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LETTER OF TRANSMITTAL.

DEPARTMENT OF THE INTERIOR,
UNITED STATES GEOLOGICAL SURVEY,
DIVISION OF CHEMISTRY AND PHYSICS,
Washington, D. C., January 18, 1886.
SIR: We have the honor to transmit, through Prof. F. 'W. Clarke, chief
chemist, the accompanying paper on the physical properties of the iron-
carburets for publication as a bulletin of the Survey. The paper is of-
fered in its present fragmentary form, owing to the circumstance that
certain changes in the location of the laboratory oblige us temporarily
to suspend the work. The results here presented, however, advance
the inquiry to well defined stages of research, and we therefore have no
hesitation about submitting them.
Our earlier work on the iron-carburets will be found in Bulletin 14
and in Bulletin 27, pp. 30 to 61.
C. BARUS.
V. STROUHAL.
Hon. J. W. POWELL,
Director United States Geological Survey.
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PHYSICAL PROPERTIES OF THE IRON-CARBURETS.
BY CARL BARUS AND VINCENT STROUHAL.

A. THE INTERNAL STRUCTURE OF TEMPERED STEEL.
INTRODUCTION.

Theories of magnetization usually premise homogeneity of the mate-
rial carrying the magnetic quality. If the material is homogeneous,
such theories still encounter formidable mathematical difficulties, and
even in the favorable case of soft steel they fail to predi¢t results which
are in satisfactory accordance with experiments.! In proportion as the
rods become hard and the internal structure becomes more and more
complex, the phenomena are withdrawn from the scope of theory alto-
gether, and must be grouped and described by a series of empiric laws.
It is clear, however, that a decided step in advance of mere empiricism
will have been made when the conditions of internal structure shall be
fully understood. The present paper is a first endeavor in this direction.
We may add that what is here said respecting magnetism will apply to
other properties of steel.

In our magnetic work? we operated upon very thin steel rods, infer-
ring that where diameter decreases indefinitely structure will more and
more completely vanish; but to what degree this assumption is war-
ranted for diameters within the reach of experimental methods cannot
be foreseen. In other words, we do not know to what extent our re-
sults fail to express the permanent magnetization of steel, passing
homogeneously from hard to soft. Even if it be granted that the error
due to surface decarburation is nil, we have still to take into account
the structural effects originally observed by Fromme. We have di-
gested his results in the accompanying table, and from these computed
a few supplementary data to give the table fullness. The latter are in-
closed in parentheses. In the table, M, p, 4 denote the mass in grammes,
the radius in centimeters, and the density, respectively, of the given
glass-hard rod, after the removal of the number of shells indicated in
the first column. The mean radius, thickness, mass, and density of

1Cf, U. S. Geol. Surv. Bull. 14, pp. 113, 114.
2 Bull. 14, chaps. V, V1.
3C. Fromme : Wied. Ann., VIII, p. 355, 1879,
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12 PHYSICAL PROPERTIES OF THE IRON-CARBURETS. [BULL.35.

the consecutive shells are given under R, 9, u, . The second column
contains the number of days during which the rod was left in dilute
acid to effect the removal of shells. Fromme determined 4 once per
day. We may remark that the rod used was twice glass-hardened,
and that after losing the three shells mentioned, it showed internal
fissures. This led Fromme to abandon the experiment.

Table showing Fromme's results for structure.

Shell.

Days,u‘p|A o R v |8

9| 20.746 | (0.3504) | 7.7130
16 | 28.043 | (0.3396) | 7.7412

20| 27.0 | (0.3340) §7‘ 120

|
| 030450 .35 |7.1487 i
|
|

(0.0108) X
(0.0056) | 1.014 | (8.6)

|

It is to us a matter of no little surprise that atter having obtained
these startling results, the significance of which Fromme fully appreci-
ated, he should have given the work no further consideration. The sur-
face densities here encountered are almost incredibly large, especially so
lecause the rod, having been twice quenched, must have been super-
ficially decarburized, and because it was internally cracked. And yet,
in spite of the dangerously small values of $, the values for 4 are so
pronounced that thedata for 6 must in their general variations be correct.
Hence these abnormal values, and the probable occurrence of changes of
strain implied, together with intimations of singular periodic relations,
give this short series of results unusual physical importance.

Guided by these data, many of our experiments were made chiefly
with reference to surface effects. Neverthe]ess, our main object in this
paper is to follow the phenomenon of structure throughout compara-
tively great ranges of depth. Hence our shells are necessarily' chosen
thicker (0.01¢® to 0.1°™), and for this reason, possibly, we did not detect
the enormous condensation of Fromme’s filmy shells, if, indeed, in the
steel examined such densities existed. Aside from this difference in
degree, in the method chosen, and in the material employed our results
corroborate the data of Fromme in a general way. We also encounter
harmonic variations of & which appear to be actual occurrences, inas-
much as they cannot satisfactorily be referred to periodic distributions

of errors.
APPARATUS.

Steel.— Our steel, as we subsequently found, was not the best for the
purpose, being a coarse-grained metal, quite brittle in the glass-hard
state. This steel readily cracks on quenching, easily loses carbon at
the surface, and is probably incapable of carrying more than small
values of stress. If the temperature before quenching be too high, the

1Tt is impossible to retain perfect cylindricity when many shells are removed by
solution. See p. 49.
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superficial layers rarely show hardness at all. All this taken together
may explain why the values of density in hand vary within an interval
so much smaller than was the case in Fromme’s investigation. Some
of our experiments, however, were made with other.kinds of steel. A
priori there is no reason why results for the structure of the material
in question are not just as important as results for the structure of any
other kind of steel. The objectionable qualities enumerated have indeed
led to some special results. We show in the sequel that the chemical
eonstitution of steel is one of the essential factors determining structure;
that in a full investigation it will be necessary to extend the experiments
to as many kinds of steel as possible.

In all cases, however, the mechanical hardness exhibited by our steel
in the tempered state was exceptionally great. Moreover, the density
interval hard-soft is here as large as we have found it in any other kind
of steel. It appears, indeed, that the magnitude of this interval is
modified chiefly by carburation, and that for moderate thicknesses it
is almost independent of dimensions—a deduction at variance with
earlier results of Fromme and our own. Cylindrical figures were oper-
ated on in all cases.

Crucible—To impart to the thick steel cylinders the desirable uni-
formity of red heat before quenching, they
were heated in a cylindrical iron box (height
8.5em,  diameter 4, inside measure) made
of gas-pipe supplies. The box was heavily
coated with oxide internally, and the cylinder
was placed therein on a layer of asbestus, as
shown in Fig. 1.

This apparatus is introduced into a large
Fletcher crucible furnace and heated to the de-
gree of redness necessary. The temperature
of the cylinder must be specially observed from
time to time by momentary removals of the
lid. The iron box is further useful, inasmuch
as oxidation, carburation, and decarburation
are very nearly avoided. The surfaces of the
eylinders remain smooth, showing the colored g, 1. Cruciblefor heatingsteel.
films only.

Apparatus for quenching.—This apparatus is also made of gas-pipe
supplies, as shown in Fig. 2. When in use it is placed vertically in
the neighborhood of a hydrant, and a swift current of water is passed
through it, as indicated by the arrows. Dimensions of main reservoir:
Length, 25°" ; diameter, 5, inside measure. Diameter of supply-tube,
2.5em,  Near the lower end of the apparatus is a false bottom of wire
gauze, a a, held in place by an iron ring. The object of this is to
hold the steel suspended in the current. The cylinder, having been
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14 PHYSICAL PROPERTIES OF THE IRON-CARBURETS. [BULL 35

heated to the temperature desired, is carried to the quencher in the
(closed) cracible ; after this the lid is quickly taken off, and the eylinder

is dropped into the water. The advantages and dis-
m N advantages of quenching in a current of water have so
i ’ frequently been discussed that comment is unnecessary
here. It is certainly the best method for the present
purposes.

Cell for solution.— For the purpose of removing con-
secutive shells from tue cylinder, we tried at first to
use a carbon-pointed master-tool on the lathe. But
I steel is too tenacious and diamond too brittle; so that

even in the case of stones ground with sharp cutting
edges the work is rather scraped or ground than cut.
The progress made is therefore exceedingly slow, and
the utmost care must b taken to avoid appreciable
rise of temperature from friction. This tedious process
was therefore rejected, and a method in which the shells
are removed by galvanic solution was used in its stead.
After solution the cylinders were trued and smoothed
as far as necessary by the diamond point, scraping un-
der a current of water.

In order to secure uniformity of solution over the
whole cylindrical surface of the steel, we devised the
special cell figured in the diagram, Fig. 3 (page 15).
Fio.2. Apparatusfor  This consists essentially of a steel clamp, ca b d e,

auenching steel: )6 ends of which are sharpened conically, and fit into
conical depressions, ¢ ¢, in the end surfaces of the cylinder operated
upon. A drum, A B D E, the cylindrical surface of which is of sheet
copper, with the ends A B and D E closed by plates of suitably per-
forated vulcanite, surrounds the cylinder symmetrically on all sides.
The steel arm a ¢ passes through the center of the upper plate. The
lower plate has a much larger perforation, enabling the drum to slide
easily over the cylinder and fitted to a wooden collar, F' F.

Together with the side of clamp e d, the collar I F serves as a kind
of foot for the apparatus. When in use the cell is plunged into a large
vessel containing the electrolyte, and is submerged at least above the up-
per face A B of the drum. To prevent corrosion, the clamp cabdec
is completely enveloped in an insulating coat of rubber hose. For the
same purpose the ends of the cylinder are painted with asphaltum.
Having sprung it into position, the insulation of the clamp is made con-
tinuous with the insulation on the ends of the cylinder by covering all
exposed parts with a thick layer of paraffine.

The current enters the clamp at 4a, passing into the cylinder from
both ends; thence across the electrolyte to the drumj finally by the
gutta-percha-covered wire B— back to the battery. It is well to cover
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BARUS AND STROUHAL.] GALVANIC SOLUTION. 15

the inner surface of the drum, above the upper and below the lower
planes of the ends of the cylinder, with asphaltum. In this case the
axes of the tubes of flow are radial
lines. In other -cases 'they are
crowded either near the ends or near
the equatorial parts of the cylinder,
and solution takes place at greater
rates in those parts.

Two to ten Grove cells, flat pat-
tern, vulcanite cups, connected either
in series or in multiple are, supplied
the amount of current necessary.
These cells are by no means constant,
and are practically exhausted for the
present purposes in two hours. The
quantity of steel dissolved without
current being slight, we were able to
sapervise and regulate the rate of
solution satisfactorily by inserting a
Siemens’ amperimeter. The whole
process was therefore well undercon-
trol. Usually the strength of cur-
rent was so chosen as to dissolve an
average total amount of 10 g. to 15
g. during each experiment.

The following little table, selected
at random from many data, contains
the statistics of solution and exhib-
its the mean efficiency of the battery
[current in amperes) perspicuously:

Fi1c. 3. Holder for galvanic solution.

T T

Timo. |Current.| Time. ’Cm’x‘ent.

h. m. | h. m.

10 10 3.0 10 55 10.5
15 8.7 ‘ 60 9.3
20 wo | 11 5 8.4
25 12.2 || 0] 7.4
30 12.8 15 6.9
35 13.0 25 5.8
40 12.8 45 3.6
45 22| 12 15 05
50 11.3 |

|

During the solution of superficial shells the cylinders frequently
showed symmetrical furrows and ridges, probably indicative of certain
varieties of structure of the soft bars. Usually, however, the surfaces
were merely rough and pitted, heavily coated with carbon, somewhat
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16 PHYSICAL PROPERTIES OF THE IRON-CARBURETS. [BULL35

irregular; so that truing with the diamond is indispensable. In some
rare instances glossy surfaces appeared, or again rough surfaces par-
tially mottled with glossy patches. All this is probably connected
with the passivity of iron. Solution is best effected in dilute hydro-
chloric acid. In the case of dilute sulphuric acid the occurrence of
passive iron and reduced rates of solution are a frequent annoyance.
The ferric chlorides attack copper, and are therefore objectionable. So-
lution in oxalates, though distinctly perceptible, is practically nil.!

The central depressions or holes in the end surfaces of the steel cyl-
inders have thus far been described only as subserving the purposes of
holding the cylinders in the dissolving cells,
and (during traing) in the lathe. But they
are further useful, in the density work in ques-
tion, as a means for attaching the suspension.
This is clearly shown in the annexed cut, Fig.
4. This method of fastening is again employed
in the resistance measurements.

EXPERIMENTAL RESULTS.

Results for density.—The results of our meas-
urements are given in the following tables,and
it has been our endeavor so to arrange them that data referring to cores
and shells of like order may be easily compared.

Table 1 contains the constants of the cylinders in the soft state, in
which they reached our hands. M is the weight in grammes for the
length ! and diameter 2p of cylinder. The latter dimension was deter-
minable with some accuracy by means of a small spherometer. Using
this datum and the known density we calculated I. In case of cylinders
as thick as these, it is not easy to obtain accarate mean values for I by
mere measurement. But the difference between observed and calcu-
lated 7 in the tables is almost wholly due to the differences in the fac-
tors of the two centimeter scales (spherometer screw and rule) employed.
4, is the observed density at °. From this we computed ., the density
at 0°, and 7, the corresponding value for specific volume (volume of the
unit of mass), by accepting 0.000036 as the coefficient of cubical ex-
pausion of steel.

TABLE 1.—Data for the commercial (soft) state.

Fi16. 4.—Method of suspension.

T

l
No. M ‘lohservetL 1 calculated. 2pobserve(L} t A ‘ N }MeanA‘ v

g. em. om. em. | 0@, |
332. 4745 5.96 6.013 3.0006 | 24.6 7.8268 | 7.8337 7.8337 | 0.127654
832, 4955 5.98 6.024 2.9953 : 24.0 | 7.8270 | 7.8337 | 7.8337 | 0.127654
149. 8085 5.97 6.006 2.0130 | 24.0  7.8200 | 7.8303 | 7.8363 | 0.127612
149. 9675 5.97 6. 024 2.0118 ‘ 23.8  7.8304 | 7.8371 | 7.8371 | 0.127598
| [
37.6219 6.00 6.026 1. 0085 ‘ 24.0 | 7.8270 | 7 8338 g 7.8350 ; 0.127633
M| i st B mmsoimse st [20.8 | 78087 | 7.0002 |
|

1'We are indebted to Prof. F. A. Gooch for advice in much of this work.
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Tables 2 and 3 contain the first series of results. As above, M, p,
t, 4, 7 are the symbols of mass, radius, temperature, density, specific
volume, respectively, of the cores. Again, K, S, u, J are, respectively,
the symbols of mean radius, thickness, mass, density of the elementary
shells. If we denote the number of the shell by a subscript, and if the
first core be the volume of cylinder left after removing the first shell,
then the relations between the quantities in the tables are succinctly
these:

pa=1]4, Rn=§(pn-‘+pn)
S=p, 1 —pn Hn=M,_—DM,
O,=4d,_+ 2"%"" (4,1—4.) (observed)
8,= e (calculated)

M, \po—Mp,

This distinction between observed and calculated is not quite rigid,
because both data involve 4, but the other quantities are different.

Tables 4 and 5 contain the second series of results, and are constructed
on the same plan as Tables 2 and 3. Little further explanation is there-
fore required. When observations of A were made on different days,
the date of each is usually given. We may remark that in these and
the preceding tables ‘“diameter observed” is usually the mean of ten
measurements made with a screw micrometer caliper. In the case of
rough surfaces, where frequent repetitions are essential, this instrument
is preferable to the spherometer. Except where otherwise stated, the
surface has been turned smooth by the diamond.

To facilitate comparison Tables 2 and 3 are printed in parallel form
(pp. 18-23), as are also Tables 4 and 5 (pp. 24-27).

