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PREFACE.

In the following pages I have brought together such of my experi-
ments on the viscosity of solids as have an immediate bearing on the
molecular mechanism by which viscous motion in solids is promoted.
The bulletin is therefore a continuation of the previous publication
(Bulletin 73), in which the phenomenon of viscosity was considered
more particularly with reference to its physical manifestations. Most
of the chapters of the present work are short, and a preliminary survey
of the work done can be expeditiously made by consulting the table of
contents, :

A C. B,
15






THE MECHANISM OF SOLID VISCOSITY.

BY CARL BARUS.

CHAPTER I.

TENSILE, DRAWN, AND OTHER STRAINS IN THEIR BEARING ON
MAXWELL’S THEORY OF VISCOSITY.

INTRODUCTORY.

1. It is known that the effect of drawing metallic wires through
a draw-plate is a marked decrease of the viscosity of the originally soft
metal. The diminution increases with the intensity of strain imparted.
It is not so well known that the viscous effect of a tensile strain applied
in any degree to the same originally soft metal is after straining almost
nil in comparison. Kohlrausgh! and his pupils, Streintz* and others,
more recently and in extensive researches Mr. Herbert Tomlinson,?*
have occupied themselves with these phenomena. The results of these
observers are in general accord, and agree well enough with my work
that special publication of new data might appear superfluous. Never-
theless, as steel has been but sparingly dealt with, and as results fitting
at once into my diagrams are essential to my purpose, I have found it
desirable to communicate them. Apart from these considerations the
observations which I need must be made with minute reference to Max-
well’s theory. In this respect the earlier work is seriously lacking.

The striking difference in the permanent viscous effect produced by
the action of the two strains is particularly surprising, because the
strains are imparted by mechanical processes not altogether dissimilar,
The action of wire-pulling, however, accompanied as it is by surface
compression as well as longitudinal extension, is conducive to the per-
manent, retention of high-strain intensities, because it imparts to the
wire an arched structure. In steel, at least, there is a dense shell sur-
rounding an unusually rare core in such a way that the density of the

1 Kohlrausch’s original and fundamental researches are given in my earlier papers. Here I need
refer only to Schroeder, Wied. Ann., vol. 28, 1886, p. 354.

2 Streintz, Pogg. Ann.,vol. 153, 1874, pp. 395, 396, 411.

8 J. Tomlinson, Phil. Trans., 1886, vol. 2, pp. 801 to 837. The variety of strains and motals examined
in this paper give it unique value as regards the subject of the present section.

Bull. 94—2 17



18 'THE MECHANISM OF SOLID VISCOSITY: {BULL, 94.

whole mass is materially lessened.! Conditions favorable to the reten-
tion of high-strain intensities are also conditions favorable to the
occurrence of molecular instability. Hence the marked loss of vis-
cosity of a drawn wire, as compared, c@t. par., with a soft wire. This
premised, it appears that in the case of a wire hardened by simple trac-
tion the strain retained after traction is of insufficient intensity to be’
accompanied by marked molecular instability. More rigorously: if the
wire during traction has experienced a strain S, which strain after the
tensile stress is withdrawn diminishes to S/ (S>8/), then the wire need
exhibit no change of viscous quality. For in the above cases of ther-
mal annealing and torsional motional annealing (§§ 2, 9), the greater
tensile strain S, supposing its action sufficiently prolonged, has wiped
out all motional instability for strains 8/<S; so it follows here that to
evoke viscous deformation by aid of tensﬂe strains, the wire must be
examined during traction, and preferably under conditions of strain
near the limit of rupture. '

. APPARATUS,

2. The apparatus used in these experiments is shown in Fig. 1, in
which ab and cd are the two steel wires.to be counter-twisted. The
system is fastened above and below to two massive torsion-circles, A
and B, respectively. The inner ends of the wires are joined by a strong
brass rod be, carrying a symmetrical circular platform near the lower
end, on which the lead scale-weights C €’ C”, ete. (4 kilos. to 5 kilos.
each) may be supported. In order tosfacilitate quick work, the con-
necting rod be is provided with a pair of cross-vanes, D, D/, submerged
in the water contained in an annular trough, fgik f’¢g’¢s’. Finally, the
mirror m adjustably attached to the rod be (readings by telescope and
scale) indicates the difference of viscous motion of the two wires in
consequence of a fixed rate of twist stored between A and B. I may
add that the rod be can easily be chosen light enough, compatibly with
strength, to introduce no viscous effect of its own.

DATA FOR DRAWN WIRES.

