here again the peculiar mechanical condition
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which we have above characterized as the limit of hardness for a given
temperature of the annealing bath will appear saliently important.
The reasons for this preference are obvious. We have in hand the
highest of the inferior states of hardness permanently unaffected by the

. given circumstances of exposure; the maximum of permanent hardness,
in other words. We are justified in ascribing to it greater uniformity of
temper and greater definiteness of internal structure than is possessed
by steel tempered in any other way whatsoever. Thus it will be possi-
ble, independently of the degree of carburation of steel, or of its chemi-
ical composition in general, independently, moreover, of the geometrical
figure of a given sample, to investigate the magnetic variation due to the
the change of a single variable hardness alone. With this as a point
of departare, the inquiry leads to the eftect of form or dimensions, and
ultimately to that of carburation.

ADDENDUM: ON A SIMPLE METHOD FOR THE GALVANIC CALIBRA-
TION OF A WIRE.

The methods in vogue for the calibration of an electrical measuring
wire, one, for instance, to be used in the Wheatstone-Kirchhoff bridge,
are without doubt inconvenient in so far as they presuppose a set of
resistance coils of known simple ratios. In other words, they call for
the preliminary work of comparing with great care the said auxiliary
coils. " The accuracy of the result immediately sought is thus dependent
on the accuracy of the earlier measurement, and the anticipative cal-
iber errors of the wire are obscured by the errors possible in the accepted
ratios of the coils themselves—particularly so where, as is generally
the case, the discrepancies primarily in question are small. In view of
the importance of the very accurate and convenient method of deter-
mining resistances by means of the sliding-contact bridge, the endeavor
to overcome the obstacles mentioned as completely as possible is there-
fore at once justifiable. A method moreover which can accomplish this
will be all the more acceptable in proportion as the auxiliary devices to
be adopted are simple and readily available. We believe the following
plan partakes of these advantages.

The method now to be described, and which we have profitably em-
ployed in determining the sectional errors of an electrical measuring
wire, is a complete analogon of the procedure usually employed for the
calibration of thermometers. The immediate principles and the point
of departure are the same as those utilized in the well-known Matthies-
sen-Hockin method of resistance measurement. In the annexed figure,
in which the ordinary bridge adjustment is diagrammatically given, let
A N B and A M B be the two branches terminating at 4 and B, where
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A M B is the wire to be calibrated, A N B a series of resistances, whose
sum in any given case remnains constant.
Now, if M; and Ny, M, and N, are, respectively, pairs of points of like

Mg'l

I

Fia. 12.—Disposition of apparatus for calibration.

potential, and if the resistance of N; N, be Y, and the length of the

part M, M, be x, then
Y=Cux,

where C is a constant (sensitiveness) dependent only on the sum of the
resistances A N B. Indeed, if W be this sum, and L the total length of

wire A M B, then
W=0C L.

Furthermore,let the interval of calibration a be so chosen that %’:n,

where n is an integer.

Suppose, now, that n approximately equal resistances are either
specially constructed or at the observer’s disposal. In our case a
number of tenths of Siemens mercury units, which had been made for
the purpose of serving as normals for resistance comparisons, were
available. But in general it is wholly sufficient to select a german sil-
ver wire of appropriate length and thickness, to cut it into # approxi-
mately equal parts, and then to solder the ends of each of these to
terminals of thick copper, the free ends of which, in their turn, are to be
amalgamated so that mercury contacts may be used at Ny, N,..., Ns...
throughout. . Further knowledge of the resistance ratio of these auxili-
ary wires is quite unnecessary.

These n approximately equal resistances I, IT, IIT . .. are joined
in series by mercury cups, as shown in the dlaglam To have a con-
crete case, let n=>5, for which assumption the figure applies. The ex-
treme points A and B of the measuring wire are connected by pieces of
thick copper with the extreme mercury cups. ‘The calibration is then
effected as follows:

One of the prolonged terminals of a sensitive galvanoscope is com-
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nected consecutively with the points Ny, N,; and by means of the other
terminal the corresponding positions of the sliding contact on the wire
A M B, viz, M, M,, respectively, determined.

Then I and II are exchanged, so that the resistance wire I now
occupies the former position of I, and wice versa; and while'one of the
terminals of the galvanoscope is connected consecutively with the
mercury cups N, and N,, the other enables us to determine the corre-
sponding positions of the sliding contact on the wire A M B, viz, My
and M,, respectively.