(469)
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18 PHYSICAL PROPERTIES OF THE IRON-CARBURETS. [BULL35 BARUS AND STROUHAL.] EXPERIMENTAL DATA. 19
TABLE 2.—Cylinders in the glass-hard state. C of the tive cores. First series TABLE 3.—Cylindersin the glass-hard state. Ct¢ of the tive el y shells,
of measurements. First series of measurements.
[¢= 6 cm. approximately. | [t =6 cm. approximately.]
M, po, 4o, po- Ro, o, Ho, So-
‘ R .
ob- caleu- | Rob- |Rcalcu-| ¢&ob- | ¢ calcu- 8 ob- 3 ealcu-
No.| M sorved. | fated, | ¢ A @ ‘ Mean & v Remarks. No.| gerved. | lated. | served. | lated. L sorved. | lated: Remarks.
1(832.1020 | 15041 | 1.5054 | 21.3 | 7.7680 | 7.7738 ‘ 7.7744 | 0.128627 > O RPN, SSRGS, Iy SRR,
T.7684 | 77750 [eeeenncns|ianeaennns e Tongitadizal 6ok p-
T.T457 | 77521 | 7.7520 | 0.128996 3 saisansios parent in the mantle
TTAGE | T TE20 e eeaaans of the cylinder.
T.7381 | 7.7442 | T.7442 | 0.120120 Longitudi cracked.
77393 | T.TM3 [ frecgeeess
My, p, 4y, e First shell. Ry, 4y, 1, 610
1(821.90377 | 1.4832 | 14823 |23.1| T.7671| 7.7785 7.773¢  0.128644 1| 14036 1.4939 | 0.0200 | 0.0231 | 10.1643 | 7.809 | 7.806 | Shell filable; removed
............................. 26.9| 7.7668 | T.7784 eeoeiiooi|iaieennnns Mith Hard.steel master
8.
8| 146.4123 | 0.9006 | 1.0012 | 23.9 | 7.7410 | 7.7485 7.7485 | 0.120057 8| 1.0004| 1.0068| 0.0116| 0.0111 | 3.3319| 7.904 | 7.914 Do.
) — 25.2 | T.741T| T.7486 |.......... e T L o P L Ny et
;
M, ps, 43, ps. Second shell. Rs, 95, i, da.
1807.0620 | 1.4500 | 1.4477 [ 2L.9 | 7.7667 ! 7.7728 | 7.7727 | 0.128055 1] 14666 1.4650 | 0.0332 | 0.0346 | 148757 7.715 7.792 Shelll Rocﬂﬂlable; dis-
| solved off galvanically.
.............................. 20.9| T.605| 7726 |oeeeeenooonennn ceeeeeens|  rned with diamond;
I n 2 3| oote| o0.0m70| o.0465| o0.0484 Shell veey o
8|132.5652 | 0.9532 | 0.9528 | 2L.8| T.7411| 7.7472 | 7.7460 | 0.120084 . . . o. 18471 7765 | T.962 | gune Tongitudinal and
SERNRE| [RRRRNRRT RS 28| T.7T403 | T.7464 |.oeoeeennficeiininn s transverse cracks ap-
| pear distinctly.
Ms, ps, 43, P Third shell. Rs, 9s, ps, ds.
1[202.3284{ 14164 | 1.4124{21.6| 7.7685 | 7.7746 | 7.7742 | 0.128631 1| 14332 1.4301| 0.0336 | 0.0353 | 14.7336 | 7.741
7.7673 | 7.7737 Lo et 1 IR MUPRR] SR, T SRR P
3 7.7384 | T.7445 | 7.7453 | 0.120111 3| 0.9201 | 0.9282| 0.0481| 0.0492 | 13.3670 | 7.762 | 7.762 | Vertical and transverse
7.7896 | 77460 |-eeeennenifitanienans ) SREpR S, | cracks or crevices vis-
..... i e et I %
My, psy 4oy s Fourth shell. Ry, 94, g4, 840
1|280.3889 | 1.8805| 1.3833 [2L.1| 7.7677 | 7.7785 | 7.7734 | 0.128644 1| 14030 | 1.3978 | 0.0269 | 0.0201 | 11.9395| 7.795| 7.794 | Surface shows soaly
£ LT R I A7) AU R I IR FOOOSSPUN SR padale iy fractare.
3 77417 | T.7476 | 7T.7479 | 0.129067 0.8801 | 0.0415| 0.0470 | 12.0237 | 7.718| 7.723 Do.
.............................. 22.0| T.7421 | 77482 [.oeoonioni|ieeeeennns
Ms, pss s, s Fifth shell. Rs, 95, s, d5.
1 | 269.8968 1.8571 [ 22.0 | 7.7687 | 7.7748 | 7.7750 | 0.128017 0.027 | 0.0262 | 10.4921
221 | 77690 | TOTSL{eeieeini|eeeeennnns -
8 21.8| 7.7421| T.7482 | 7.7486 | 0.120056 0.068
22.0| 7.7430 | 77491 [.eeoeiiii|iieiinnnns
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20 PHYSICAL PROPERTIES OF THE IRON-CARBURETS. [BULLw SARUS AND STROURAL.] EXPERIMENTAL DATA. 21
TABLE 2. — Cylinders ir the glass-hard state. Constants of the consecutive cores. First se- TABLE 3.—Cylinders in the glass-hard state. C of the ive el tary shells.
ries of measurements— Continued. First series of measurements— Cantinued.
M, psy dsy Fo- Sixth shell. Rs, 96, ig, ds.
T
ob- calcu- ! | ‘ ¥ | Rob- |R calcu-| &ob- ¢ caleu- 8 ob- & calca-
No.l M| Ale. | Plated. ‘ ¢ ‘ a A | Meana 1 v Bemarks: No.| served. | lated. | served. | lated. u | served. | lated. Fomarks.
1 | 246.7909 1.3026 1.2074 “ 19.5 7.7732 1 7.7785 7.7784 | 0.128561 o 0. 0545 0.0597 7.741
20.8| 7.7724 | 77782 .
8| 716405 0.7068 0.7002 | 19.0 7.7472 ‘ T7.7425 7. 7532 { 0. 128979 8 19.3833 7.729 7.732
7.7481 7.7439 .
| ! =
M, pr, 43, 1. Seventh shell. Ry, 9y, uz, d7.
1| 225.8279 1.2556 1.2408 | 19.5 7.7756 7.7812 7.7813 | 0.128513 1 1.2791 1.2691 0. 0470 0. 0566 740
7.7756 7.7814 s
7.7507 | 7.7563 7.7566 | 0.128923 3 0.0756 0. 0770 Curiously glossyaferso-
| lution; crack still per-
| ! ceptible.
IRRTCR R, S 2Lz %7 T8 eeeeiinfeeeeeeee, L e IR s Lo
| |
Ms, ps, 4s, pe. Os, is, ds.
1| 2112518 7.7767 } 7.7820 | 1 7777
7.7788 | 7.7814
8| 43.2270 7.7478 | 7.7531 3
7.7475 | 7.7536
M, po, ds, Fo. B Ninth shell.
1 7.7780 7.7841 7.7841 | 0.128467 0.0337 | 11.6168 7.730 7.741
P 7.7780 7.7841 . T (R 4
8| 36.1996 0.5036 0.4975 | 22.0 7.7532 7.7593 7.7595 | 0.128874 0.0463 7.0274 7.722 7.725
esessans 7.7536 (o RSN I - % PR PO PR
Mg, pro dror Pro- Tenth shell.  Rig, $10, p10, dr0-
1| 183.2372 1.1258 L1175 1 218 J 7. 7805 7. 7866
. .2ne| 7 7.7872 |.
3 0.4508 | 21.9 ‘ T.7T561 | 7.7622
- 2.5 1 .| 7.7652
My, pn, dn, pae Eleventh shell. Ry, %, g, du1e
1| 166.7330 1.0725 ‘ 1.0656 | 21.4 7.7834 7.7803 1 0. 0528 0.0519
7.7837 7.7895 |...... SRR [S—
3 7.7558 7.7618 | 0. 0421 0.0374
T0508 | VU | mereosaissmns] o [sesmssanifsesnia ussmsveilsussosesd
Mg, pra, ds,y pia Twelfth shell.  Rjq, $1, p1s, g
1 | 149.7915 1.0269 1.0099 | 19.2 7.7866 | 7.7910 (‘ 1 *0.0456 | 10.0557 | 16.9415 7.761 7.768 | *Rough. tSmooth.
9| 20.4688 0.3771 0.3734 | 17.4 7.7598 7.7640 | 3 10.3934 | *0.0410 | 10.0400
20,3483 |..oooonifeoniennnns 19.0 7.7613 7.7568 |... B e N CPP PP PR .. oo
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22 PHYSICAL PROPERTIES OF THE IRON-CARBURETS.

TABLE 2.—Cylinders in the glass-hard state. C of the

series of measurements— Continued.

Mm P13y 41:, Phs.

BARUS AND STROUHAL.]

TABLE 3. — Cylinders in the gl

EXPERIMENTAL DATA.

23

Thirteenth shell. Ris, 13, 13, dia-

d state. C of the
First series of measurements— Continued.

1 tary shells.

ob- | pcalcu-
ated.

P - - - 3 -
No.| M | served. | lated. | t A A | Mesna Ho| E& g » Balat e Remarks.
1|1se8e2 | o.or92| o.ome|187| 7m7ssr| 77800 | 7.7OM 1| *Loost| f0.9907 | *0.0477 11.2200| 7.800| 7.800 | *Rough.  tSmooth.
188.2607 |.cveene 20| mamz | 71088 e e e s
3|

0.0417 |.

My, pray diy prae

Fourteenth shell.

Ry, S14s 14y Ouae

1 | 127.5671 0.9417 0.9319 | 21.6 7.78178 7.7939
127, 5652 |eeevaanane]innnannn o 281 7.7872 7.7936
8 0. 2850 s

1 0. 9605 0.9516 0. 0375

11. 0054 7.762

.| No. 3 broken.

Mis, pis, 4is, Pis.

1 | 117.4303 0.9023 0.8939 | 22.2 7.7914 7.7975 7.7979
117. 4414 ---.| 20.0 7.7927 7.7988 |.eeenennnn .

Fifteenth shell. Rus, 915, 15 d1s

1| 092209 0.9120 | 0.0394

Mis: prs, diey s

1 | 106. 8649 0. 8651 0.8526 | 19.8 7.7954

106. 8635 |. 211 7.7942 7.7988 |..

7.8010 7.7999

1| 0.8837 | 0.8733 | 0.0372

Mz, pir, 4y, 1418

Seventeenth shell,

97.9374 |. .| 2L2 7.7952 7.8010 |...

1| 97.9382 0. 8251 0.8161 | 19.8 7.7961 7.8017 I 7.8017

1 0. 8451 0.8343 0.0399

Mis, prs; disy Pis-

1| 86.1936
86.1981 |.

20.5 | 7.7961 | 7.8017
22.2 7.7947 7.8008 |.

11.7445 7.805 7.805

Equatorial parts filable,

Mo, pis, d1o, Pro-

1| 74.8681 0.7238 0.7135 | 2L.5 7.7973 7.8031
T4.8673 | cecaancer|inanaannns 23.0 7. 7960 7.8024 |...

1 0.7502 0.7395 0.0529

Mo, p20y 420y Psor

Twentieth shell. Rso, 930, pt20, da0-

1| oo | o.osis| o.ckez|104| 7707 | 7sems| 7.e000
614078 |. 22| 7.7031 7.mz]

0.0723 0.0673

13. 4591 7.811

7.810
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24 PHYSICAL PROPERTIES OF THE IRON-CARBURETS. [BULL 35. BARUS AND STROUHAL] EXPERIMENTAL DATA. 25
TABLE 4.—Cylinders in the glass-hard state. C of the ive cores. Second TABLE 5.—Cylinders in the glass-hard state. . Constants of the tive el tary
series of measurements. shells. Second series of measurements.
[1=6 cm. approximately.] [1=6 om. approximately. |
M, po, o, Po- Ro, 9o, Mo, o
No| M s:r::;l. ’1::;‘_" : ¢ A | a.|Mema|l v Remarks. No, } :r;’:(i. RI::;‘;?' .::::1‘ "1:::;'_" M s:;';. d;::i“ Remarks.
2| 832.2677 1. 5010 1.5043 | 22.2 7.7841 | 7.7902 7.7900 } 0. 128370 sl

7.7837 | 7.7898 .

4|140.8030 | 1.0133 | 1.0114|22.0 | 7.7678
i 17.8 | 7.7690 |
6 | 115.3561 22.2 | - 7.7975 |
iR Jame | 7mo7ee2 | 78042 ..
| | i >
M, p, 4y, pr-
2| 821.1428 | 1.4785 1.4785 | 23.9 | 7.7798 7.7864 | 7.7878 | 0.128406 | Rough. Oct. 29, 2 1.4807 | 1.4914 | 0.0225 | 0.0258 | 11.3757 7.862 7. 847 -
| 1885. :
320.6418 |.oneeennfeoceennes 10.4| 7.7839 | 7.7802 |.....ceceniiiiioaenn Smooth. Oct.81, | ... PO . e R R
| 1885.
a4 | 144.7017 23.8| 7.7661 | 7.7727 | 7.7733 | 0.128645 | Oct. 29, 1885. 4
144.7017 |19.8| 77682 | 7.7738 ...
a6 | 108.1191 23.6 | 7.7934 | 7.8000 [
108, 1191 |- euneennnfennanneen 10.8 | 7.7966 | 7.8022 [..oeeeoenifeceonennnn Oct. 31, 1685.
s aDifference in A possibly the result of shrinkage.
My, pay 4o, P2 Second shell. Rs, 9, i3, ds.
2 | 310.9500 20.3 | 7.7832 | 7.7888 10. 0903
310.6535 |.. 212 7.7842 | 7.7900
4 | 136.9445 19.4 | 7.7681 | 7.7734
136.7036 19.6 | 7.7607  7.7753 | o wslo
6 | 100.5121 20.0 | 7.7924  7.79080 15.0378
100.1245 [-eeneennnn 35 0san 20.1| 7.7959 | 7.8015 |. e o s
Ms, ps, 43, 7s. Third ehell. R, 93, 3, ds.
2 | 207.6610 7.7849 | 7.7910 | 7.7912 | 0.128350 2| 14410 | 1.4303| 0.0208 | 0.0312 | 13.1437 | 7.T48
297. 6550 |- 7.7858 | 7.7914 =
4 | 126.3200 7 7690 | 7.7751 4 7.765
126.3191 7.7685 | T.7T749 |...-. e V. o
6| 89.6386 7.7929 | 7.7987 | 7.7985 | 0.128230 6| 0.8095 7.810
89,6377 |. 7.7920 | T.7984 | ..o... IR O N RS NS i S T
My, pyy 4y o Fourth shell. Ry, 4, f24, s
2 22.0 | 7.7865 | 7.7926 | 7.7923 | 0.128332 2| 1.4130 | 1.4093 | 0.0259 ‘ 0.0287
Jeri| 77862 | 7.7920 |......
4 22.4 | 77706 7.7767 |
- ~f20.4| 77721 T A 3
6 0.7342 | 20.6 | 7.7940 | 7.7998  7.7990 | 0.128222 7.794 7.794
79.2580 |.......... ceeeenes| 22,68 7.7919‘ A ) SSSURS) S——" -
| |
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26 PHYSICAL PROPERTIES OF THE IRON-CARBURETS. ([BULL.35
TABLE 4.—Cylinders in the glass-hard state. C¢ of the tive cores. Second
series of measurements — Continued.
M, ps, s, ps.
No.| M pob- | poalon: | a A |Meana| & Remarks.
served. lated.
2|270.2447 | 1.3635 | 18562 |20.6| 7.7809 | 7.7957 | 7.7953 | 0.128282
270.2450 [.oneeennnfirnnn e 22.0| 7.7888 | 7.7949 |.........f....
4|105.6781 | 0.8580 | 0.8489 | 20.1 | 7.7749 | 7.7805 | 7.7803 | 0.128520
108: 6777 [coscmmsoes|sovanuasan L5 | TATL( TIB0Z [ieremomsa|orranannnn
6| 60.1823 | 0.6888 | 0.6862 | 2.6 | 7.7898 | 7.7950 | 7.7956 | 0.128277
69,1881 |.eeeueransfinnnnannns 20.3 | 7.7897 | 7.7953 |..........
Ms, pe; Be; o
3| 255.7194 | 1.3244 | 1.3100 | 22.7 | T.7910 | 7.7974
BETUT [.evmemnansfonanonsans 20.8 | 7.7915| 7.7973 |...
4| 96.7900 | 0.8205| 0.8122 |2L5| 7.7761 | 7.7822 |-
96,7908 |.eeennennefinnennans 20.0 | 7.7789 | 7.7842 |...
6| 60.3100 | 0.6492 | 0.6406 | 20.4 | 7.7913 | 7.7969
00,8108 [vonauinsfcvsssosnna 217 | 7.7897 | 7.7958 |.cceeniii|ieeennian
M, pry Ar, e
2(244.6228 | 1.2062 | 1.2000 | 21.8| 7.7928 | 7.7989 | 7.7990 | 0.128221
244.6207 [oeeeeennnifieeeannans 23.2 | 7.7928 | T7.7992 |...
4| 88.4153 | 0.7851| 0.7762 | 2L.0| 7.7796 | 7.7854
BEIAUBH . cuecninss]ssdhilunace 2?5 | 7.9 | LTS AR T
6| 520503 | 0.6062| 0.5953|21.4| 7.7863 | 7.7921| 7.7928 | 0.128323
52.0498 [...ooeionifiaennnaans 26| 7.7873| 77986 |.......f........
M, ps, 4, s
2(226.9512 | 12512 | 1.2422 |22.5| 7.7958 | 7.8022 | 7.8022 | 0.128160
2209500 |....o00n. . et 244 | 7.7956 |  7.8022 f......oofiecnuenne.
4| 76.7934 | 0.7260 | 0.7241 (217 | 7.7830 [ 7.7801 | 7.7883 | 0.128397
T6.7932 [-eeennmnnesnnannnnns 28.2| 7.7812
6| 42.5669 | 0.5486 | 0.5383 | 22.0 | 7.7882 5
425004 |icciniminisannanaie 23.4 | 7.7862 | 7.7926 |.eeeeeiii.fieeeeiiil
Mo, po, 4o, o
2 | 205.7577 7.8009 | 7.8067
205.7554 T.7997 | 7.8061 |. =
4| 03.6639 7.7866 | 7.7922
63.6630 .. T.7846 | 7.7909
6| 31.9783 7.7814 | T.7877
31,9793 |... 7.7816 | 7.7872
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Yind,