3. The data to test the above are given in the following tables, of
which Nos. 1, 2, 3 exhibit the behavior of some drawn steel wires. .In
each case the comparison is made with my steel normal No. 15 (the .
lower wire in F'ig. 1, An. 450° and twisted to permanent viscous quali-
ties). The drawn wire in Table 1 is in the moderately resilient bright
commercial state, very soft to the file. The wire in Table 2 has been
drawn down from a larger diameter and the same state of hardness to
an extreme of brittle resilience. The wire of Table 3 finally was first
softened by heating to redness in air and then drawn down to brittle
resilience. Dimensions are given in the tables, p being the radius and !

1 Cf. Baumeister: Dissert., Wiirzburg, 1883,
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and ¥ the lengths of the wires. L=141. The impressed rate of twist
. inradiansis given under . The observed permanent torsion is 2(¢p+ ¢’).
0 and ¢’ are the temperatures of the drawn and normal wires respec-

SO 7

Jo ¢

1]

m i
. , o

—C

~c”

7
70 a C ’,p gl
3 D’
", ,
(2 e v

Fig. 1.—Apparatus for comparing viscous deformations.

tively. The former is constant, the latter (¢’) at first 300, and then
1000; so that the examination is made at two temperatures, in order
to compare corresponding viscous effects of the drawn strain and of
temper. As will be more fully shown below, § 5, 4 2(¢ + ¢’ (=2r/ L,
and {¢ — ¢’)/7 is the viscous deformation indicated by the mirror, per
unit of length of system, per unit of =z It must be borne in mind (cf.
§13) that(p —¢’)/~ is a function of r, for which reason the same rate of
twist is applied to the wires throughout; applied, moreover, positively
and negatively for each value of ¢’. Finally, after testing the wire in
the drawn state, it was softened by heating to redness in air and again
tested. In this case viscous motion at the mirror nearly ceases, thus
affording an excellent check on the validity of the experiments,
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THE MECHANISM OF SOLID VISCOSITY.

TABLE 1.—Viscosity of hard-drawn steel wire compared with soft.

2p=="082 cm.; L=I41'=230 cm. 4 30 cm.

‘Wire drawn moderately resilient. Same wire annealed at red heat in air.
—d! —d'

o srey | Time. ff—"’xm3 ’ 2orey | Time. i‘ff—"“xlos

h. m. h. m.

30 1041 | 136 30 +°1034 | 308
30 38 00 30 : 10 +°00
39 | 1:08 1 ‘10
44 333 13 07
- +0037 48 443 16 ‘10
+ +0014 20 ‘14

30 —0989 | 151 30 —-1019 | 322
30 53 — 00 30° 24 + 00
' ; 54 —1-01 25 -00
i 56 —2:35 27 -03
: {50 —3'58 80 |» 07
— 0038 63 —4°61 — 0028 34 07

100 40989 | 224 100 41047 | 400

30 26 -00 30 02 00
27 2:83 03 ‘33
29 653 05 -78
32 10-28 08 1-31
+ 0058 36 13:60 + +0000 12 144

100 —0931 | 239 100 —-1004 | 413
30 41 -00 30 15 — 00
42 3-03 16 —33
44 7-07 18 —-88
— 0116 47 10-77 — 0043 21 1°65
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VISCOSITY OF DRAWN STEEL.

TABLE 2.—Viscosity of hard-drawn steel wire compared with soft.

2p="082 ¢cm.; L=1+1=30 cm. 4-30 cm.,

‘Wire drawn (2p=:"13 cm. to 08 ¢m.)

very resilient.

Same wire annealed at red heat in air.

—. —h!
) z, 2(¢l¢,) Time. ¢T¢L X103 2, 2(¢_:_¢,) Time. ?-‘r—¢'—xlo3 :
h.m. h.m.
30 + 0959 | 5 52 30 (. —-1019( 182
30 - 54 00 30 34
. 55 437 35 —-00
57 10°10 37 t—13
60 11568 40 —17
63 19-46 — 0028 44 —-20
40087 | 6 30 34:47
30 ~—+0916 | 6 32 30 41034 [ 145( .
80 M — 00 30 47 +°00
" 85 — 472 48 -10
, 37 —1050 50 ‘10
40 —16-16 53 ‘15
—-0131 | 44 —20-88 - 0014 57 21
100 40916 | 6 52 100 —-1019 | 200
30| 53 00 30 02 — 00
54 16-80 03 — 47
55 27-30 05 — 0
56 34:50 08 —1-28
40131 | 567 39-05 —+0028 12
100 —+0873 | 6 58 Accijdent.
30 59 — 00
60 —16-80 B
61 —26-30
62 —33-70
— 0175 63 —39-40

21
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THE MECHANISM OF SOLID VISCOSITY.