After this, I and III are exchanged. The contacts of one galvano- -
scope terminal at N; and N, fix the positions of the sliding contact at

.M and M,, respectively. And so on until I has passed consecutively
from its original first position to the final portion among the whole
series of resistances A ¥ B. In this way we obtain on the wire A M B
the nearly consecutive parts M; My, My My, My M, ... of like resistance.
" Herewith it is obvious that this method of galvani¢ calibration is
" strikingly analogous to the method adopted in thermometer calibra-
tion. In the latter case a mercury thread of a given constant con-

venient volume and the approximate length a=120 is moved from place

to place in the tube, and its length for each of these positions deter-
mined in terms of the thermometer scale—lengths which under as-
sumption of a constancy of caliber would be proportional to the volume
of the thread, and hence identical. In the former electrical measure-
ment, a wire of constant resistance is moved from place to place, and
its value, as it were, determined in terms of lengths of the measuring
wire, which again under conditions of constant sections would be pro-
portional to the said moving resistance, and therefore identical. In
both cases, finally, the sectional error of the tube or wire is shown by
the discrepancies or differences in the observed lengths of mercury
thread or wire-part, respectively. In thermometry, the two fixed points,
with reference to which the calibration is completed, are the freezing
and the boiling points of water. On the bridge the corresponding
points coincide with the extremities A and B of the wire. .

Let a,, a,, a3, . . . . be the equivalent wire parts of A M B, determined
by direct observation. Then will the mean length of these, which
under assumption-of a mean section of the calibrated wire corresponds
to the calibration resistance, be '

H+atat+ o . a4,

n

But as ay, a, a; differ but slightly from the calibration interval a——%

it is practically convenient not to introduce into the calenlation the
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whole lengths @, . . . a,, but merely their (positive or negative)
differences from a. Therefore let

* aq;a-l- 6]; a2=a+62 « e e a/n=a+ 61\
and similarly '

a1+a2+ a3-|1-1’ C e O,
Then, more simply; there follows
a=01t%+d+ . . . 6
- 4

and therefore for the table of calibration of the wire,

from 0to ¢« . . . . . . . . . . a—01

from ato2¢ . . . . . . . . . . a—0, .

from 2ato 3¢ . . . . . . . . . . a-—0setc

Therefore by summation:
At a, correction = a—dJ;
At 2a, correction =2a—0;—0,
At 3a, correction =3a— ¢, — 8, — 63, ete.
As the main feature of the present method, we desire again to advert
to the simple means by which the calibration is effected. The only
error to be guarded against is the possibility of variation of tempera-
ture during the course of the consecutive adjustments of the calibra-
tion resistance. But the work can be accomplished rapidly—all the
more as the approximate positions of M are readily predeterminable
with considerable accuracy. If a fairly sensitive galvanoscope be em-
ployed the errors of adjustment are of the same order as the errors of
observation. In case of our special bridge 2} meters long, very ordinary
means enabled us to secure an accuracy of adjustment within 0.1 milli-
meter. ‘ ' ‘
By means of the principle here enunciated any of the other methods
of thermometer-calibration would be equally applicable. The conven-
ient one given, however, is sufficient for all practical purposes.
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CHAPTER III.

THE NATURE OF THE PHENOMENON OF TEMPER AS OBSERVED IN
STEEL DISCUSSED FROM AN ELECTRICAL STANDPOINT-PARTICU-
LARLY IN REFERENCE TO THE ANALOGOUS BEHAVIOR OF MALLEA-
BLE CAST-TRON AND OF ALLOYS OF SILVER.

- INTRODUCTION.