in the glass-hard state.
shells.

TABLE 5.—Cy

Const, of the ive elementary
Second series of measurements — Continued.

Fifth shell. Ry, 9, us, ds.

| | |
o v | . | s | i | | s | o
‘T 1.3817 1.3756 0. 0366 0.0388 | 15,5008 7.731 ‘ 7.741 ‘ B

4 08802 ;:.ms OMM 0.0419 | 10.6641 7.748 | 7.74;.1

o omes| ome| ooss| ook | womo| 7| re0|

sstimseilssirsissns|sanassensdionasesnssfossunmnnen freseeees
Sixth shell. Ry, 9, is, de.
2| 13420 | 13376 0.0301 | 0.0372 l 14.5248 7.761 | 7.760 [

Seventh shell. R;, 95, uq, &5

1.2103 |

2 1.3045
4| o0.8028) 07942
6| o626 o0.6180
Eighth shell.  Rs, 95, s, d
2| L6 %359
4| omser 7.764

7.790

Ninth shell. Ry, 9, i3, da

21.1041 | 7.758




28 PHYSICAL PROPERTIES OF THE IRON-CARBURETS

Resistance data.— The present results forspecific resistanc

¢ are mﬁl‘e];

preliminary. They show, however, that even in the case of gtoq . ¢  special form of clamp shown in :
one centimeter in diameter and of but a few hundred mi»:::r«:]ni‘mLEI rols block of oiled wood, throngh the middle of which passes aniron bolt ed,
resistance, the electrical method may be sucecessfully dpplieq " fota carrying a steel cross-piece, ¢f, both
study of structural phenomena and made to yield good r('?’-llltqt'} ]E:H: ends of which are conical. Attached
e e to the ends of the block A A are two

reasons for this are at hand. The resistance effeet due to changey of
per is enormously large as compared with the density efl '“F S of
terval hard-soft, when referred to the electrical scale, nﬂmm-{-i,w ]

per cent. of the resistance of soft steel; whereas the th%n:-.;it;, l'*:}‘_ﬁ.?rfu
certainly smaller than 3 per cent. of the density of soft stee]. €Ck iy
treme sensitiveness of the resistance method is to some dp”“.;, i

however, by the fact that the electrical constants involve 1-|,:. dir I“H.[E"'
of the rods; and very frequently right sections are not dete m.!mm”ﬁ
within a few per cent. Moreover, in case of resistances as qnl'lllr-“{]mtblﬁ
mentioned, the electrical measurement itself must be m;ulf: wiltl h “I-”HE
nml{ the error will under all circumstances amount to 1 ;,,. 9  “Aution,
None of these difficulties enter into a determination of T per cent,
ef!!‘e{:t-; bl!t in spite of the objections specified, the l.;u'wt. I..Ht] Ii density
triga’ Yaristion renders the resistance methiod ““”“i"fﬂ' u:; ITZJ[::;:[E;

the density method. It will be invaluable for the Investig:
* ™

e s ! ation of s
anges of strain ; such,-for instance, as would result if tl St -
'sult } Stre

t-ht'-: interior parts were essentially conditioned by the
terior or superficial parts of a tempered steel rml‘(sp

) €.
l.‘ht‘, i"

m
Ih[‘. ex.

S8 1n
stress at the ey.

In this case the necessary results depend on - . 5]”:””{“’{:0‘ D- 41). steel rods ne fn, and thence (alter- A
The two methods are admirab purely electrical data only. ately) through salvanometer to shd-

: i mirably complementary, fi l : - nately) gh g: : Al )
method begum to yield satisfactorily reliabl Y, 1or the resistance ing contact. The method of measure- . P2y !
thiﬁkﬂﬁﬁﬂ ﬂf 1‘“{1 “Fherﬁ thﬁ de“ﬂit ;n{.tl lﬂ; ?» (lﬂtﬂn 'H,t. th@ ?El‘}r Htilg'ﬂ' 'I'.]r H'“.'-"t» iH th“t Ut' hlillthil'ﬂﬁtln'll“"-]‘;i“; "=$_., 1:.._ h. 2
ness, and conversely. y method shows insuflicient sensitive. The E.\*]}Ul‘ilnulltill data obtained 1n 2 | '

The resistance method has a further adv the way described are oiven in Tables L3 N X 3
hard ends (see p. 31) may be wholly a; ld{ vantage: the errors due to 6 to 8. In Table 6 (Rod No. 3), col-
iIf these ﬁompamtively thin rods b(i ill;}rtﬂ(;u'emenuyE“minﬂt{""]' For umn one contains the number of the k
, . il e T - . : P .
I"E‘Hd) dEBGI'llJEd, 1t 1S “nly Necess: . . n tl_l.(" dlﬁhnt\ 1114 {."l‘“ HI- cCore fl'l"” “'h]{:h th{! resistance 4! 4 at :
sary to slide a piece of rubber hose over 3

tl_le. ends to confine the solution to
gions of the rod as may be desi
duced with some uniform -’
as 0.12 of diameter,

t-' I{,r t:( I : 14

ity throughon
In the annexed (

Moreover, thickness may be re-
.t the chosen lengths, even as far
lagram (Fig. 5) one of these rods,

HARUS AND STROUMAL.)

thick strips of hard rubber or of
metal, ab ab, carrying steel SCrews,
mn mn, the points, 7 n of which are
also conical. The rods ne fn are tested
in pairs, and secured by aid of coni-
cal depressions in their end surfaces,
between the sharp ends of the serews
mn mn and the ends of the Cross-plece
ef, as shown in the ficure. At m m
copper terminals have been soldered
into the heads of the steel screws,
through which the line of metal mn
ef nm 13 inserted with a standard into
one branch of the bridge, the other
being the calibrated wire.  IFrom four
brass clamps, r r r r, copper wWires
pass tensely around the respective

to,.for the effective length, [, and the
radius p are derived. The column 5
rives the corresponding specific re-
sistance, at 02, for the rod 1n

surface (trued with diamond)

a1 cond

i, sl

RESISTANCE MEA SUREMENT.

the annexed diagram (IFig. 6).

29

AAisa

S TS

77

“F

Fic. 6. Holder for resiatance measurements.

ition of either rough or smooth

. as specified.

. — Resistance constants (No. 3).

TARBLE
| o |
No Wi . : o )
— . 1313 19 4.9 0. 4182 35. T
AREBAL peepomemasaammpinmmmmmme ; ' IR0 17 BTy N S 4.3 | Rongh.
..................... n4 - 1.15 3771 13. 8 | Smooth.
A Qe , Coro 12 coccvecmscns-mnranes | 140 17 i.45 | 0. ok .
T covered with rabber, as has 154 20 4902 |icinmnn 43. 5 | Rough.
0 hold the rods during h , MRERED o oissvaiaesamane spns et soempiicass supsmes j 1| 20| 45203334 | 347 Smooth.
g the PEHthHII{:[I I, o 07 65 | 0.2850 | 85.3 Smooth.
measurement T . T B i i S R P TR TR R Rt | 674 -l 4.
(470) , We devised the o RO R ELLE | il Rt Mt | o
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The values for & being ¢
cent., must be regarded as e
removal of 14 shells the vari
parrow limits.
either a poor quality

Moreover, th

PHYSICAL PROPERTIES or

THE IRON-CARBURETS,

rnULL 2

ertainly affected with an error of; say, 3 ik

oincident. They merely show that aftey the

resistance have been removed.

Similar results, but more coin plete, ar

c¢lature is the same as that used

consecutive cores at 19, is reduced to
temperature coeflicient, a. I,
and specific resistance,

R, = &(ppor+ Pn)

Sn —_— pﬂ—]_pﬁ

S,,=

o

tn—] -«

ations of the hardness of No. 3 occur Withi,
o absolute value of Sy is small, indicatijy,,,

- ; . : : &
of steel, or, more probably, that the strata of larg,

e givenin Table 7. The NOmgy,.
above. N, the specific resistanee of
the values for 02, by aid of
¢, s denote the mean radius, thiul{m}g.;..;T
respectively, of the shells. We have, therefor,

7n

Ifﬂ. -|""{-j

—

in -'Jn

when Q and A are symbols of section and conductivity, respectively,

and ¢q,= Qi1 — Q.

TABLE 7.—Stubs’s bright steel, Resistance constants of the consccutive cores and shells,
Rods tempered glass-hard,

[1=0 cm. approximately.].

No.| Shell. Wi Y a | S
Microhm.| Cm. |°C. Microhm. dMricrohm.
s § Gl ) e 660 0.318 | 19 42.7 | 0.0017 41.4
1. §20 |  0.204 | 20 45. 4 16 4.1
. T 1,000 | 0.262 | 22 45.4 16 44.0
: SO 1,200 | 0.227 | 18 44.5 17 43.2
i 2250 | 0.167 | 20 45.1 16 43.3
Biisia 4,130 | 0.130 | 21 47.7 15 46. 3
Grvurnnn 6,620 | 0.103 | 21 48.0 13 46.0
: ¢ 16,110 |  0.000 | 24 52.5 15 50. 0
TN 15,970 | 0.070 | 22 56. 4 14 54. 8
12]0......... 680 0.318 | 19 4.1 0.0017 41.8
) SO 820 0.296 | 20 44.0 17 42.6
2.. 1,020 0.262 | 22 4.2 17 42.7
- S— 1, 300 0.235 | 18 45.5 16 4.3
ot 2,440 |  0.182 | 20 47.3 15 46.0
B o 3,800 | 0.148 | 21 47.0 15 45.7
6..c......| 5,400 0.114 | 21 45.8 16 4. 4
g {11,9513 0.080 | 24 07.1 15 64. 9
9, 520 0.088 | 22 51.6 16 49.9
- : ......... 22,640 | 0.050 | 23 52.5 16 50. 8
e - I I R
- S— 800 0.288 | 20 43'3 . oy
g 510 o0 : 17 42. 4
b 18 44.2 17 43.0
o] W] emln| &3 8| e
. .- ' 179 | 21 45.4 16 4.0
Fasa e 3, 200 0.149 | 20 47.0 15 45. 8
; Frr 8, 830 0.002 | 23 48.5 15 47.0

(472)

o 8
Cm.  Mierchm,
0. 0240 ? a1
0. 0318 i 45
0, 03490 | 45
0. 0509 43
0. 0367 | Al
0. 0273 48
0. 0338 44
0. 0331 4]
0. 0215 37
0. 0337 4]
0. 027 J7
0, 0538 {2
0, G337 47
0. 0336 47
(. 0253 *30

(260 S8
0. 0291 19
0. 0140 a0
0. 0158 38
0. 0204 32
0. 0442 41
0. 0444 i 43
0. 0207 | 41
0. 0574 | 43
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TABLE No. 7.—Stubs’s bright stecl. IResistance constants of the consecutive cores and shells.
Rods tempered glass-hard — Continued.

BARUS AND STROUHAL.] RESISTANCE O SHELLS.

No.!| Shell. |1,| 11 l p ' t S a So IR .| & F )
1!. 1[Micmhm*- Om. 'iﬂt,'. Michrom. Michrom.| Cm 1 Cm. |Michrom.
7 B O S— | 630 \ 0.318 10|  42.6| 0.0017|  41.4|.......... T ELTETRrer
| Eoissanang | 740 | 0.304 21 13.4 | 17|  42.0 0.311 | 0.0134 36

Qi l 1,090 1 0, 289 ! 20 | 56. 2 | 14 54.8 | (0.297) | (0.0155) (@)
R | 960 | 0.260 18|  44.0 | 17,  42.7 0.287 | 0.0350 39
b | 13001 0227 20| 448 16]  4L9| 0.248( 0.042 45
5..coevent| 1,900 0.189 | 21 | 46.3 | 16 | 44.9 0.208 | 0.0382 30
" FE— | 2,030 | 0.138 | 20 48.4 15 | - 47.0 0.173 |  0.0309 40
] 5710 | 0,100 {23 |  44.5 17 42.9| 0.132| 0.0517 51
B i e 21,280 |  0.062 23| 555 14 53.0 |  0.084 | 0.0444 39

I

e E e e A =

a Bad contact.

Some of the results (see Nos. 11 and 12, shell 7; No. 14, shell 2)
which it was found necessary to repeat show how exceedingly important
it is to secure excellence of contact throughout the bridge adjustments.
In repeating the experiments we should temper rods 20¢™ long, solder
the ends to copper terminals, and remove only equatorial parts of shell.
We may remark that the sectional error is here probably positive and
relatively large for small values of section. This introduces a very se-
rious celement of uncertainty into the results. s is only to be regarded
as a check on S,.

Table 8, finally, contains direct tests for shrinkage. p being the ra-
dius-of the core, W, denotes the resistance before and after the lapse of
the number of hours given under 4. If shrinkage is an actual occur-
rence, 1t must be a phenomenon of viscosity ; and hence the observed
effect would vary gradually through infinite time. The differences of
W,., in Table 8, however, are mere errors of observation.

TABLE 8.— Resistance tests for shrinkage.