PABLE 3.— Fiscosity of hard-drawn steel wire compared with soft.

2p="082; l=I'=cm.; §==6'30°, Wire drawn (2p="13 to ‘08 cm.) very resilient.

(2¢f|_¢:) Time.’ }OSX ($—¢")/7 2(¢_1;_¢,) Time. | 103X (p—¢)/7
| Rk.m. k. m.
+-009] 840 409 | 517

a1 -00 18 00

2 377 19 283

43 639 20 4d4

44 830 21 |- 580

‘ 45 980 22 680

. 46 1110 23 770

+ 006 47 12:20 24 840

+ 006 25 910
—-099 5 02 — 099 535

T 04 — 00 36 — 00

05 - 270 37 —236

06 — 465 38 -377

07 — 606 40 —580 !

08 — 7385 —-+006 45 —890
09 — 840 +-099 | 546

10 — 930 47 00

— 096 12 —10-90 48 210

49 336

50 430

52 573

++006 56 770

[Buit. 94,

In Table 4 I give results for the viscous effect of moderate values of
The pull on the
strained wire (the normal being No. 15) is indicated in the first column
in kilogrames. The maximum -pull which these wires will bear was
computed to be between 30 kilos. and 50 kilos. It was found to be 45
kilos. in some cases experimentally. Inasmuch as I here apply 84
kilos., the pull applied is 17 per cent to 25 per cent of the load producing

tensile strain on a plan identical with the above.

rupture.
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TaBLE 4.—Viscous effect of moderate traction.

Soft steel wire. 2p='082 c¢m.; {=I'=30 cm.; 6=6'=30°; v="100,

Pull, Time. | 103X (p—o)/T Pull. Time. | 103X (¢ —¢')/7
Kilos. I m. Kilos. h.m.
0| 513 48| 559
15 00 ¢ 01 -00
17 03 0| . . 07
20 ‘10 .0 —07
24 ‘13 10 -8
29 17 23 —27
35|, 18 3 | — 40
24! 5386 00 84| 632
37 07 47 00
38 18 |f 7 09 R
40 23 23 —27
43 - 28 21 00 —07
48 21
52 40
58

The results of Tables 1, 2, and 3 clearly show the marked influence
of the drawn strain in effecting diminution of viscosity, Wires drawn
only moderately resilient are of the same low order of viscosity as glass-
hard wires. Again, if the wires are drawn very resilient the reduction
of the viscosity of the originally soft wire is enormous. To eliminate
the effect of different degrees of softness, I also drew down a wire after
heating in air (Table 3). The, results are in accord with Tables 1
and 2. o S -

Some insight into these results is expeditiously obtained by con-
structing tangents at like time-points of the curves. This is approxi-
mately done in the small summary following (Table 5), by subtracting
the values of (¢—¢’) /= for the beginning and end of the second minute

"after twisting. Similar values for stretched -wire are given in the last

two columns, kg. denoting the load.

°

TABLE 5.—Digest for the hard and soft wiresin Tables 1, 2, 8, and 4.

I}

Drawn. Soft. i Drawn. Soft.
[} r 9 T

—d ! —d —d!

A't’-»;r-‘?—x 100 | a2=% 10 af=¥5x10 | 220
T T T
30| +10 108 20 80| +-10 es7| 00 |
30| —-10 —101 —00| 80| —-09 —472 —0
J o100 +10 2:83 33 || 100" +-09 1050 41

100 | .—-09 —303 —33| 100 —-09 T — 950
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TABLE 5.—Digest for the hard and soft wires in Tables 1, 2, 3, and 4—Continued.

Drawn. Stretched.
L4
0 T ,¢ kg, T py
L =d . - —o¢'
AT X108 . AT X 10°
. | : !
30 + 10 4262 0 *10 03 |
30 —-10 —2'70 24 ‘10 + 06 i
30 +-10 +161 48 ‘10 + 07
30 —10 | ~142 84 ‘10
30 + 10 . +1-26

From this table the swmall effect of traction in case of loads below
25 per cent of the breaking stress is specially manifest; an effect negli-
gible in comparison with the diminution of viscosity due to the drawn
strain. TFor the-sake of orientation I may assume that corresponding
values of A(¢p—¢’)/7 for glass-hardness wouldat 30° be about 1/10° to
2/10°—that is, about equal to this quantity in the case of a moderately
resilient wire. In general, the results for the drawn strain both at 300
and at 100° corroborate and accentuate the results already obtained
for temper!, so that the further discussion can be made as in my earlier
papers, and may be waived here. I add only that the effect of drawing
in case of steel is a decrease of the density of the soft metal; for in-

© stance,
Rods. . . A. B. c.
Originally soft . . . . 776 772 7-68
Drawn very resilient . . 772 - - 7-64 764
Softened after drawing . 7-80 . 773

It appeai's that in this respect also the drawn strain and temper are
similar.
DATA FOR STRETCHED WIRES.