General inferences deducible from the cast-irons.—If we abstract from
grossly impure material, details and ulterior complications, the differ-
ent kinds of cast-iron may be conveniently classed with reference to
two well-known types—the gray cast-iron and the white cast-iron—
which are thoroughly distinet and well marked, as regards both their
chemical and their mechanical properties. Reasons for this classifica-
tion, it is believed, are not far to seek, and they are such as depend on
the manner in which the carbon contained is combined with the iron.
White cast-iron is known to contain carbon in the chemically combined
state only. In gray cast-iron, however, the uncombined or mechani-
cally admixed forms of carbon are present in much the greater propor-
tion. Furthermore, it is known that a given specimen of molten iron
may be changed into either the gray or the white type, respectively, ac-
cording as the cooling, after casting, is permitted to take place very
gradually or very rapidly.” In this respect an experiment of Karsten’s®
is peculiarly instructive. Karsten poured molten iron into & thick iron
mold. The outer layers of the cold mass, which in this way had cooled
at a comparatively rapid rate, were found to contain combined carbon
only. In the inner and axial layers, however, where cooling took place
gradually, only about one-sixth of the total carbon occurred in the com-
bined form.*® Suppose we compare the process of fast and slow cooling
in the case of cast iron, with sudden chilling and very gradual cooling
in case of steel, respectively; suppose, furthermore, we contrast the
very high degree of hardness possessed both by white cast iron and
chilled steel with the readiness with which gray cast-iron and slowly

37 The remarks here made present the facts under consideration only in a brief and
introductory way. For full and exhaustive discussions the reader is referred to Percy-
Wedding, Eisenhiittenkunde, Bd. II of the German Percy, pp. 130-186, Braunschweig,
1864. Cf. particularly critical remarks, pp. 165-167.

38 Karsten : Eigenhiittenkunde, Bd. I, 3 Aufl,, 1841, p. 581 ff.

39The results of Karsten’s analysis are these:

Before melting (iron homogenous): C combined, 0.8 per cent.; C uncombined, 3.2
per cent,

After melting (outer layers): C combined, 5.1 per cent.; C uncombined, 0.0 per
cent., Inner layers: C combined, 0.6 pei ézggt.; C uncombined, 3.2 per cent.
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cooled or thoroughly annealed steel yield even to an ordinary file; then
the inference is apparently unavoidable that the hardness which may
be imparted to steel by a process of tempering is to be referred to the
transfer of carbon from the uncombined to the combined state.®

Data corroborating this analogy.—If, however, what may be called the
chemical method of accounting for the hardness in steel were alone de-
pendent on analogies of the kind just sketched, we would not be in-
clined to accept it immediately and with full confidence. In glass-hard.
steel we encounter strains of a peculiar character and of enormous in-
tensity. It is upon such observations that a purely physical explana-
tion of the hardness in question might be based—an explanation much
better adapted for the prediction of certain physical phenomena to be
mentioned below than the chemical view under consideration. At the
very outset we come upon difficulties. Suppose, for instance, we
attempt to draw further inferences from Karsten’s experiment. We
find that the glass-hard external layers of his cylinder, consisting
wholly of white cast iron, possess the specific gravity 7.55, whereas the
specific gravity of the gray nucleus was only 7.18. The effect of sudden
chilling in case of steel, however,is a very marked diminution of density
of the rod, as a whole. Even if we pursue our inference further, and-
endeavor to compare the external and internal layers of a glass-hard
steel rod with the corresponding parts of Karsten’s chilled iron eyl-
inder, respectively, we fail to arrive at satisfactory results; for the
density of the external layer of a steel bar (about 10) is incommensu-
rately large when compared with the above datum for white cast-iron.
The chemical explanation, however, at once becomes of incontestible
importance when it is found that in addition to the given analogies
we have in hand a number of data which go to prove that carbon exists
differently, as regards its mode of occurrence, in hard and in soft steel.
The data are derived from the chemical behavior of soft and hard steel
toward acids. In this place the extensive experiments of Caron* need
alone be mentioned. The results of this observer with steel in the com-
mercial, the hammered, and the glass-hard states, respectively, furnish
striking evidence of the fact that the mode of occurrence of carbon in

“Cf. Karsten: Karsten u. v. Dechen’s Archiv., XXV, p. 223, 1853. Cf., also, p. 103
of the present paper.

4 Karsten: op. cit., Bd. I, p. A193—4, experiments of Hausmann and Karsten. Cf. also
ibid., p. 184, ff. For a table for Swedish Bessemer steel, see ¢ Steel, its history, ete.,”
J. 8. Jeans, Sec. Br. Iron and Steel Inst., London, Spon, 1880; Cf. ibid., p. 612-615.
On the mean specific gravity of iron-carburets, cf. Karsten, op. cit., p. 183.