No. Date, h p Wi Remarks.
5 B e s S A A S SR AR SRS leeenns 0.31B |.......... Original radius.
5 | Wovembior 19, 1885 .cuiivummnmissvsmesmnssss sasses ' 0] 0.30 1,030 | One ahell off.
Novamber 201835 . . vasivinsasdinavnaievsss vasas SR | % O—— 1,022
5 | November 20,1885 ............... T e R 0| 0.20 1,803 | Two ahells off.
November 21, 1880 . ... o iieneaenes b 8L . esiss 1, 803
DISCUSSION.

True and apparent structure.—In Bulletin 14 we defined structare (p.
113, note) as the law of variation of density encountered on & passage
along any radius of the rod, from axis to circumference. But a mere
glance at the above tables shows that we must obtain greater uniformity
of results if we reverse the order of progress and follow variations of

(473)



PHYSICAL PROPERTIES OF THE IRON-CARBURETS.

LTI

32

density from the surface pormally inward. Let depth, tuke, DOsity,
in the‘dirention from surface to axis, be denoted by »r.  Thep t}q i by

tables enable us to construct

Uy

(ng(J').“.,.‘.._ ol

where Fisa symbol of functionality and r.‘l'_‘ the :lppurvnr_1lun:~xit5_ at 1111}‘
tance z below the surface, § isan approxinate expression for the strye,
are of the rod. To pass from this ' (x) to t!u'-. true H‘t!lll.‘lul‘(‘, it is lwr::_-Q
sary to make allowance for the t'uf;:t that in any given uniformly e,
pered cylinder the elementary cuuxl.:tl Hhﬂl.'[':i are not homogeneoys m
axial direction; that they increase In density as we pass from medig,
plane toward the ends of the cylinder.  More succinctly : In view of the
relatively small length (24;) of the cylinders as compared wit) their
diameters (2p,), the available method of tempering necessarily j Mparts
to them a box-within-box structure. Hence, it follows that

. .
(Iﬁ#.rlf'(.r)—i-l/f(;:,-)ri.r.+..i........_{:3]

By differentiating, simplifying, and again integrating, this equatiog
leads to an elegant expression for true structure, f(x),in terms of apparent

structure, 4 : o 5/
f(m) — I’uf_lﬂ dr = [, /Iﬁ:-;[?d£ """""""" (3)

lq—2
Jz) being the density at a point anywhere within the cylinder at the
distance x normally below the surface.

With equation (3) in hand, it is then easy to investigate correspond-
ing expressions for 4, the mean density of successive cores, in terms of
J{z) and z. These, however, appear under involved forms. They throw
no new light on the discussion, and therefore are omitted.

Density, 4, of successive cores.—To digest the data in the above tables
we shall first examine the relations of 4, the mean density of core; and
then from these introductory results proceed with the discussion of
stracture proper.

In Figore 7 we have constructed the various results of Tables 1, 2, 4,
by representing 4 as a function of radins. The loci for the data of
cylmt?er'a Nqa. 1, 22 3y 4, all of which hold for steel of the same kind,
are similar in their general character. This becomes very clear if
:.‘:’I:ep:ari ggg;hc;mﬁfﬁ,if the direction of Peggtit'ﬂ P _t{lwurd the axis.
i migﬁ . 1]::1 ul.l Bhel!w:, 4 appreciably fu]ls_ in all cases toa
Bl Tor oach ﬁylindé ,t ;,ht:.'ll 1:1u::ease§; at aI{proxm}mely Fhu same
lﬁngﬂ'ﬂwﬂuldtrendtowr fin;, n a l.ll!‘ectl?ﬂ w%uich if indefinitely IH.‘”:
introdaced into the f 3-; t ;diaﬂfflmm&tmpomtmu of ¢ goft” (noteasily
fore the ciliviina theigrla ). 'he chief f&atuFes of thfasse curvesare t}wru—
contour, their | fﬂ Ppwx:mate: pnralialm_m, their apparently linear

0 et independence of radius, Havi btained these result
We were inclined to look for . ng obtained t
00K for similar variations in all other kinds of steel

I

lo F(x)
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Not a little startled were we, therefore, by the data for No. 6, which
show an almost complete inversion of the structural character _of the
earlier rods. In the cases of Nos. 1 to 4, 4 increases from the circum-
ference inward; in the case of No. 6, 4 continually decreases, indeed at

779782,

774 7:77]

— it :
. 8 ) )
& NBe; oS

F16. 7. Density as a fanction of radins.

almost the same rate. Tt is therefore elear that structure must be rad-
ically conditioned by the quality of the steel carrying temper. In other
words, to discriminate between different kinds of steel by structure
(f(x)) data, onr classification would show immediate relations to the
power for retaining stress heretofore postulated.!

The superficial minimum or corresponding point in No. 6, ocecurring
as it does generally, is an observation of some importance. It probably
marks the depth of layer below which the combined processes of dif-
fusion and oxidation no longer remove carbon from steel. This depth

'U. S-. Guul: Surv. Ball, 14, p. 95.
Bull. 35——3 (475)
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will of course depend on the time of exposure to high temperatgp. -
fore quenching. The observation 1D qnesthwq is E:}nﬁr:med DY this eg
. wontal resalt: if rods be heated very intensely (Nos. 1 apgd 3 .
ipient white beat). the snperficial layers are treq jlentlz-‘ S0 softasto ﬁeﬁ

I 21c to steel master tools. Moreover In No. 1. which was tWiee

guenelied, this shell is comparatively thick. _The nnderiving core jsqp
wavs very bard, and it 1S thus possible to arrive iH.tht': thickness of the
soft shell with some aceuracy. It does not extend mmwarnd as fur a5 the
minimem : bat this does pot terd to invalidate the remarks just made,
because softpess, alier querss:h_iug_. must m:trre.:apgtd to an extreme da
gree of decarbaratiop. Therels, bowever. one point of view from whieh
the minimum acquires greater siznificance th:v{n a Seconddary or ine
dental resalt. If the rod subjected tosudiden cooling be suticiently thiek,
it is obvious that the interior will remain soft. [ence the march of sy
ward smaller values, e;hibited by No. 6, cannot keep on indefivitely, 4
must pass throagh a minimam aod then again increase. Hence we infer
that*the position of this minimam beaﬁ some inberent relation to the
quality ‘of the steel Eﬂdt’fr nbeserjrmimn = that its depth will increase in
proportion as the intensity of strain which the rod can carry withoas
rupiure, mereases. Furtber experiments are necessary to decide this
question.

It Ls‘mium to note that the glass-bard f of longitudivally cracked
md_.s (%m. 3 and 5} is smaller than that of rods of anbroken surfaee
This differenee may be an expression for the intensity of stress lost in
cousequence of rupture. More probably it is an effect of thickness.
lMI:::I:@ case oflm._l structure has been studied throuzhout an interval
bre:f one centimeter of depth. But it is not until we reach the
. yers for this depth that the eurve manifests anv tendeney

ehmg;:ts ehmra. Ard even bere the evidence is uncertain, both
mm tlenstttf measarements of the eomparatively thin rod are no
ﬁmed i:nmthe e and becanse the effect of bard ends. to which we

e ' preceding paragraph, becomes more and more serioasly
ppreciable as radias decreases. The sineularly si and suggest

TS : gularly simple and suggesuve
miﬁ* - mﬂl strikine COntras - : ..

i o & Contrast with the necessarily complex

b Ao S m}' -‘iﬂﬂﬁt:ﬂter into their interpretatiou. It the el

oniginally given of length 21, and of diameter 3 0. and if thes

a shell of thickpess
S be removed, careful inspeection of the eore wil

g | b mmtl:e fﬂﬁ?ﬁug three parts: (1} The central evk
s an]l —a, {f‘ﬂdms Uy—r} and two normal plaves at 3
b—pn —is} from the equator. Within this partial esk

: 0 f (z) in the direeti -
ally with respeet to axis. 2 El{etw?ei:]mm of radias, symmeine

&“ the euunter. mHm 6‘5 and [—g, —I,, amd —{lg—r}, mﬂv&l}]

:.' miblet- u“&ﬁﬁ:rﬁl t‘}* i.H'.:f f_:,:l'_ixi_'n:; i
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partial cylinders bounded by mantle and normal planes. I,—g, and I,—r.
— (l—0s), and — (l,—z}. It is here that the variation of 3 is intolred:
To represent 1t approximately in the right partial eylinder. let a cone
be deseribed aroand a given axis. npon the basal pfane L—.r with its
vertex at a distance [,—:, from the equator. This eone di:-‘tdi!ﬁ the
said partial eylinder into parts sneh that in the re-entrant fizure, 4 va-
ries from f (oy) to f (£} in the direction of radias. Ejmmﬁriﬁlﬁ‘i‘ with re-
spect to axis.  Io the simple conical figare, 4 varies from f f;;,,} to f{x)
in the direction of axis. symwmetrically with respeet to eiiuatm. In
view of these annoying complications, it is expedient to ealenlate 4 from
successive values of . This may be done without any aaxiliary hy-
pothesis at all. Having given 4 we arrive at the true structure as
shown in the preceding paragraph.

These remarks show that to obtain perspicnous values for A it is ad-

visable to use only the ¢quatorial parts for measurement ; that is. to re-

move the ends eompletely either by seolation or by saitable meechanieal
means before commencing the structare-measurements proper.
Density. &, of successive shells.—In our endeavor to consiruet the re-
lation between the density J (apparent strueture) and the mean radias
of shell. B, we must necessarily be guided by the following considera-
tion: If the shell be thin and eontain no maximum or other singular
point, then the observed 4 is approximately a point on the locus sought;
but if the shell, however thin, contain one or more maxima. then the
observesd & need not be a point on the locus at all, and the discrepan-
eivs and the liability to errors of interpretation will increase as the mAX3-
ma beecome more and more sharp and erowded. Let the shell be so thin
that its outer and its inner radius are praetically identieal with its mean
radios. i. e.. that the right section does not differ appreciably (rom
2+ Rd R=2 = R%.in area. In thisease ? r R = J is the mean mass per
unit of length of shell ; and henceany elementary eoutoar w Lich, between
RBR—S/2 and B+ =/ 2 incloses the same area as < 4, may be taken 28 2
boandary of the part of the carve under examination. This shows af
once the natare of the diffienlties encountered 1D endeavonng to diseass
the present observations on structare. It opens a field for speenlstion

g0 wide as to be thoroughlv nonsafe. We will. therefore, o the sequel.
Emit ourselves to rizht line diagrams. 1o meTe linear eombinations of

| ints o ; I mel - . thus< exhibit the resulis, 2s faras
the points given by expernment. We thus exhibit the resulis, as

oir O¥YIi.

4 N

functions of B, ou &

L 3 |
L
o ¥

[

In Fig. S the values for o are represenfed a3
of the present set of

T:l o . ,rwr!-' T T
BLiL ACCOTa >y

. seale in eorrespondence with the smabed 4t | . =
" data. The seale is, moreover. soch as €DAVIES gs to insert the Interv
; bard-soft for each curve.

~ the present, we find at Grst sizi

mpariscs 0 Nos. 1to 4 for

‘E‘H‘;-’F:f?-':" 4 1.*:1:' Curddd |
B 52 %

= b

Goht that the variations are jaggzed and
- - w = 1".- -l':- - iI tl} Eﬂﬂﬁﬂe th&

7 - : T S— I 1, therelorne, LY e

- apparently irregular and eonfased. 1T1 s :

_ diseussion still farther; to examioe 1€ data holding for No. 1, for which

: Iy complete: then to use the
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ther curves as a means of corroborating and of further elucidatingtht
other :

_ : s deln. Inasmuch as the evidence given by No. 1 is fully valid (see discussion
divers inference ander Errors, p. 43),as8 we pass from the circnmference inward &8 varies in
accordance with an obviously harmonic law. We readily discern five
pronounced periods (all marked in the diagram), which are crowded
near the surface, but which lengthen and are gradually obscured as
we pass toward the axis. During this oscillatory march, é increases
from values which lie below the glass-hard density almost as far as the
density of the soft state. In other words, the interval of variation of
density studied from point to point of a tempered rod is fully twice as
large as the density interval bard-soft. Indeed,if we take into consid-
eration that ¢ is only the apparent structure, that the shells are not
longitudinally homogeneous, but hard at the ends, it appears altogether
probable that the density of soft steel will actually be reached. At the
same time, it must be borne in mind that the density at about 0.7e=
below the surface does not differ appreciably from the mean density

of the core. Hence we infer fairly that from here on, inward, Jarge
flactuations of 6 will no longer occur.

|

The inquiry next in importance is the relation of density at any point
within the eylinder to the hardness there mechanically observed. To
the occurrence of soft strata between the points marked a and b we have
already adverted. Bat below this the steel appears exceptionally hard—
80 hard that the little ridges and farrows left on the surface by the
diamond readily grind off the edges of a file or any other hard steel tool.

‘This state of hard temper continues until we reach the points in the
vicinity of ¢ in the diagram, say 0.7 below the snrface.

— |
LT |

From here on
the rod is quite appreciably filable near its equatorial parts, the ends,
of course, retaining the intensity of hardness of the superficial shell.
After these remarks it is in place to pass in review the corroborative
evidence obtained from the other c¢ylinders. In no case is the perio-
dicity so sharply pronounced, and were the data for Nos. 2, 3, 4 alone
available it woald escape detection. But the evidence by no means
conflicts with the inferences addnced for No. 1. No. 2, for instance,
shows the first and second minima (see diagram) in proper position.
Mot g The inclosed maximum is not so distinetly marked. :'S'ﬁ. 2, hDWE:ﬁ"EI‘,
| was quenched from a temperature much below that of No. 1; and since
the harmonic distribution of density is primarily a mechanical phenom-
énon, the importance of temperature is at once obvious. For similar
”l | reasons the periods of No. 4 are more obscure than those of No. 3. In

P,
FR— S | SR —————— L

b

0.6.90%, | u all rods (Nos. 1 to 4) the tirst minimum is unmistakably located near
| | Radius. “> | 0.05em of depth. The second minimum falls between 0.10°= and 0.15°= of
| depth; the third minimum in the three observed cases between 0.25¢m
No.6, o, i and 0.30=: the fourth minimum between 0.5 and 0.6¢= of depth. This

: T : accordance is too persistent to suggest mere chance colnecidences.
E i 2 k5 '_ : ThTumughly distinct from these curves is the locus of the set of values
i mmmhqmngu.:[ P or No. 6. "I‘he Tﬂl’lﬂt]iﬁ?l!-ﬁ show u?u_'m:-;'t simple permdff:lt}' around the
o anction of radius. . Blass-hard line as a position of equilibrium. A comparison of the carve

‘ .

(419)
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_ weve Nos, 1 to 4 at once calls to mind the tlifﬁ-,rm“:ﬂﬂi"
No. 6 with the curve Qimilarly to Nos. 2 and 3 we here f
the qualities of the steel used. Sk M vn Pt Ehi: mall n(
the density of external shell dw"lm“‘}. . HHF_ I : ; ROTL state,
The material is probably Imﬂ‘_’l-’*' (5u.r]_1|11'121_%tl; for even 1nthe glass.-hayg
state, hardness (mechanical) is not intense. . |

Having described the principal features of the p nén.mm non of .*-atru{:L
are somewhat minutely, it will be our next endeavor t'u‘:l{:(:mlllt for the
remarkable variations observed, at least 1 some ]H'ﬂTIHmIl:lF way. The
methods which suggest themselves to us IH::I}'.hti grouped in referenea
to two general heads, periodicity and carhurutmn'. Jut there are twg
ways of explaining periodicity : we may regard it as @ real stioetary)
phenomenon, or we may regard it as a secondary oceurrence, bearing no
:nherent relation to temper at all and due to intermittent shrinkage of
the evlinder while in the hands of the operator. It is expedient to con.
sider‘therie questions in separate paragraphs.