.

4. Returning to the case of simple traction, the changes of sign of
(p—¢')/7 suggesting increase of viscosity for loads slightly greater than
b kilos., indicate that here, as in the case of motional annealing due to
torsion, the initial effects aré an increase of viscosity. Nevertheless,
the obscurely small viscous variations due to traction do not admit of
interpretation, unless supplemented by data for very much larger loads.
Again, it is desirable and quite feasible, by aid of the apparatus dis-
cussed above, to operate cyclically; in which case the results must be
such as to bear on the lag-quality of solids under stress.

In the following table (6) I have therefore inserted some data for
larger pulls. Traction increases successively as far as 90 per cent of
the breaking stress. It will be superfluous to give more than a few.
typical examples; and the tables can be further abbreviated, becanse in
the stress-decreasing phase of the cycles the viscous effect of loads P

! Phil. Mag., 5th. ser., vol. 26, 1888, p. 205 et seq., cf. Bull. U. S Geol. Surv. No. 73, Chap. 11, 1891.
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below the maximum employed is nil, § 1, and therefore sufficiently
given by the final load zero. To retain a fixed rate of torsion, r, it is
necessary to twist the wires anew after each of the larger loads; in
other werds, to bring back the same scale-division into the telescope at
the outset of each experiment. Otherwise the torsion seriously de-
creases in consequence of the rapid viscous deformation of the loaded
Wie. TABLE 6.— Viscous effect of cyclic traction.

" Soft steel. 2p="081 centimeters; I=1'="30 centimetors.

—h! -
P | 1 | Time. ""—Tibvxw3 P | r | Time. ‘-"’—;ixm3
EKg.| Rad. | h.m.| Rad. Kg. |- Rad. | h.m.| Rad.
0| —10| 11 _ 0| +13| 1022
33 + 00 .28 00
20 +216 31 -60
51 +3:35 36 *00
9| —10| 1152 4 19
5 +000 gl 413) 1045
56 + 23 4 0
50 + 45 | © 38
64| 4 52 50 5
18| —-10.| 1164 55| 63
& WU gt 413 1066 .
7n — 12 50 0
8 — 37 61 05
27| —10] 1224 ); 6| . 08
27 — 00 68 12
30 —37l ey 18| 1109
37 — 48 10 00
T a6| —10| 1239 13 45
16 g
40 — 19 1:04
4 —1:64 R
53 —o53 || 86| 48| 1120
0] —10| 125 2 00
24 190
% 0 2 837
60 —#08 30 461
65 —507
78 —962|| 40| 413 1131
34 .
0 | 12 le—s)x16s o e
" ) 36 271
%  —10 jﬁ ::f;
27 —1750 s
30 —2120{ 0| +°18| 1142
45 00
0| ¢ 1382
4 *) o o 50 09
_ : ‘
37 —200| 0 0
39| —s0f o] +13] 20
I BRI
o2 b 13 —
55 + 30 -
3 80 +110

* Twisted again,
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TABLE 6.—Viscous effect of cyclic traction—Continued.

Soft steel. 2p=-081 centimeters; {=={'=30 centimeters.

P T Time: ‘b—:-i X103 P T Time. Q:i X 103
Ky. | Rad. | h.m. Rad. Kyg. Rad.! h.m. Rad.
20! +131 1214 38| +13] 1245 ]
15 . 00 47 00
18 00, 50 1-53
22 05 53 2:67
“24 07 56 379
28 09 60 C 521
29| +-13| 1280 . 42| +18) 101
31 00 04 00
33 11 07 91
36 25 10 149
40 33 1B, 198
44 4 17 251
Wire breaks at P—=46 kg.