4 Caron: Comptes rend., LVI, p. 43, 1863. The residues in the cases referred to,
viz., 1.62 per cent., 1.24 per cent., 0.24 per cent., were found to contain 0.83 per cent.,
0.56 per cent., 0.00 per cent. of carbon, respectively. The following remark of
Caron’s moreover, is of especial importance here: ¢“Ainsi de I'acier trempé ayant ét6
recuit pendant un temps variant entre quelques heures et plusiers jours a donné
aprds dissolution des quantités de carbon libre qui ont augmenté en méme temps
que la durée et Pintensité des chauffes.” pp. 45-46.
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soft steel is thoroughly different from the chemical condition of this
element in hard steel. In so far, then, asitis necessary to associate with
this difference of chemical state of the carbon in steel some correspond-
ing difference in the mechanical properties of this material, the validity
of the chemical explanation of tempering may be said to have received -
its first important vindication.

Results at variance with chemical hypotheses.—Of late many facts have
been adduced by various observers and in different ways against the
hypothesis that the union of carbon and iron is ever of a thoroughly
chemical character. Singularly clear in this respect are the views of
Matthiessen,* who supposes that iron-carburets are to be regarded either
‘as solidified solutions of carbon in iron, or as solutions countaining carbon
mechanically admixed. To these new opinions Matthiessen is led by
a study of the electrical conductivity of these materials. With this
general hypothesis the results of the calorimetric researches of Troost
and Hautefeuille** are in strict accordance. These observers find that
not only carbon but silicon show such thermo-chemical relations toward
iron as call for a classification of iron-carburets with the category of
solutions. Forquignon,® finally, who has lately been occupied with simi-
lar researches, gives to this view his unqualified assent.

Ulterior consequences of the chemical theory in case of steel.—In connec
tion with our researches on the hardness of steel a careful consideration
of the subjectin hand appeared necessary. Our attention was not, how-
ever, attracted to the questions just developed, viz., whether a chem-
ical or mechanical explanation for the mode of occurrence of carbon in
steel is more in coincidence with facts. The subject-matter of impor-
tance to us is sketched in all its essential points in the earlier sections.
It is our endeavor to investigate whether a given change in the state of
hardness of a steel rod is to be ascribed to a corresponding change in
the mode of occurrence of-the carbon in this material, or whether the
presence of carbon imparts to iron certain distinct and unique properties
(‘““steel”) in such a way that the whole series of the phenomena observed
in tempered steel are to be regarded as purely mechanical in their char--

-acter. It may be observed that the first manner of explanation does not
necessarily conflict with the second. Both chemical and mechanical
phenomena may coexist. But it is best in this place to hold the two
hypotheses strictly apart. This is readily possible, because the different
states of hariness obtainable from a glass-hard steel rod by anpealing
are all reached, practically, when the temperature of the annealing bath
is still below 3509, a temperature insufficiently high for the conversion
of uncombined into combined carbon. '

43 Matthiessen: Rep. Br. Assoc. Adv. Sc., 1866, p. 15.
#Troost and Hautefeuille: Ann. de ch. et de phys. (5), IX, 1876, p. 70.
4 Forquignon: Ann.de ch. et de phys. (5), XXIII, 1881, pp. 531-536.
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Suppose now that we abstract from physical considerations altogether
for the time being, and endeavor to obtain from the older and more
thoroughly investigated chemical hypothesis an explanation for the de-
tails of the phenomena of annealing discussed in an earlier chapter.*
If sudden chilling is accompanied by chemical combination of the car-
bon in steel, then must the operation of -annealing, which reverses the
effects of the former, enable us to reconvert combined carbon into its
original uncombined state.” But we have shown that for each temper-
ature of exposure during the annealing of a glass-hard rod there ex-
ists a distinct degree of hardness, cwteris paribus, characteristic of
the temperature in question alone. It follows, therefore, that to each
temperature of the annealing bath there must correspond a certain
fixed ratio of combined to uncombined carbon, the time of exposure
being indefinite. From the known behavior of steel in different states
of temper, moreover, combined carbon, must be looked upon as electri-
cally active, nncombined carbon as electrically neutral. Thus we have
it in our power, with the aid of the simple process of sudden chilling
combined with subsequent annealing, in so far as in this way, within
certain limits, any given amount of an electrically active ingredient
may be converted into an electrically passive form, to reach the same
results which, in the case of alloys, for instance, are obtainable only by
melting the two component metals together in a ratio which may be
called for. We said ¢ within certain limits”; the superior limit here
meant, is the total amount of carbon present in the given type of (nor-
mal) steel; the inferior limit, the small amount of combined carbon
which even after most prolonged and gradual cooling cannot be made
to appear in the uncombined state. With this chemical interpretation,
finally, the remarkable linear relation between the thermo-electric con-
stant and the specific resistance of steel passing continuously from the
glass-hard to the soft state would at once appear to possess broader
significance than that of being a special peculiarity of steel.