Possibility of harmonic distribution of density.—Suppose we ignore the
occurrence of periodicity for a moment and consider only the mean as.
cent of the loci for 8. Then in case of steel of a given kind, subjected
to a given operation of tempering, the hardness or density exhibited by
any point is essentially dependent on the position of the said point below
the surface, as our data show. The rate at which the point cools is
similarly conditioned. Hence it is natural to associate the first phenom-
enon with the second, and to state that the hardness in a given point is
a function of the rate at which cooling there takes place.  Knowing the

relative rates of cooling of consecutive shells we would have given ns

therewith a method for expressing hardness (estimated in units eitherof
density or of resistance) in terms of rate of cooling. But the adeqguacy
of such a mode of inquiry is incomplete, because the shells in guestion
are parts of the whole, and not distinet individuals.  The consideration
simply suggests the cause for the gradual decrease of hardness from
surface to axis.

Returning from this digression to the consideration of periodicity
A e remark that solids, when subjected to shearing strains, usu-
ally exhibit low degrees of elasticity and experience marked changes of
f;’;ij H;i;iﬂﬁ:} :;11;::;21(;%; "'ﬁ'h‘{.‘:[.]l[':.b :».‘uliql,*p];mtiu, viscous, or liquid,
strain of cﬂrnl]PESHiI”n o :::HI t:JIlit:: l-_it.l"ulllﬁ——'llt the present lllrftilljifi*'l'u fl
R ava iirubalily vufrlr. ;m:'y ]{ rIHLF‘II'JlltIﬂll In tlfu three t:;u-dmu’l ulnﬁ-u_*(,:-
principle Suggesting theb dr ) ,”{iﬂ““"]_}' clastic. Here, t_lu-.n-im*v., IS i

" possibility of vibratory movement, even inan

Intensely heated viscoas solid. Sq

pose now there be given a small
sphere of steel. Pl there be given

Let this be heated abov ly
cool . - above redness and then suddenly
thate;:: gqﬂenched) uniformly over the whole surface. Then we contend

; 18 not probable that during the initial
tion should manifest itself aq

‘Attention must here he draw e S
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WwWe contend, in other words, that in consequence of sudden and enor-
mous Compression, virtnally apphied at the surface, the whole sphere
during incipient cooling will be thrown into a state of vibration symmet-
rical with respect to the center of figure. Under the ideally perfect
circumstances of quenching, therefore, the sphere must so vibrate that
all points of any given spherical shell at a given time are in like phases
of oscillation. It follows obviously, moreover, that in the case of a long
cylimlpr suddenly and uniformly cooled, the phases of the elementary
coaxial shells will, at a given time, be identical,

The necessary concomitant of the vibration specified is harmonic dis-
tribution of density ; and the maxima and minima encountered may
be made to differ by amounts as large as we please, up to a certain
limit, by increasing the temperature from which cooling takes place.
But while vibration is in progress the cylinder itself is cooling rapidly,
or, in other words, the rigid shell c¢loses inward from surface to center,
congealing, as 1t were, and retaining permanently within itself the traces
of the harmonic distribuntion of density in question.

More concisely : Let the sphere be of large radius, Then the density
in a point at a normal distance, x, below the surface, at the time t, dar-
ing the initial stages of cooling may be expressed by

6:{tﬂin‘£f(vt—.r+d> P e e kR

where » is the velocity of propagation, A the wave length, A a length
phase.

Let z=q@);t=1(x) « + ¢« + o« o 0 (2)
express the depth of the advancing inward boundary of the rigid shell?
at the time . Then the mathematical effect of congealing may be said
to be equivalent to an elimination of't between equations (1) and (2) ; 80

that for the rigid sphere,
) :f’!HiIl.::{--(‘?." | (2) — = + A) o Gl e, B e )

i

=

a function of z only, applies. Equation (3) shows that the wave act-
nally congealed nced be identical in regard to neither phase nor wave
length with the original wave A; that it will generally be very much
larger, Tor instance, under the simplified conditions that z = @(t) =
m 4 nt, if we put

arc ¢ty n =« arc ctgo=fI
the congealed wave will exhibit the new phase 4,/, and new wave

length, A
S Hil_]_ﬂ.ﬁ
sin (fi—a)

L. (4)

A= A—m and A=A

7
respectively, According as a lies anywhere between ﬁ—gdnd f3, 4

sin /4 and «. DBut it 18 es-

e s —

may have any value between the limits A
as well as of mechanical action (tem-

IRiI‘;;d't'F I_I;i';-"r -hl_‘l’it be the l'l":ll“ Hf-l.'hl';lflil'ill
Perature). See p. 42,
(481)
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iodicit iform.
ant, and the periodicity uni
; s of like thickness be etched off, the obseryeg

<ome such relation to the congealed periodi city

40

gentially const
in passing, that if shell
harmonic law will bear

is expressed in equation (4). . |
aslf P (I:‘} be not linear bat represent some more complex function, ag i

wast in the case under considera_tinn, A must also vag uﬂutinunugiy_
If, furthermore, n —d ¢ (t) | dt, and if n {lff(:rease ﬂOfltI{lﬂﬂtlﬁl}', then 4
will increase with z wherever 7 > p; it 1E'rill-d1&{;:1'«::'151: with l{?l’;rgﬂﬁingz
wherever n < v. The former of these criteria seems to be given by the
diagram, Fig. 8; but it must be borne In mlmlrthat' t]}e curves thepe
given are serionsly distorted by other causes. .[ he: inference goes g
farther than to point out that the harmonic distribution of density must
bc of faria.bhg ‘[}EI’]Od; and that IhiH variutif_m “‘i” 1’}#:]1&:1‘111 (31 ”l[: rg]a_
tive values of rate of wave propagation and rate of advancing rigidity,

As the process of cooling proceeds, the contivually increasing thick.
ness of rigid shell interferes with vibration in a way to obscure the
I}El"il}d.‘i more aud more, a5 we piiss from the surface 1o ward. Within
the shell the energy of vibration 1s largely potentialized. We have
already pointed ont that in the case of eylindrical figure trae siructure
is related to the apparent structure, 4, by the equation

‘ F' (x)
f{-’f}=*’nf(&__$-

Here we may remapg

If F (z) be harmonie, f (x) will also be, with this limitation, however, j:_:

that f (z) and F(z) canuvot, at the same time, both be uniformly so.
Probably neither will be ; and we have a second condition for the vari
able periodicity observed. The effect of superficial decarburation on
6 i8 a third condition.

Perfect uniformity of sudden cooling or quenching is not practically
att?inahle. Pressure is first applied at the parts of the hot cylinder
which first touch the cold water, and it i not until the mass is fully
Btl.bmerg?d that the temperature, &c., of the surrounding medinom is
fairly uniform. Again, certain parts of the quenched bmlj;' will always
be more favorably placed in regard to contact with cold water than
others. Heunce the conditions are such that perfectly symmetrical ar
m“f:me“t of the parts of like given density relatively to the axis and
:nuc:n‘:;ﬁiﬂi fo the steel body must be a very rare occurrence. True
go Circumsta? E:E 1;10;8 or less folly ::'rbwured by the divers adventl
$6né 12 the overatto ;Bfﬂ illing and by intentional or accidental varia

g tempering itself.
little experimm:: ﬁiﬂr?narﬁ very well illustrated by the following
pended with its plane alws fhca_pable of up and ({ﬂwn motion be 808
186 1502 bis Towered a2 ro gtf;ar f}ntzontal Over a hafun_ of water. Ifnov
S5 St a8 pmcs, s ot 11 intervals so as to dip into the water with
PR R e e period of oscillation of the ring be a0

81y with the oscillation of the circular wave nnder if;

(482)
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the whole surface of the water bounded by the ring may be made the
geld of regular and continued wave motion. Suppose now the water
to congeal from the ring inward at some regular rate, then the congealed
curface will show uniform periodicity, which will not, however, be iden-
tical with the period of the liguid sarface, If the rate of advance be
variable, the periodicity must be variable. Finally the conditions of
pmctical quenching may be typified by the interferences resulting if the
ring be dippe obliquely relative to the surface of the water.

Intermittent shrinkage.~Whatever the mechanical struernre of steel

is, it may be reasonably argued that the conditions of equilibrinm at
every point are in conformity with and influenced by the dimensions of

the bar. Heunce, if parts of the rod be removed, by solntion or other-
wise, we may look for an excess of stress in those parts; and if the
process of removal be often repeated, this excess may eventually in-
crease to an intensity su fficient to effect a permanent and sudden change
of strain. A series of such changes would constitute the intermittent
phenomenon in gnestion.

Glass-hard steel is under a strain of dilatation. The prohable effect
of the removal of :-'u]n-l'fii;i;:l coats i.-'r, therefore, contraction. We need
only suppose that the greater part of such contraction takes place uni-
formly, in groportion as shell is being removed, to obtain the principal
features of Fig. 7, Nos. 1 to 45 moreover, that sndden contractions of
higher order, occurring intermittently for the reasons specified, are sa-
perimposed upon this main and uniform shrinkage to generate Fig. 8,
¥os. 1 to4. Forsince

”' .“ i 12 ) -
, ] 7, 47 7IE D e
6= ..:‘ ___and T S i, SR RN -
M, :H“V, — 7 X w2l R ;I' _'*. w4 ':Jt-ﬁ_.f
M7 M) e

and since we may consider ¢, M, My, 7o constant in any given experi-
mental case, it is obvions that if 7; vary by small decrements, in conse-
quence of contraction, 4 will vary by corresponding decrements, and
conversely. If, therefore, we examine Fig. 3, No. 1, for instance, sad-
den contraction may have occurred between b and the first minimumw,
between the first maximum and the second minimum, between the sec-
ond maximnm and the third minimum, between the third maximum and
the fourth minimum, and so on. Between any minimum and the next
consecutive maximum we have usually a curve of gradual ascent, indi-
cating normal changes of density.

Some evidence of contraction is contained in the above tables, and
discussed under Errors, p. 48; but it 18 insufticient. On the other
hand, n6 contraction could be discerned by resistance measurements at
all (p. 31). The occarrence of shrinkage is, therefore, questionable, and
more searching investigation may show it to be absent. Moreover, it
would furnish no satisfactory explanation for certain degrees of like-

(483)
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s Nos. 1 to 4, to which we have already -
e clﬂ‘"f»‘ﬂf nearly 1°® of shell, hardness is stil] retaj
i‘t grad ually vanishes near the midd]e
hrinkage hypothesis.

42 PHYSI

ness in

‘a
After the remo? "
the ends of No. 1, whereas

; . i adverse to toe S
This, again, is ad r e cikianma tewe il
Cafrb:rﬂ-f-iﬂ"* _The probability of absence of true shrinkage tg which

we referred in the last paru-gmph_, taken I" ffﬁ"{lﬂftjn" “:ith the grey,
tability of the shells in the divers hluf..uuen:a of steg) ox.
mo!w“‘“" 2 ts that the intensity of the mechanieal strain of elas
amrl; E(:’;uii?psossiblv be overestimated. Mere superficial scmtchi:,
ih:freqsuznﬂy;uﬁicieut to explﬂdﬂ_a lel“:””ﬁ fll'ﬂl‘-] | Glilﬂﬁ-lli}l'tl Steel,u;
the other hand, may be red:}wd in th:ul,.nem to quite one-third the Orig.
inal diameter, or again, thin rods (“_-i""“) I't‘duc'{*d to nere filamentg
without showing any thoroughbly satmﬁm‘tnr}' ‘evidence of shriukag&
In all the experiments made by the resistance method, hardness jg
found to increase very perceptibly from s_ur['ace to core; the (thin)
rods (radius = (.3») are hardest at the axis. If, “l[i"l‘&fﬂl'ﬁ, steel Dag
once been subjected to an operation capable of evoking the strain of
dilatation in question, the strain imparted appears to possess a cer.
tain permanence of character and to be able to maintain itself iy
dependently of the presence or thicknessof the surrounding layers. In
this respect it is peculiar. It yields readily to temperature only; and
we infer that it owes its persistency to molecular or chemical agencies.?
Suppose, therefore, that with the carbon available in steel it is possible
ander favorable circumstances to produce a variety ot iron-carbuarets; in
other words, that under favorable variation of circumstances, a certain
latitude of density is a possible oceurrence. Then we argue, plausibly,
we think, that during the process of sudden cooling of steel from red heat
the carbon and iron at any point within the body will unite (for the
given degree of carburation) in correspondence and conformity with the
intensity of strain there experienced; that, therefore, in the cold steel
the straius are to a large extent permanent and independent of the con-
dition of stress of the surrounding medium of steel.

The remarks just made will have shown how incomplete our knowl-
Gdg.e of the phenomenon of structure as yet is, and where further ex:
permrentabiou 1s essential. The paragraph on periodicity postulates
ﬁer!:am relations between velocity of wave propagation aud rate at
which rigidity advances inward. The occurrence of shrinkage is hy:
pothetical and lacks satisfactory evidence; nor has direct quantitative
[Measurement been brought to bear on the conditions of carburation.

— e —————

e at
Dartg,

d;{p}:;:ﬂﬂ?ﬂt EIpﬂ-rimeut{; show that the respective behaviors of steel aud Rupert
A Cﬂndir;;: fl;leatmn are identical .— dugust, 1336. _
R :fﬂizura;:e to chemical combination (quenching), so difficult of ulta;tﬂl;
carburatio 'W degrees of carburation (steel), are given at once in case of gred
1 \east-iron), where mere cooling in air will harden. The mass of available

carbon ilthareforahm . - bl
an instance ‘of Mtiun_mnnm factor and the phenomenon in hand 18 P
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Nevertheless we believe that cautious blending of the three views
sdvanced will reconstruct the actual phenomenon of Structure as accn
rately as the data now iu hand deseribe it,

Resistance.—The results in Table 7 show no pronounced periodicity
Considered individually, moreover, they would not be of much value,
Considered as a whole they mutually sustain each other, and indicate a
decided increase of resistance in passing from surface to core. Hard-

ness increases rapidly inward, and this quality here exists in greatest
intensity at the axis. These rods therefore show like behavior with No.
6, and the general structure is that of relatively deuse external layers

surrounding a relatively rare core. But it must be borne in mind that
these rods are comparatively thin; that for greater thicknesses the loci
will probably pass through minima of 4 or maxima of S, and of hard-
ness, thereupon to enter into a second phase of variation, such as is ex-
hibited by the J of rods Nos. 1 to 4. Considered in this light, the min-
ima in Fig. 7, Nos. 1 to 4, are to some extent critical points, inasmuch
as their position varies in depth with the quality of steel employed,
and is deepest for steel capable of withstanding a maximum of stress
of the given Kind.

Finally, it is well to remark that the data of the above tables, when
interpreted in the manner given under carburation, conflict with re-

ceived physical notions of temper and structure; for it appears that
the equilibrinm of stress at any point is maintained independently of
the presence or absence of other layers. Hence, the deduction madein
Bulletin 14, page 103, from data obtained wich malleable cast iron, viz,
that the clectrical variations accompanying temper are evoked by strain,
and are only to a smaller extent dependent on the conditions of carbu-

ration, does not follow in the way in which we there understand it.! In
short, the present results make it questionable whether in the cold rod
the effects due to strain and to carburation, respectively, can be sharply

distinguished at all (¢f. p. 42).

Errors.—In the vpresent research some of the inferences are depend-
ent on variations ot the descriptive function, d, the order of which is
not much above the aggeregated effect of errors of observation. Hence
& full cnuwmeration of the divers sources of discrepancey, together with
an analysis of the magnitude and distribution of their respective infla-
ences, 18 a matter of cardinal importance.

It seems expedient to commence with the observations proper, since
It is here feasible to obtain cood estimates for the amount of distortion
Probable in each case. 1f we define d,, the density of the nth elemen-
tary shell, approximately by

R
f‘;“ — ._j“ B .“_.*” (Ju-i ——A“) o e e ali N eniites e {1)

—
—

1 . R ot : ~

thﬂll]}' in malleable cast iron insuflicient quantities of transmutable carbon ave
available, the metal being rich in graphite. The presence of neutral conducting sub-
stances obscures the electrical effect of temper.
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we may regard tle errors of J, essentially conditioned by the valueg
and variations of 12, 8, 4, _1+— 4. The range of variation of these quan.

ities has bee
izl abaes 0.0 < R <15 . . . « .« . . (2

0.01 < S SOY s 5 oo s  w (8
0.0010 < 4, — 4,<0.0050 . . . . . . (4)

Hence, if to prevent confusion of signs we designate errors by prefix.
ing the differential symbol *d,” we easily {lml_uco from (2), (3), (4), and
partial differentiations of (1),

0.025 ds, < ds, <315ds, . . . . . . (D)
2.5 d(d,_,—4,) < 46, < 15.0d(d,,—4,) . . . . (6)
0.005 dIE, < do, < 0.25 ARy, « + « o o« « (1)
equations to be interpreted numerically. It we consider these cases
one by one, we obtain as conditions under which (D) 18 least favorably
and most favorably applicable: :
ds, < 0.01; 0.375 > do, > 0.00025 . . . (§)
ds, > 0.001; 0.037 > dd, > 0.000025. . . (9
respectively. Again,for the conditions under which (6) is least favora-
bly and most favorably applicable,
(4, ,—4,) < 0.0010; 0.075 > do, > 0.0025 . (10)
d(d,_,—4d,) > 0.0001; 0.0075 > dé, > 0.00025 . (11)
respectively. Ior (7), similarly,
dR < 0.01; 0.0025 > do. > 0.00005 . . (12)
dR > 0.001; 0.00025 > dos, > 0.000005 . . (13)
respectively.  An inspection of the inequalities (8) to (13) leads to the
result that serious distortion from errors in the measurement of’ 2 need
not be apprehended, but that the effect of errors of 4, _, — 4, and to
a much greater degree of S, may, in unfavorable cases, influence 6, to
an alarming extent. It is, therefore, desirable to discuss in detail the
probable mean errors d$, d(4,_,—4,), dR, and to weigh as nicely as
possible their influence on 4. Inorder to do this, in a measure at least,
we made duplicate direct determinations of 4 after each removal of
shell ; and, similarly again, duplicate measurements of & and R. The
values for 4, 3, and R, as resulting both from direct measurement and
from indirect gravimetric measurement, are fully given in Tables 2, 3,
4, and 5. Table 9, however, contains a perspicuous comparison of the
special differences between ot served and calculated, here in question.
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BABU
TABLE 9.—Ezxhibit of errors of R and of 9.
— I - g
Hﬂ_ 1,. | }‘D- 2.. ‘ "H.u‘ a
— | z i
Shell. | dR dd ! Shell dR j dd | Shell ‘ dR dé
.--"'"-_‘___-_-_-_--I | : .
.| —0.0003 | —0.0022 || 1 ........... —0.0017 | —0.0033 || 1......... | ~0. 0064 40, 0005
;" _________ + 016 — Ol 2, 3 00]-~ 10} 0. - oe|- 19
3" + 031 - 017 || 8.cvvvvnnnnn. + 07|~ 14| 8........ 4+ 09l— 1
7 l—— 4+ 052 — o022| 4. + 087 .- B 4. + 51|~ 86
o 4 026 — 052 B.cceennnenn. + 081|-— 22| 6........ + B[ - 68
v + 000 — 098 6........... + 03|+ 10| 7......... o+ B~ 1
B coman G 4+ 091 4+ 115 | Teceennnnn... + 08|~ 07 8......... 4+ 6|+ 2
n _________ 4004 | — 0521 Bnisenne + 1004+ 20 9......... ‘ + 5|- 10
i + 087 |4 017 || Deeeiiniinn + 106! = 31| 10.......... + 76 !r - 8¢
Homooeeannn 4 074 | 4 009 fleeeeinniaiiii e, s (R + T2+ 4
o O i e il AL | FRERS 4+ 4204 20
13 .. A+ 124 | e L L e L PR PR T [7eszatiesasa iradaia o) jredsenes
" 4+ 08| = 020 ciciiiiniiii]eiiennnn. ) e loenennene
16, scsasvnes 4 001 | 1 B I C T | B e PR LR Y
16‘—-4 i STy + lu'-'l- | = l}ll ------------------------ E ......... : ..... lesswasn -
1 SRt + 108 | + ﬂf-i [|oossasassuanaloinesansa 1, --------------------- N -
lE__ - - —l— Iﬂl — ﬂ...':} 1 -------------- 1 .......... i ---------- s by ("=
lg ........... + ]D? + ﬂL}B |eessssasarssacfiocrcasane i e 1 ------------------------------
- 4 07T | 4 050 l.eeeeeiiiiiini] e, csnnmmans N e St
Numerical | Numerical : | I Numerical | = e
mean ... 0. 0072 0. 0042 | mean ....| 0.0052 | 0.0020 | mmn....! 0.0050  0.00C
No. 4. No. 6
_—— | —— '-': e — — S o = i i =T
Shell. | drR | d9 Shell. ‘ aR dd
| | ) BT |EERTNE JAEPALA
e j— |
1 | 40.0025 | —0.0012 || 1.ueicciiionreasamnronncnsees | -+0. 0171 _ﬂm:‘
| : R + 06| + o
2 sssesssssmns smmmas " L -} 020 | -+ 0i dresseanscnmnsnnnst
O [ " 1 i B + ﬂﬁﬂ RA 1*
- I . | 4 035 | — 17T | Beecereceinnsn-
| -g | g ll g o + 81| = 2
‘... | 4 070 — 73 ([ 4cunnrniececacnnns |
| N TNyt e '+ 060| + 08
5.. cawe . 104 = (80 H Bnusesmmsaimamemttern? . 50
| 4 188 | -{- D8 ! B.....ceacsensssnvosssssnsnsnce L Oob -
g i e K ‘ 05 | 7. erieeeiiaenansonnannnses + 06| - B
= pPeed! e + w6} - O
B ........... , sESE s EASE R E B R "*' QGO0 I -+ ik ff ProssappmnestemEE—— —I_ 083 ‘ + 4
D e e |+ 041 = 22 Doccunenescncnenionter | o~
061 | AL vumerical mean...c...-| U 0020 | 0.0
Numerical mean....... | 0.0061 | 00026 . | | =

— N

| | e —

In {!ﬂllﬁtl'“{.ﬂiiillg Table 9 it was Tll“”:'_'.'h‘_ ‘t‘f{[li'{][pnl‘ tﬂt iillifliilllt;:zﬂ:;l{;::ﬂd
putation Ly assuming = G The nlll[u:-'m {‘I‘I'm- ,tlllulh. PR
(except in case of No. G, aboul which later) "b'*flﬂpl_“”I fl:‘““‘ ;t o attribu-
per cent. of excess. The unbroken f'I””h{“‘“‘r”t f{H h ,tl.n.::tft;:i‘l;‘:’rrl"mled
table to other causes, principally to the t:u*!_ that n Vit 1': .1 ods. in view
or pitted surface of the cylinder after ﬁ““_l““”—'m ”ﬂ" I.: q,ﬂ;;};wtnrilv
of warty irregularities, which even the diamond does I:F .-.1l i.mpm‘.m".t
remove — the measured value of & must be too large. 10 d

v o (n.31). In S this
bﬁariﬂg of this result we have already ”11["1:]‘ :ll;)f}?ﬁlgqllv)n difference.
uniform error is largely eliminated, because = is essentiall)
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If we take the numerical mean of the values of rfﬁ and rf.‘.‘%f for Nog,
1 to 6, respectively, the results must 3‘i£~ﬁ1{l s as Hiﬂfﬂ an estimate fop
the mean errors of R and £ as is conveniently obtainable, even thoug
this method be not punctiliously rigid. Table 10 shows rlm‘ value of
dé, corresponding to the numerical mean vu{ue:a unflvr consideration
(Table 9) for each of the cylinders Nos. 1 'tn 0, :‘u‘uI fnl: mean \‘nlu‘e of
R, &, 4. The table is readily intelligible, since dd is the influence of the
error placed on the same horizontal row.

TABLE 10.— Calculated (mean numerical) errors of 6.

[R=1.0; ¢ = 0.05; dn—1 8n = 0.0025.]

—— — ————— =
I—————_ T = =

| I
No. | dR d (d{da—1 &) dé
_— ’

IR— e (S —

BRI AR b st 0.0042 | .......... [ 0.0020
W SR i 0.0005 | 0.0050
| 0.0072 |...n.e.... I 0. 0002
Rt caaraksativian R N 0. 0010
e semreaales g dandan 0. 0005 0. 0050
R I 0. 0001
R, —— | 0.0027 | cereernnnn. 0. 0013
V. S— 0.0005 | 0. 0050
R . [S— 0. 0001
* DTN LI (o DR sesisasis 0,0013 |
.......... 0.0005 | 0.0050
L1 115) O P S 0. 0002
B e e T () ( [— 0. 0016 |
.................... 0.0005 |  0.0050

.......... oeeeneen | 0.0002
I

The distortion due to errors of observation enters very fully into the
third decimal and may affect the second. Its mean value will not be
greater than a few tenths per cent. This is by no means suflicient to
invalidate the observed harmonic character of Fig., 8. It is indeed only
just sufficient to permit us to replace the jagged outline of the diagram
by well-rounded contours.

These data are so important as to urge further search for corroborative
evidence. Fortunately, results for this end are in hand. In Tables 3
and 5 we derive J in two ways: first, as depending on mass and density
alone; secondly, as depending on dimensions and density alone. The
two methods of computation both contain 4, and are therefore not wholly
distinct; but they differ from each other by one essential variation at
least; and although it is again not rigidly precise, it is sufficiently in
keeping with the present purpose to regard the difference between the
respective values of J as a fair estimate for the error of this quantity.
For the sake of facilitating expression or of deriving a single final

result, we will go one step further and regard the differences between
observed and calculated 4, in Tables 3 and 5, as errors of & considered
for the time being as a constant quantity. With this assumption we
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reach a concise expression for the mean error of one observation. In
consequence of the transcendental character of the dependence of 6 on
R. we know of no better method for making this evaluation. The indi-

vidual and the mean errors thus derived are summarized in Tables 11
and 12, , s
TABLE 11.—Ezxhibit of errors of d, first series.

_— ——— B ¢ T—— e
e —

No. 511011._ Error, | No. Shell, ]:‘.r'.rur:»r.1 No. Ism-n,i. Ertor.
_ et e | _ | P
R i e 1Lieml Yo 11 |£0.000 | 3....oooon... 1! —0.010
2 - 17| 12— 07 2! 4+ 03
8|4+ 03| 13le 00 3+ 00
4.4 o1 14 14+ 04 4| — 05
B | ouici | 15 |4+ 01 6| — 03
6 — 07 | 16 |— 03 T{—- 01
7 !1- 07 17 |+ o1 8|4+ 02
8 + 02 18 [4- 00 9| - 03
9 — 1 10 |~ 01 10 -~ 03
10 |+ 02 20 4 01 11+ 00
} 12| = 01
i Meanerror..!..... +0. 0058 Meanerior.. _ +0. 0041
TABLE 12.—Exhibit of errors of d, second series.
No. Shell. | Error. No. Shell.i Error. i No. Ehell.ii Error.
" i o =" i
S 1 [4+0.015 | 4.oceeeieenee] 120,000 |/ B..ccnnnnnen. 1 |40.002
Fi<: 1 2 1:!: 00 B AN T
3 - 02 8 - o1 3/ 00
| 4i= o3 ‘- o7 41 00
5|— 04 5';1 00 5i— 03
| 6 + 01 i 6!+ 00! 6|+ 04
7+ 02 7|~ o 7+ 02
Gl= 0 | 8 [+ 01 8! 00
9~ 04 0'— 01 9+ 00
Mean error ..|...... + 0. ﬂﬂ-ﬁﬂll Mean error .|...... : +0,0026) Mean error.|...... +0, 0054
|

The magnitude of errors contained in Tables 11 and 12 isin excellent
accordance with the corresponding data in Table 10. The methods of
discussion are quite distinet and independent. . We therefore infer with
some confidence that, so far as errors of the cless under consideration
go, the periodic nature of the dependence of the density at a given
point within the cylinder on the depth of the same point below the sur-
face cannot be annulled or brought to merge into simpler functions.

Alike in order of importance are such errors as depend on the
State of the surface of the eylinders. After removal of a shell by solu-
tion the surface is rarely glossy, most usually pitted, furrowed, and
rongh. In this case accurate measurement of 4 is quite diflicult, ‘be-
f:iulse it i8'not easy to cleanse the surface thoroughly, either of adher-
Ing sheets of invisible air bubbles or of carbon, rust, or even metallic
Precipitate. 4 obtained from rough surfaces is therefore presumably
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ctions here in question are obviated if the surface

be trued and polished on the lathe with a diamond master tqol ; but thig
mg may introduce & new error, even it proper precaution be takep
N ' .. The rise of temperature resulting from frje.
for turning under water. e |
i 1v mechanieal effect of seratehing, may change
tion, or, indeed, the merely MECHATTE ) a

the superficial temper Very appreciably. In other words, the therma)

offect of friction may be quite insignificant when distributed over the
| ging the stress under which

evlinder as a whole; but its effect in chan
tiu:: superficial shell is supposed to exist may nevertheless be marked,
We take from the above tablesa few data to corroborate these remarks,
Roman indices refer to cylinders by number; Arabic subscripts, to

too small. The obje

shells. ; .
TABLE 13.—Density effect of friction.
pe— pr— ™
No., &e. rRn::nugh. Smooth. f]]lﬂ}'.-nanr{*. déd. W™ A
e I | AN}
AS..... 7.7864 | 7.7892 40.0028 | +0.03 | "D W/
A _...| 7.7646 | 7.76066 +0. 0020 | +0.02
A, _...17.7888 | 7.7900 | 4-0.0012 [ +0.01|%
Adv..... 7.9734 | 77753 | 40.0010 | 40.02 |
Avt..... 7.7980 | 7.8015 | +0.0035 @ +0.04
Aa¥ e 7. 7890 7.7033 |  4-0.0043 | +0.04

Density is increased by turning to an amount as large as corresponds
to the removal of asingle shell; and the diserepancy d ¢ resulting may
be even one-half per cent. of the density of shell songht. The part
of this increment due to rounghness of surface and the part due to
superficial annealing canunot be distinguished ; but it is clear that the
data will only be sufliciently accurate for the present comparisons when
cylinders of like surface, preferably smooth, are examined. If we in-
spect the equation of errors here involved,

—d= . 4, 41—
2"}6“:1]?“ (‘du-i_ﬁn) i! “+gj d (‘dn-—l_dn) +'___I"“'L -éﬂdR"’

we find dd, alarmingly large when the shells are thin. Such data can-
not be regarded as valid until they have been subjected to most careful
and searching scrutiny.

_ Curiously enough, even if the rough cylinders be tested from time to
time, density seems to increase. This may be regarded as an indica-
tion of slow shrinkage. Here are a few results, & denoting the inter-
val in hours:

TABLE 14.—Effects possibly due to shrinkage.

No., &o. | & A Difference.

----- 0| 77727
m T1?m [} +ﬂ-ﬂﬂ11

- U, RSN 0 | 7.8000
50 | 7.8022 }+u.nm
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The data are again of the same order as the differences of density ob-
taincd by removing a single shell. Here, therefore, is a source of error
the eftects of which cannot as yet even be estimated. The few data.
given merely suggest the importance of special inquiry.