These are the reflections which induced us to undertake the present
investigation. We were in hopes, moreover, that the results would
prove of such a character as to enable us to derive inferences from them
on the chemical nature of steel. At all events, the subject, considered
from the standpoint of its own merits, is not undeserving of detailed
attention. The number of data in hand on the relation in question is
almost insignificant. .

“Strouhal u. Baius: Wied. Ann., X1, p. 962,963, 1880. Chapter II, pp. 43 et seq.

47Caron: 1 c., pp. 45,46. Unfortunately we have not been able to find any data
relative to the effect of ordinary annealing (exposures below 400°) on the mode of
occurrence of carbon in steel.
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- EXPERIMENTS WITH ALLOYS.

Earlier results inadequate.—~The literature on the electrical conduce- .
tivity of alloys is very voluminous, but the exhaustive researches of
Matthiessen®® contain all the essential data. At least, little has been
developed that has a bearing on the present paper since the date of
Matthiessen’s main research.” From the tables and graphical construe-
tions there given, the conduectivity of a large number of alloys can be
at once deduced when the proportion in which the ingredients of the
alloy are mixed is known. Similar remarks by no means, however, ap-
ply to our knowledge of the thermo-electric properties of alloys. Quali-
tative results are not lacking. Available quantitative data are, how-
ever, very rare.®® Pairs of values of both the electrical conductivity
and the thermo-electric power of alloys are only to be found in isolated
examples, if at all. At least we were not able to obtain other data
than a few measurements incidentally made by Sundell.®

Matthiessen’s numerous results made a Special determination of data
on the relation between percentage composition and either of.the elec-
trical constants superfluous. Such measurements presuppose chemical
analysis, which could not have been made without unduly sacrificing
the greater part of our wires and material. By weighing out the in-
gredients, and careful fusion, we were able to obtain from Matthiessen’s
tables a satisfactory corroboration of our results.

Material, fusion, preparation, etc—The general plan adopted in our
researches with alloys was such as would correspond to a progressive
increase in.the state of hardness of steel from the soft or thoroughly
annealed to the glass-hard condition, premising the views discussed in
the last section. We commenced with pure silver, to which more and
more of asecond metal was successively added, until finally mechanical
difficulties were encountered such as prevented a drawing of the alloy to
wire. In case of silver-gold alloys, a complete series, commencing with
silver and ending with gold, were obtainable. - The alloys examined are
those of silver with gold, platinum, copper, and zinc. Silver and gold
were obtained pure from the mint at Frankfort; platinum, from the
shops of Heraeus in Hanau. The copper was deposited electrolytically
from a copper-sulphate solution. In making the alloys we proceeded
thus: A weighed amount of silver having been well fused on a bone-
ash cupel by the aid of a blast-lamp, the proper quantity of the second
metal was added to it. Solution is usually immediate. Having mixed

48 Matthiessen: Pogg. Ann., CX, pp. 190221, 1860.

49 Matthiessen and Holzmann : Pogg. Ann., CX, pp. 222-234, 1860; Rep. Br. Assoc.
Adv. Sec., 1863, p. 37.

50 We may, perha.ps, mention Joule: Phil. Trans., 1859 L, p. 96 (Bi, Sb); Sundell:
Pogg. Ann., CXLIX, 1873 (Bi, Sb, Sn).

n Suudell Ibid., pp. 154-170.
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the two component metals as thoroughly as possible by chasing the
globule over the surface of the cupel, the flame was withdrawn and a
glass bell-jar filled with hydrogen (the gas being continually resupplied
" through an aperture in the neck of the jar), quickly. placed over it.
Oxydation, as well as absorption of oxygen by the melted globule, was
thus avoided, the button cooling in an atmosphere of hydrogen. Only
‘in the case of silver-copper alloys is this simple process to be regarded
insufficient for the attainment of very accurate results.”” But the dis-
crepancies thus introduced into our work, and which are due to absorp-
tion of oxygen by copper, are quite insignificant. Of this fact a
comparison of Matthiessen and Holzmann’s data with our own has fully
convinced us. On the other hand, the variation of thermo-electric
_power and conductivity of alloys of silver and copper takes place within
limits so nearly coincident that the general character of the diagram
which we will endeavor to construct below is in nowise distorted.