A third class of errors results from the fact that it is nearly impossi--
ple to preserve perfect eylindricity thronghout the course of t.‘h.e experi-
ment. Solution is liable to take place at greater rates near the ends.
of the pieces of steel, as well as irregularly over the surface. The re-
moval of matter In too great quantity from the ends must be partica-
larly apprehended. This dificalty may be corrected to some extent by
painting with asphaitum; but it is not thoroughly counteracted. Even
the diamond polishes the surface without necessarily restorin g the cylin-
drical figure completely. TITence unless great care be taken, the cylin-
ders, atter repeated solutions of shells, become more and more convex
and barrel-shaped, and hence if the infinitesimal shells of the hard
eylinder be coaxial and symmetrical with respect to its equator, the
dissolved shell is not in full coincidence with a series of elementary
shells of the cylinder. Moreover, the discrepancy is greater as the
harmonic distribution of density is of small period or crowded. In
such a case the true periodicity may wholly escape detection.

Again the density, d, directly obtained is not the true density for the-
given distance, x, below the surface. This follows readily if it be called
to mind that the structare of the tempered cylinder must be that of
box-within-box. Henee if we consider the distribution of density along
the nth elementary shell we must find, on passing from equator to either
end, a general increase to a maximum simply because we approach
parts near an end surface of the original cylinder. The analysis has
already been given.

The final source of error is readily detected. We refer to superficial
oxidation. Itisobvious that the rapid descent of the loci of both 4 and
d for points near the surface is partially a secondary phenomenon, a
simple physical expression for decarburation. To this we have already
adverted (p.33). We may add here that cracks are apparently accom-
panied Ly small values of 4 (p. 34).

It will hardly be necessary to refer to the actual measurements. The
water in which steel is frequently immersed soon shows yellowish tar-
bidity, due to suspension of rust., In replacing this by fresh water, we
Invariably weighed the bodies (steel) in both; but the differences be-
tween the respective values of density were negligible in all cases.

The results of this discussion may be tersely summarized thus: A first
approximation reveals structure (6=f(x)), as a simple fanction of depth:
(F=p — p) below surface, nearly independent of radius; more M&
approximation suggests an exceedingly complicated, probably barmonic
fanetion of depth. Final decision as to whether the harmonic relations.
I hand are true expressions for the variations of structure involved, or

Bull, 35——4 (491)
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whether they simply indicate a periodic distribution of errors, can alone
be given by frequent and laborious repetitions ot experiments like those
here described, with comparisons of all the loci obtained. The exper;.
ments must include many types of steel; for it is in this work that the
quality of the material enters as a factor of exceptionally great impor-
tance. We come at once in contact with the power of retaining stress
postulated in our earlier bulletin.

CONCLUSION.

The general results of the present paper bave been so fully summa-
rized in the preceding paragraph that further remarks here are nearlg
Su[]ﬂ[‘ﬂu{]uﬁ' But there are certain ulterior ]HIiIHH at 1ssue which ]lil\'ﬂ
not yet been touched upon. In the first place, it 1s clear that the inves.
tigation of structure, which the present paper merely commences for
the glass-hard state, is incomplete ; that 1t must be supplemented by
the nearly equally important series of data for the other definite states
of temper between hard and soft. In DBulletin 14 we studied the phe-
nomenon of annealing in its gross or aggregated effects; but the minute
analysis of this phenomenon must, under given circumstances of ex-
posure, necessarily discern differences of haraness at each point of the
rod annealed. It must distinguish between the paths, as we may say,
by which the consecutive individual shells eventually reach the state
of homogeneous temper, while the rod as a whole passes from hard to
soft. '

An important observation is the dependence of structure on the
quality or kind of steel carrying the hard strain, so that it may even
be a sensitive criterion of the character of the material employed.
Certainly it is difficult to avoid the inference that the lauded theory
of dense shell and rare core, or hard shell and soft core, when re-
garded as a faithful expression for the structaral results of temper,
1s quite incomplete. Under given conditions of quenching and for a
given kind of steel, the hardness at a point is dependent upon the po-
sition of the said point below the surface, and will be harder or softer
than the superficial layers in proportion as we pass through greater
values of depth. Hence, so long as crucial evidence for or against vis-
cous shrinkage (i. e., continuous variation of strain due to purely me-
chanical causes) is not in hand, so long as the strain at any point of a
tempered-steel bar is persistent and apparently independent of the
strain of surrounding parts, it will be safest to return to the venerable
bhypothesis of combined carbon, much in the form in which Karsten
and his stalwart associates left it.!

= —

tWe have since examined the question of structure from a varicty of different
standpoints. It is diflicult to give satisfactory excerpts here; and *thu reader is
therefore referred to the American Journal of this vear and to forthcoming Bulletins
of the Snrvey.—August, 1836, 7
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5. THE COLOR EFFECT PRODUCED BY SLOW OXIDATION OF IRON-
CARBURETS.

Under this head we desire to continue the investigation on certain color
phenomena pecnliar to iron-carburets commenced in an earlier bulletin.!

Let there be given an oxide film bounded by two parallel planes, in-
definite in extent, the anterior plane being continually in contact with
air, the postegior plane continually in molecular contact with iron. Let
the degree of oxidation at all points of any parallel plane between them
be identical. If O be the oxidation in an interface at a distance a2 be-
low the anterior surface, then we regard —d0 | dz asan importﬂnﬁ factor
of the force in virtue of which oxygen is urged normally through the
interface, in an inward direction. And, furthermore, since daring the
whole growth of the film the inner and outer coats remain in contact

with iron and air, respectively, we must ionfer that J @ d0, the differ-

ence between the degrees of oxidation of the two extreme surfaces, is
constant. Hence the mean value of d0 | dr must decrease in proportion
as the coatinereases in thickness, and hence oxidation ceases completely
after a certain finite thickness of film has been formed. Experiment
shows that at each temperature the depth of film below which oxygen
cannot penetrate is a quantity of definite value, increasing as tem-
perature increases.  We find moreover that oxidation advances as far
as the said maximam depth gradually at a slowly decreasing rate
through infinite time.

In the case of ordinary diffusion — d0 | dz would be a continuous func-
tion of 2. In the present instance, however, — dQ | dx is not necessarily
continuous. Regarding the character of — d0 | dx no farther remark
can here be made than that it must decrease continually from the anterior
to the posterior face of a film. It is known that the oxide which formns
oniron during heating is not of definite chemical composition. According
to Roscoe and Schorlemmer? the inner layers are not magnetic and ap-
proximately 6 IF'e O e, O, The outer layers contain more ferric oxide
and are magnetic.  This result for thick layers does not, however, bear
any immediate relation to the composition of extremely thin films, for
alter the coat has increased to a certain thickpess it cracks, and the
phenomena are then repeated in promiscuous and irregular succession.
The considerations suggested lead directly to the grained structure of
Matter, and we have remarked elsewhere that the oxygen molecule does
ot penetrate deeper than a few thousand times its own dimensions.
Nevertheless the convenience of a function like — dO | dz, continuous
throughout the great parts of its extent, at least, is obvious,

1U. 8. Geol. Sury, Bull. 27, p. b1, 1885.

*Roscoe and Schorlemmer, Chemistry, 1884, II, 2, p. 86.
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Our observations are as yvet by no means sufliciently advanced to q.
able us to express the final (time ) thickness of film in its depeng.
ence on temperature, The data of the former paper, morcover, are ip.
complete in two respects: they contain only isolated values for the
early stages of oxidation, which stages are important because they ex.
hibit the time effect perspicuously; they furnish no results at all for t)e
oxidation effect of low temperatures.  To supply these deficiencies is the
main object of this paper. |

The method of experimentation here adopted 1s identical with that of
the former paper. 1t was found expedient, however, to allow the flame
of the burner to impinge upon a broad plate of brass; to place t
shaft with its horizontal asbestus screen properly adjusted, upon f
This insures greater constancy of temperature throughont t

—

pr—

1

e

e

Morcover, no discrepancy due to hot-air current s Ccoming

plate.
area of base.
directly from the flame is to be apprehended.
tures along the given length (25°%) of shaft, we found it fairly expe-
dient to use two brass plates with an interposed sheet of asbestus.! By
thisdevice the range of temperature, 1809 to 3009, was redueed as far as
110°to 1602, Certain objectionable features are to be mentioned below,?
If care be taken to avoid these, the apparatus will furmsh ample facili-
ties for the complete researches on temper value contemplated.

Data for high temperature.~The results contained in Tables 15 to 18
were investigated with a view to corroborating the results of an carlier
paper.” The range of temperature here lics within 1809 to 2609, and
the dark bands or zones (colors of higher order) are to be observed
chiefly during the initial stages of oxidation.

In Table 15 the approximate positions of the color zones are given by
noting as accurately as possible the consecutive depths (in centimeters)of
the upper and lower boundaries of” the respective zones below the top of
shaft as a datum. /&, here, is the time in hours dated from the moment
at which the experiment was started. The figures under “remarks”
refer to the observed depth of the center of color of the ¢“clear blue”
band. The column * dark” contains data for all shades of the vari-
ously-tinged blacks which follow the gray.

In Table 16 we give results for the successive distributions of tem-
perature on the shaft. “No.” refers to the thermo element of platinum
and platinnm-iridium (20 per cent.) used. ¢y is the electromotive foree
of this couple when the hot junction is applied at a depth, d, and the
cold junction kept constantly at 200,  [From this, ¢, the temperature
in degrees centigrade is ealeulated.  The means of the results for tem-
perature and depth are summarized in Table 17.

On the basis of Tables 15, 16, 17 we computed the results in Table 18.
The depths and mean temperatures of the successive color bands are

Toobtam lower 11*I|l|u-[~;[.

'See Fig. 10, p. 59,
“See p. Hs,
*U. 8. Geol, Surv, Bull. No. 27, p.51.
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here given for each time of observation. The results for clear-blue,

having been specially redetermined, are probably more accurate than
the others.

TABLE 15. — Consecutive positions of the color bands.

Date. h Dark iﬁ';! Iﬁfﬂ" {Efu“: Purple.| Brown.|Yellow. % Remarks.
| S
1885, |
Sept. 15..! D fossvisnalvsmanbananbaamio Ja VI (= SO S 25-0 | Flame atarted.
| Ll ciininliiiii el eneamans b rsmmens slosesnswebis FIPNRNPE [mmm— 25-0 TE above 1069,
, ttum,Luntﬂn-
ibly darkening.
By (RPUTENERO ICERITRIAN) [ TR ] PR (e I 22~ -0 | 24. 5.
il |esusaabiwsssalvasiss ol 25-24 | 2422 29 |........ -0 | 24.0.
B lrcscioiliznis o demmeanes 25-22 | 22-20 | 20- |........ -0 | 23.5.
0.5 |ieernnni]ierneeeifoennnnn. 25-22 | 22-21 | 21- -10 | 19-0 | 23.
gt 18:.] Y Lresonss 25- -22 | 22-19| 19-18 | 18- -10 | 10-0 | 20.
8 e 25-21 | 21-20 | 20-10 | 18-17 | 17- -8 | 80]10.5.
Sept. 17.. 48 licoeseams 25-21 | 21-19 | 19-18| 18-16 16-10| 10-5 5-0 | 19.5.
st L s 25-21 | 21-19 | 19-18 | 18-16' 18-10] 100 |...... 18. (Shaft ma
| | | be conside
| ! { colored through-
| | | out its length.)
Sept. 18.. 72 25-24 | AU-21 | 21-19  10-17 | 17-15 | 15-0 | 9-0 ....... 18.
Sept. 10.. 00 25-23  23-10 | 19-18 ' 18-16 | 16-14 | 14-12| 12-0 |...... 17. (Streaks of
J blue spoil the
. | purity of color.)
104 25-23  23-20 | 20-18 | 18-16 | 16-10 | 10- ' g —
Sept. 20.. 120 25-23 | 23-10 | 19-18 | 18-156| 15-13 | 13- -0 |...... 16. 5.
Sept. 2 144 25-23 | 23-19 i 10-17  17-15| 15-14 | 14-10 | 10-0 |...... 16,
Sept. 22.. 108 25-22 ﬂ-lal' 18-16 . 16-14 | J14-12 | 12- 0 lieeee.] 18
175 |oeeeena)iverene. renstensisieonellicnsin s Mirmen fonnsenns venes. | 15
TABLE 16.— Successive distributions of temperature.
Time, No. d | ew t Time. No. | @& e ¢
A o A e
Whisaanasvas s raisinawis | 85 01860 1 178 || BB.....cosasiisssnnwasras 85| 242141 260
Wcmemaunsnansis | 85| 1211470 ] ML || 00...cicovcciionnncnnsans 85 0f1248| 164
s, | 85| 24[2088 | 288 || 98....cicuiiiioninainiras 85| 121480} 187
Bl it e W a5 0]1284 ] 170 || 06..... 4 TR e B85 24 | 2000 247
B 85| 12| 133 107 || 145.cennicennnianiannn.. 85| of1217| 1%
. R ORI 35 24 | 2076 | 245 | 145...cccieenenrcrinnnas 85 1211506 | 104
. T 85 01243 | 160 || 145........ e R Lo 85| 24|2113| 208
B8, e eeeeenranannnn 85| 12|1455] 100 B
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TABLE 17. — Distribution of temperature— mean values.

ST - e = ety —— e

. — e
s = 1 |

N L N C L RO SN O - <7 2 0 5 | 10 | 15 | 20 93
AR S TRae ey A e | 169 175 | 186 | 202 | 227 %47
Dy T en R o) | | | |
TABLE 18.— Average temperatures of the successive color bands.
. T T o '[ -
| |
| Light Clear » o E .
Date. .~k | Gray. Iﬂ;fu]:- e | Parple Brown. Yellow. | Colorleas.
| | | ! | —
| | T | ] N | I
- ' gl ¢ lal ¢ |al ¢ |a] ¢t |a] ¢ |a] ¢ |al
Sept. 16,1885 ....... T 1) ) e e s ceferenns e R R R e
X 2 P P I ... TR N, S N—
| | |
BiB Liveituasuuadin Ap— o4 | 970 { 28| 900 ].cc. fesuansfossifssvvvilsanitonasas
g:al 1 calieslaaen 23 | 265 |20 | 282 o leeenfien e
'3 P! DD L SO 03 | 20021 240 |....|...... 20 | 232 10| 25
ot |24] 270]... |...... o0 | 232 |19 | 225 1I ..... N BT 110 | 185
Sept. 16, 1885. ... g3 |23 26021 24019 22018 219 |....f ... 1 — | g 1
Sept. 17, 1885. ...... 48 |23 26020 | 282 (18| 22517 | 214 |24 200 7| 177 | 5| 172
58 fﬁaiﬂﬁﬂ 20 | 232 (18| 220 (17| 214 (14 200 5| 172| 0| 168
Sept. 18, 1885. ...... 72 loa| os0 |20 232 17 216 |17 | 214 | 12| 191 | 51 118 liauslisunsa
E ] | | | -
Sept. 19, 1885. ...... 06 | 21| 24019 ! 225 |17 | 214 15| 204 (13| 195| 6| 173 |....|......
104 [21| 24019 225|127 | 214 |13} 195 |l .
Sept. 20, 1885. ...... 120 | 21| 240 |18 | 219 (16| 211 |14} 200 |.......... eefennnns y
Sept. 21, 1885....... 144 |21 240 (48| 210 |16 [ 209 | 14 |° 200 | 12 | 191} 5| 172 f....feeenes
Sept. 22, 1885. ...... 168 |20 230{17! 21415 . 204 | 13 | 195 oo e 00 Ty o e
175 I 15; 2{;2;,.”%.. e R R —

In the accompanying figure (Fig. 9) the temperature at the center
of figure of the clear blue band is graphically represented in its varia-
tion with time. The diagram contains both present and early obser-

Joa
o LPresend observalions.
[ ]
1 +ﬁvg/ obserwalions,
o0k
Y o T%rne. —»
i
' +\
N + i
- - /_,'? o &Z.-m_
200 ! I S ;
@ 700, 200

F16. 9. Temperature of the mean **clear blue” film, regarded as a function of time.

vations, the former being distingunished by small circles, the latter by
crosses. Table 18, moreover, would enable us to construct similar loci
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for the zones gray, light blue, purple, brown, yellow, colorless. But
the data for these colors are neither so complete nor so aceurate; they
show like contours with the clear-blue curve, and differ from it chiefly
in position. They are (_}mitted to avoid confusion in the diagram.,

The diserepancy between the present and former loci clear blue is
nowhere larger than 10°. In consideration of the large sources of error
and uncertainty involved in color measurements, this accordance is
obviously satisfactory. We obtain a thorough corroboratio: of the
earlier result, viz, that the conditions under which any given color is
reached in normal atmospheric air depend both on the time and on the
temperature of exposure in such a way that the influence of time more
and more nearly vanishes in proportion as the exposure is indefinitely
prolonged. Ultimately, therefore, the color datum is a function of tem-
perature only.