. The buttons® were hammered and drawn down to wires of appropriate
diameter. These were then annealed at high red heat in a current of
hydrogen by the aid of a dynamo-electric machine. We were able to
regulate the intensity of current, and with it the glow, by introducing

" into the circuit a solution of copper-sulphate, in which the copper elec-
trodes were kept at suitable distances apart. Accidental fasion of the
hot wires was thus not to be apprehended'. After this annealing they

‘appeared soft and flexible. Only the middle parts of the wires, over
the whole length of which the glow had been uniform, dnd which, for
other reasons, were apt to be homogeneous, were reserved for the
measurements. A

Method of thermo-electric measurement.—Results.—The methods of

" measurement of thermo-electric power and specific resistanée are
identical with those employed in our ear]ier researches.® The former
is throughout referred to pure silver as a datum, 4. e., denotes the power
of a thermo-element, one part of which is always silver; the other, how-
ever, the given alloy. Junctions were carefully soldered. The compo-
sition of all alloys is given in volume per cents, the data expressing the
volume of the metal alloyed to silver in 100 volumes of alloy. It has
been stated that these -numbers are only approximate, since during
fusion the two metals will hardly have been volatilized in like ratios.

With these remarks the following tables (35-39) will be readily in-

telligible. The thermo-electric constants a and b are calculated on the
basis of Avenarius’® formula, e=a (T—t)+b (T?—), from six corre-

5 Cf. Matthiessen u. Holzmann: 1. c., pp. 222-224.

8 It wounld have been desirable to operate with larger quantities of metal, but these
were not at our disposal.

54 See Chapter II, p. 31 et seq.

BAvenarius: Pogg. Ann.; CXLIX, p. 374, 1873. ¢ is the electro-motive force for the
temperatures I'and ¢ of the junctions of the given thermo-element whose constants are

a a,nd b.
(673)
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sponding values of ¢, T, t, for each alloy, by the method of least squares.
The measurements were originally made in Weber-Siemens’ nnits, and
then reduced to current values by the relation ohm=1.06 Siemens.

TABLE 35,—Thermo-electric power of alloys.

Vol. e e .
Alloy. P.ct ¢ T observed. |calculated. Diff. ¢ b
C. C. | microvoll. | microvol
Silver-platinum. cecevevnnnnn... 2]16.5( 85.6 —308.6 —308.8 0.2
10.6(78.7| —2L3| —L1| 0.2
16.7 | 64.1| —206 —206.71 0.0 -
16.7 |53.61 —150.1] —150.1] 0.0 ~395 | —0.005
16.8 431 -111.7] -119| 0.2
16.836.3| -—624] —823| —0.1
DOeeevenneeareanens 5/15.8|%6| -—4130| -—4125| —0.5
1.0 00.3 —Uc3 30| 01
59)60.9| —288 —288.5| 0.3
160528 —2301| -230.1| o0.0/f 57 |—0 0090
161|458 —186.4| —186.5| 0.1 J
. 16.1[87.5| -—132.9| -—132.7| —0.2
DOeneeeieeeaeneienn. 10|97.1]90.6] —604.4| —003.4] —Lo
: 1m0 | 4983 —a9.6| 13
17.1]68.3 | —405 —405.0 | —0.2
17115541 —206.8| —206.4] —0.4 077 ] —0.0184
17.1(452] —213.8] 27| Zo1 :
1.2 |35.2| —13¢.4] —134.6| 0.2
Do........ et 16161 (00,2 -~710.6( —709.4| —12
: .11 780|307 35| 0.2 .
162|629 —425. —o11| Ls|l_.
162 |524| —3249| —3249| o079 |—00158
16.3 [43°4| —230.4| —239.5| 0.1
16.3|36.2| —1740| —173.6| —0.4
TABLE 36.— Thermo-clectric power of alloys.
. Vol. e e .
Alloy. Pt | ¢ T | gbserved. | calculated,| Diff @ b
v . C. C. | microvolt. | microvolt.
Bilver-gold «euueeeenneraarannns 5155 |85.1| —132.9| ~1829] 0.0
185|755 —IM1 . —ULT| ~04|)
154 (683 ~09.1| —998| 07 ;
b4lcxo| —sus| — 85| —0.3|¢~L7|~—0.0014
15.4 | 50.6 | ~655| —65.5| —0.0
15,4 400 —d54| —454| —0.0
DOueeennineeenennraneenns 15154 189.5) —209.2| -—209.5| 0.3
16.5 | 80.6 —181.? —181.6| 01
155 (7.5 | 154 —154.0 | —0.1
1go o) 07| 103 04 —2.38 | ~0.0043
15.6(5.8| —90.3| — o0 0.0
156|441 —~748] —15 0.2
DOeeneneeenreanaaaannins 25 {157 (90,2 —227.0| —2m0| o0
17 828 L1 3| 02
1581663 —148 —1480) —0.31
15.8 [543 | —110.8| —110.7] —o.1|¢—254 | —0.0048
158 [44.9| — 85| -—82.8] —0.2
158!3590| —559| —561] 02
Do........ eeeen—a——— 35139 (883 -223.6| ~22.7] 0.1
13.970.7) 1958 ~15.6) 0.2 l :
18ls| ~172.1| —0.
138|634 —1442| —1442| o0.0|f—26L 00039
138|510 —100.2| -—100.2] 0.0
13.8(424| -—80.9| —80.9| 00
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TABLE 37.—Thermo-electric power of alloys.
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TABLE 38.—Thermo-electric power of alloys.
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TABLE 39.—Thermo-electric power of alloys.

. Vol. e e . '
Alloy. P.ct| ! T | observed. | caleulated.| Piff @ b
C. | ©. | microvott. | microvoit.
Silver-zinc,withlargeramount |......| 15.5 | 87.0 — 8.8 —~ 86| ~0.2
of zine. igb 80.8 — 80 -~ 7.4} =0.6
.5 | 71.5 - 4.9 -~ 6.0 1.1
15.5 | 60.5 —43 — 43 00}fr—0024; ~0.0009
15.8 | 49.1 - 3.2 - 2.8 —0.4 J
15.8 | 35.3 - 13 -~ 1.4 0.1
Silver-zine, with smaller |...... 15.7 | 90.6 -12.8 ~12.2| —~0.6 ]
amount of zinc. lg. 7] 8LQ —11.% -10.7 -—g% ]
15.8 | 72.2 - 8. - 9.4 -1
15.8 | 58.3 - 71 ~71| 00 r“°~ 176 | +0.0001
15.8 | 48.0 - 5.7 — 54} —0.3
15.9 | 40.7 - 4.1 — 4.2 0.11)

Specific resistance.—The following table contains our data for the spe-
cific resistance of the same alloys to which the foregoing tables (35-39)
refer. The first two columns.need no explanation. Column third con-
tains the resistance in ohms per meter of wire at the temperature in
" column fourth. Under 2p the diameter and under s, the specific resist-
ance in micro-ohms at the temperature tis given. The constant «,
finally, whose signification is apparent from s,=s (14 «t), enables us to
calculate s, the specific resistance at zero centigrade, in micro-ohms.

It is to be remarked that all the measurements were originally made
in Siemens’ units (0hm=1.06 Siemens), and subsequently reduced. The
temperature-coefficients used, «, are obtained from the results of Matthi-
essen, C. Vogt,and v. Bose,” by calculating with the aid of their formule,
s, for 100° and 09, and then finding the mean coefficient (a) between -
these limits. This is obviously permissible in our case.

TABLE 40.—Electrical resistance of alloys.