Whenthe (hot) shaftis allowed to cool after the ordinary circamstances
of exposure, we find that after 6 hours of cooling it is just warm to the
touch. We infer, conversely, that the thermal condition must neces-
sarily become stationary within the first 10 hours of heating. Now,
the upward movement of the color zones on the shaft is still marked
after 200 hours, and hence cannot be seriously distorted by irregulari-
ties of heating at the inception of the experiment.

We may remark that when spread over large areas of planed wroaght
iron the oxide coloration is apparently less brilliant than when com-
prehended between isothermals lying very closely together. Probably
streaks of color due to irregularities in the surface (unpolished) interfere
with the purity of the tints. Hence the use of thinner cylindrical rods
which the colors, as a whole, would encircle like a narrow girdle may
be quite as good a method of experiment as the present: for tempera-
ture may be interpolated with accaracy for observations made at points
of the rod on both sides of the girdle. Such rods should be of steel
and well polished.

Data for low temperature—~Tables 19, 20, 21, and 22 are constructed
on the same plan as Tables 15, 16,17, and 18, and differ from them only
n that the results given hold for lower ranges of temperature. The
tables follow. Depths are expressed in centimeters, time in hours,
temperatures in degrees centigrade.

(497)
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TapLE 19.—Consecutive positions of the color bands.

T 7 , F . | [ A —
Date. ' % | Bine. |Parple. Brown. ;:“r::_ | ;:f it | e [ Remarka,
! ! | |
— i | . i
Bept. 268, 1285 ... DJ ................ 1 ....... i' ...... ; ................ Experiment atarted.
mﬂ'm_ A R coen |- I 25-22 220 | Color scarcely perceptible,
Bept. 23, 1285 . ... 4 ... bis dold wwrrs o s { ....... | 25=21 21-0 |
Bept. 301855 .. ... B Riiias ETIICen, By ?,. ...l 25-21 21-0 | Color still very faint,
Oor. 2, 1985 ....... LET i SPEes Hv 2522 220 20-14| 140 |
Oet.3,1985 . ... WL ok coves 9523 | 22-10 | 19-12 12-0
Oct 81295 ........ 28 1|........ | onog | 222 2219 1912 1240
Oct.7,18%5 . ...... Lyt ' 252 2319 | 19-14 | 14-0
Oct. 8 1885 . ...... IF oo EE E 2593 | 2-21 | 21-19 | 10-14 14-0 | _
Oct.9, 1885 ......| 305 |........ | BR 18| 11| 140 Este
Oct. 10,1885 ......| 4 |.... 302 | 2290 2017 17-12| 120 | L gL
Oet 11,1885 ......| 288 ....... | w22 2220 2018 1814 140 | S Y im §
Oct. 13,1855 ... 401 | 252! B2 | 22 2017, 1713 130 > Ly X §
Oet. 14,1855 .....| 425 25-24; 9522 | 2-19 | 19-17 | 1713  13-0 { €
Oet. 16,1855 . ... 73| 2| 2522 219 1917 | 17-13  13-0 | R f
Oet 17,1885 ... 08| 2524 2| 21419 1917 1712 1240 - - 4
Oct. 20,1685 .....| 568 | 2504 | 2422 | 2,19 19-16 | 16-12 | 12-0 | -
Oct. 22,1885 ......! 616 2524 | 2422 22-19 19-16 | 1612  12-0 | x
Ot 23,1385 ... 646 | 2524 | 2421 21-1% 1515 1312 12-0 2
Oct. 25,1855 ... 6| 2| 202 238 1216] 1612 120 |
Det. 26,1885 ....... M| BU| uR 219 1047 | 17-12 | 120 |
Oct. 20,1885 ......] 789 | 25-24 | %-22 | 21-19 | 19-1€ | 1612 | 12-0
Nov.2,1885 ... 987 | 252 | U2 218 19-15 | 15-12 | 12-0 |
i RO AN % ...... fossovae. | ........ N S— i (ras ont.
B0 | 25.22 | 2321 | 21-19 | 10-17 | 17-14' 140!
00| 2524 | 22| 210 10-18| 1513 120 !}Pi‘;‘t:',i:;;  hees of 108
890 | 25-2 n—m; 20-18 13-1&! 16-11  11-0 | '

- 8 Tke tkick asbestas screen surrounding the shaft covers the part between 25.0 and 24.5. This part

is faintly diseolored as a consequence.

TABLE 20).— Successive distributions of temperature.

Time, No. ew | d ! ¢ Time. No.| em | 4 | ¢

I |

A | e ) |
b cavesssavanssvs] 851 49 0! 111 280 oo, 35| m 0! 113
#_........................... cocecl BAD | 12| 124 | 280 ... a4 w7 | 12| 128
.:-*"--f-----_----.-..... g B Bl . R 197 | 24| 160
L i e 5 e St Wi Boed [ B
L R B BV BT T T e | 2y B =%
W eessreioisiiceisi) 965 7861 0 m! el wvy St ik -
S R RS e g S _ﬂﬁ- g O PN 35| T40 0 100
o iR TR P GRS S e #0 | 12| 125
A et e e e e 174 | 24| 136
##;'Whﬁ;'“ﬂ"” i e 1 ] Sl e a5 | 608 0 | 105
W 544 ; : :ﬁ ........................... M3 | 12| 121
T ) el Bl el Lol S ot s | 2| 132
: i %.w*iﬂ'!&'&'f-llfi vessl B8O 12! 128 L m” ............ S % 655 0 100
e S VY A B P S<5 o) ] i
A SR S Raa kRt T R TTTEeREoes S [1068 | 2| 148

SR e
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TABLE 21.— Distribution of temperature—~ mean values. 1

i, sasensiseciosesevosie sivaevvusedovasitbibl oo evidiadieiiisnarel el 5 10 15 % | %

TABLE 22.—Arverage temperatures of the successive color bands.

Bluae. *Pnrph.rnmm. g&‘;_;jﬁmf"gc@m

Date. h. BRERNLE D | - 2

d|l tlaleldl ¢id| cid| cld] &

il kBl e
Sept. 26, 1885 . ceeeeeeeeaann. 0. 800 ..f 280 .| 280 ... 20 .| 20| 20
Sept. 27,1885 oo e TR e e SR RO SRR LR R 7 - 2 M0
Qoo B 1888 vusassvsimivis 4 .. e e e EOP i S AR 23| 14/2t) 15
9ept. 20,1895 . .oovveereseneeena.| 8T Lo bislbiEiR ... M- iE ...... 3| 154 2| M5
Oct. 2, 1885 .. ooenivnainaens 137 | Jovscdlidona.. 24| 157 20 M5 17| 134 M| 126
Ot 3. 1808 oovovivecvviniinais 181 |.oofesmerefonnfieunn. (24| 155 (21! 145 (16| 130 12| 1
Ooh BB . .osserissassvrriin 288 |...s)eeonsi 24| 160 |8 18 21| 144 18 IH!IEI 123
Oct. T, 1855 e caeecaannn 257 |oofeeeened 26} 15T |21 M5 18] 124 14] 126
Oct B, 1885 ... .o casvravsaovosess 200 {... Yovieon 2% | 157 22| 14920 44 16 134 14| 128
A ¢ e e 208 |...kwia % | 155 ...l.....120 44 16| 132 14| 126
N8 10, 1885 ... .o simsaniin s 338 .. oo 24| 155 21 M6 19 137 15! 128 12| 123
Oct. 11,1885 .ooeeeeeceeaannn | 883 |..oofsarvio 24| 155 21 146 19| 140 16 132 | 14| 128
OIS — 401 (2| 180 (28| 15421 146 19| 13715} 120 13| 125
Oet. 14, 1886 . o= ool cvasavsinis 425 |24 160{2 | 154 20 144 18| 136 15| 120 13| 135
Oct. 18,1885 o oovooeeeeeee....| 478\ 24| 160[ 23| 154 20| 144 18| 136 15| 120 13| 125
25 R L TR | 498 24| 160 {22} 15120 43 18| 136 | M| 127 12| 128
Oet. 20,1888 . ....c.cuviacivinins 1 563 1 24| 160 {23 | 154 20 144 (18| 13514} 126 12 123
Oct. 22,1885 ...... T ... 616124 16023 | 154 20 144(17! 135! 14} 128} 12 13
Oct. 23,1885 .oneeereeeanan oae e4d [24| 160 23| 15420 13| 16| 134 B | 126 12| 123
S B R — 623 (24| 160 (23| 154 /20 14317 134 {14 126|312} 1B
O 20, 1888 oo vaswsinusmvapnis 7iil24) 1022 134 /20 4el18] 126/ 4} 127/12] 1B
Oct. 20, 1885 . ... .| 189 [ 24| 160 | 23| 154 m! 143 | 17| 134 (14| 126{12| 1B
17| Bal4| 126|121 123
Wov. B 1808 ....ocniniinsrcsivi i 887 ﬂ_m 3| 154 |20 143 B '

An inspection of the loci of the data given in Tables 19 to 22, where
for stated colors mean temperature is expressed in function of time,
shows this: In most cases only such parts of the respective curves as
are almost indistinguishable from the asymptotes have been observed.
In the earlier Bulletin,! and in the first parts of the present paper, evi-
dence was adduced to prove that the influence of temperatare to pro-
duce eolor bands, the order of which increases contin uously with ﬁme,iu
particularly marked daring the first 100 hours of exposure imd m w
nearly complete within 200 hours. - In Tables 19 to 22 the hlll’&mh
bands did not rise observably above the horizontal sereen until more than

200 hours had elapsed after the beginning of the experiment. XI

bands, moreover, extend upward not more than Wﬂbﬂf&tﬂﬁw
the shaft. At points so near the bottom the fluctuations in the intensity

of flame are not yet either obliterated or rounde
Lo 17U, 8. Geol. Sarv. Bull 7. p.
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sible that during the night hours, or at other tin:ms when measurements
were not made, these parts may have temporarily shmx;u Tempﬂmtureg
appreciably above the mean values of the set of teq series of measure-
ments in hand. Hence the dark bands may owe their origin to teanm.
tures above the exceptionally low values given ‘in t!m tables. Iinally,
at poiuts near the base and (hot) screen, oxidation is probably :l{.'t:t‘h:"r‘
ated because the oxidizing air impinges at a temperature necessarily
higher than is that of the air near the upper parts of the shaft. This,
therefore, is a second cause for the unusually low temperatures at which
dark zones have here been obtained.

Remarks of a similar kind apply in a measure to the dark yellows—
brown and straw-yellow. The colors did not emerge above the screen,
and hence observation was not feasible until 100 hours after the begin-
ning of the experiment. The lines obtained are practically asymptotes;
the temperatures are too low.

The present set of measurements is therefore interesting chiefly be-
cause of the values obtained for the oxidation of low temperatures.
The light yellow and colorless parts of the shaft are so high above the
base that the objections which hold for dark bands are no longer ap-
plicable. Moreover, the temperature discrepancy in question can only
give additional weight to the inferences presently to be drawn. It ap-
pears, therefore, that under ordinary atmospheric conditions tempera-
tures falling below 125° will not perceptibly oxidize iron (color eftect),
however long their action may be continued. It appears, turthermore,
that the effect of temperatures near this limit is such that the final tint
or color of highest order is in any given case reached in a comparatively
short time; or that it is reached at a stage of progress certainly quite
s early as that observed for dark bands. Here, then, we observe a
!:hﬂ‘erence in the temper effect and the color effect of temperature; since
I the former case (of annealing) the influence of time is particularly
Elizzi{;fglg{]];)“;ilii:{:::;:;rﬁiwﬁ[E.flwﬁol; ‘?}1?‘1‘033' for higher tempera-
is almost the emn';rse ﬂt'}th;qg E?l: mtl 11139: I‘t‘?u‘lt o uullur Plisnemiens
marked, and prolonged thru[;rh i:};-ltl: I t-“m, Lﬁ mft DEES 16 athen mics
for very light bﬂud; Finull: w: 1:-1 y limt-l :lll-h, for dark bands than
the annealing effect of the aatinn cf e O 10 & general way, that
nearly cﬂmplgte N aﬂfew l]?u::::lilj “t tIEl‘l‘iperu.ture: on hill‘i} steel 1s as
hours—a difference which will ) l:h t N color effect in a few hundred

The color phenomena in que i{m ably be crucial,
aspect. We may discuss tl?;uf tml.l m:‘l:": be made -t(} appear in another
thickness of cﬂzlt varies whem ﬁ- Saln hml_l for a given temperature the
method of using mouﬂchmm;]t_ﬁhl_’ﬂsure IS prolonged indefinitely. A

tic light of wave length A and of deter-

mi " ; . = Fi
ning the thickness d of film from d=n;, where # is the order of the

band, i ' :
tempL::f:: ':'I;iipﬁycabl.e' _The bands are too broad and diffused and the
lon within the first band is of considerable importance.
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Nevertheless, the colors appearing in white light are available for ob-
taining the datum sought, and the above results may thus be inter-
preted. It is, however, best to omit this comparison here. For the
purpose in question, it is desirable to obtain the colers in the state
of extreme purity in which they appear on a polished steel cylinder.
Mr. William Gruanow, of West Point, has been at great pains to furnish
us with a steel shaft of this kind, 25°™ long and 6.5*® in diameter. The
shaft in position, M M M M, is shown in the accompanying diagram,
Fig. 10, in which a a are plates of metal between which a sheet of

2

7 il s
. o g A o P A R F .
¥ II“:'ﬁl'----..ﬂ' o P P A T
o A A Sl el o g PR e

I

F1a. 10. Grunow’s shaft, in position.

A screen, S S, fully 35 in diameter,
currents. The essential feature

asbestus may be interposed.

otects irect flame ] at
protects the shaft from direc | : ALGE
of this arrangement is the vertical hole ¢ ¢, 0.5 in diameter, and ex |

tending to within a few millimeters of t‘ha base. lptﬁ th::?lﬁ}mt?{?:' |
to introduce, momentarily, a properly insulated tllmrlg'&_'l of it}ha shaft s
termine the thermal distribution throug-_hOHt the e:n _ mtﬁ&- B&-

reception of glass-hard steel wire. 5t =

tween any given and any known moth&mﬂ]s: th&r?nd&::afm tﬂi
outside of the polished cy H“dnﬁal, Eu:rf@e, eﬁﬁ_ ﬁiﬁ':gﬁnﬂj‘tﬁi'di?ﬁ.
Between the same isothermals we have also a ¢ a;-m-" i srona osmosed,

~ determinable by examining th&- Pﬂm Gfthﬁﬂt:ﬁ} 2
From a comparison of these datathﬁte:lﬂg:r s
is deducible in fall generality. We may:
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stances it may be desirable to invert the cylinder; to introduce the stee)
wires and the elements alternately from below, and to heat the shaft ip
some appropriate way at the top. Indeed it appears to us that rods
bored on the gun-barrel principle would offer very satistactory objects
for accurate measurements of heat conductivity; for the advantages
of measuring the (constant) temperature at any point in the interior of
a narrow vertical eylindrical canal, closed above, over measuring the

corresponding temperature at the mantle of the rod, are obvious af,
once.

WASHINGTON-PRAGUE, January, 1886.
(602)
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