Alloy (soft).

cm
IY(::lt Wilm t 2p 8‘,@ to a 8 Eﬁ‘ 0°
X ‘ ohww. | C. cm. | microhm microhm
Commercial 811ver.....cceeeveaeuaana. 100 0.2023 j 15.2 0. 0319 1.619 | 0.00398 1. 521
. Electrolytic silver............. .| 100 0.1777 | 15.4 0. 0337 1.589°| 0.00398 1.492
DO e ..l 100 0.1802 | 15.0 0. 0335 1.586 | 0.00398 1.491
Silver-platinum .... P 2 0.2431 | 1.3 0. 0495 4.67 0. 00130 4. 60
DO eeciaeiaiaiaaaaans - 5 1.0802 | 15.2 0. 0330 '9.21 0. 00072 9,11
DO e | 10 0.8054 | 11.0 0. 0496 15. 53 0. 00043 15.46
DO eeeciicaiiaicaaanns 4 15 2.4027 | 15.2 0. 0347 22.74 0.00033 22.63
Silver- old ............ &} 0.3887 | 15.5 0. 0337 3.463 1 0.0025 3.329
- Do. P .. | 15 0.7483 | 156.6 0. 0337 6.686 | 0.0012 - 6,561
Do . 25 0.9886 | 15.7 0. 0339 8.906 | 0.0008 8.790
Do . 35 1.1350 | 15.1 0. 0338 10.188 | 0.0007 10. 079
Do 50 1.2098 | 15.4 0. 0337 10.700 | 0.0007 10. 585
Do 50 1.2190 | 15.2 0. 0337 10.782 | 0.0007 10. 667
Do 75 0.9177 | 16.2 0. 0339 8.295 | 0.0009 8.174
Do 90 0.2772 | 11.2 0. 0493 .5.283 | 0.0016 5.188
Gold ...... 100 0.1137 | 18,0 0. 0495 2.193. | 0.00395 2,037
Silver-copper .. 2 0.2049 | 15.0 0. 0338 1.844 | 0.0036 1.744
* Do. . .| 56 0.1036 | 11.0 0. 0496 1.999 | ©.0034 1.924
Do cienneann.. .| 15 0.2292 | 16.8 0. 0344 2.131 [ 0.0032 2.016
B s R . 50 0.2370 | 16.2 0. 0358 2.383 | 0.0029 2.271
Do ...... . 75« 0.2314 | 16.7 0. 0352 2.255 | 0.0031 2.138
Silver- zmc R ofeeeaadt 0.1733 | 17. 4 0. 0500 3.403 | (0.0020) (3.28)
B 1 T SR PR 0.2114 | 15.6 0. 0500 . 4,151 | (0.0015) (4. 06)

% Matthiessen u. v. Bose: Pogg. Ann., CIII, p. 412, 1858,
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The following table (41) contains results of Matthiessen and others;
a and b here are Matthiessen’s constants for his relation between elec-
trical conduetivity and temperature. . By means of these A and A/, the -
electrical conductivity at 0° and 1000, respectively, were calculated.
But, according to Matthiessen, A= 100 for hard silver; A=1.656 for
mercury, (0°). Hence ,

100 1.656 ' P
8‘—7\,— o6 log s,_2.19370—log ’7\‘.

From these values of s, the constant « was then obtained, in the way
already given, 8;=s (14 at).

‘TABLY: 41.—8pecific resistance of alloys of silver.

| Results of Matthiessen (and C. Vogt).]

. Hard A at 00 Nat
Vol. cm cm a
Metal. or Ag (h) a b 1000 Agl 8- — 0° | —100°|., o
soft. Per ct. =100 . (h)=100 om? 0°,...100
. microhm.| microhm. '
Silver eeceec...l h 100 100 0.38287 | 0.0009848 | 71,561 1. 5623 '2.1831 | 0.003974
Do .. 8 100 108.74 | 0.4157v0 | 0.0010624 | 77.794 1, 4367 2.0082 { 0.003978
h 2.51 | 381.640 | 0.039363 | 0.00003642 | 28. 068 4.938 5. 566 0. 001272
h 5.05 | 18.031 | 0.013949 | 0.00001182 | 16. 754 8. 664 9.325 | .0.000763
h 19.65 6.696 | 0.002214 | 0.00000139 | 6.489 | 23.331 24,075 0. 000319
h 19.86 | 21.084 | 0.019185 | 0.00001152 | 19. 881 7.205 7. 858 0. 000908
- h 52.08 | 15,030 |0.010120 | 0. 00000370 | 14.055 | 10.394 11115 0. 000694
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