In adding the successive loads care was taken to avoid vibration
and jarring; but without special machinery it is impossible to protect
the’ system completely against it. To this cause I attribute certain
irregularities of sequence which these and others of my results exhibit.
Their general significance is none the less definite. The effect of trac-
tion is diminution of viscosity, increasing: -atan accelerated rate in pro-
portion as stress approaches the limit of rupture. Indeed, by suffi-
ciently increasing stress, viscosity may be diminished in any degree
whatever. The singularly curious feature of these experiments is this:
that with the removal of load the viscous effect of traction almost en-
tirely vanishes. It is in this respect that the present experiments bear
directly on the truth of Maxwell’s theory; for it is only during the
interval within which conditions favorable to molecular break-up are
Sforcibly maintained that the wires exhibit a low order of viscosity of a
sufficiently marked degree to compare with the viscous effect of drawn
strains and of temper, where instabilities are structurally retained.

It follows, in general, that slight applications of mechanical treatment
(twisting, traction, etc.), inasmuch as they decrease in number the.
motionally unstable configurations of the soft wire, increase viscosity
(motional annealing). If this treatment is intensified beyond a critical
stage—in other words, if stress is increased sufficiently beyond the limits
of resilience and toward the limits of rupture—then viscosity is again
seriously decreased. For the action of stress has now become such as
to introduce its own specific 1nstab1]1ty, whereby viscous deformation
is again promoted.

INFERENCES.

5. Having thus substantiated the remarks of § 1, and shown that the
accordant results of the earlier observers and my own are such as fol-
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low naturally from Maxwell’s theory, it is expedient to give a graphic
répresentation of the more important differential data (i. e., differences
between strained and soft metal for each case of stress) in hand: In
figure 2 the viscous deformiation (¢—¢’)/7) produced by the action of
a fixed rate of twist r, is represented as ordinate, time as abscissa,
The material is steel, the originally soft state of which has been trans-
formed by temper (glass-hardness), drawn strain (wire-plate), tensile
strain, and torsion respectively. Curves are given for intense values
and for moderate values of stress. The nature of the problem ypre-
cludes greater definiteness as to stress data. In case of traction in-
finitesimally below the point of rupture, for instance, viscous deforma-

tion would occur with such extreme rapidity that its dla,gmmmatlc
representation would be a vertical line.

Again, in case of traction of sufficiently small value, the curve would
be a horizontal line coinciding with “soft,” or even a curve below it
(motional annealing)., In a measure this is true of the other strains;
and I have therefore expediently inserted the values for deformations
ac.ually found. '

The general outcome of the present. paper is this, that the-effect of
strain of whatever kind, applied in sufficient intensity to homogeneous
soft steel, is marked diminution of viscosity. Again, inasmuch as the
underlying cause of viscous deformation is the oceurrence of unstable
configurations the number of which is being reduced in the course of
viscous motion, Maxwell’s theory naturally suggests the applicability
of exponential equations for the description of the time relations of
such motion. From another point of view it appears that the loss of
viscosity experienced by a given metal, under action of a given kind

_of strain, may not inappropriately be used as a measure of its intensity,
Finally, the curious observation, that in all the cases given loss of vis-
cosity has taken 1)1&(,6 simultaneounsly with increase of hardness, is one
of the suggestive results of the experiments made.

Quite recently Auerbach,!in applying a method for the absolute
evaluation of hardness due to Hertz, has shown that hardness and
elasticity are associated quantities, i. e., quantities between the cor-
responding variations of which a close agreement is maintained irre-
spective of the body operated on. Hence the above results show a
fundamental distinction between viscosity and elasticity.

From experiments made on the behavior of iron in passing through
the temperature of recalescence Osmond? was led to conclude that
all the phenomena of hardness are due to a second or 7 variety
of iron. This g iron may be formed from ordinary or « iron, either
spontaneously by heating above a certain high temperature, below
which, however, it is unstable and passes back to « iron on cooling

! Auerbach: Wied. Ann., vol. 43, 1891, p. 61. Other references are thero given.
2Osmond: Annales des Mines, July-August, 1888, * Introduction,” and clsewhere. Cf. Bull. U, S,
Geol. Surv. No. 73, p. 51, 1891,
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except under certain conditioﬁs, or # iron may be formed artificially
by the action of pressure of any kind applied below the critical tem-
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Fig. 2.—Time variation of viscous deformation, in case of soft steel transformed by temper, drawn:
strain, traction, and torsion, respectively. The abscissa represents the soft or unstrained wire.

perature in question. The presence of carbon (steel) and rapid cooling
is specially favorable to the production of g iron, and the presence of -
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this substance manifests itself in the resulting hardness of the metal.
Now it is to be observed that the above observation on the similarity
of viscous effects of all kinds of strain, whether tempered or mechan-
ically applied, is in harmony with Osmond’s theory. Again, the ac-
knowledged instability of g iron at ordinary temperatures supplies the
requisite unstable configurations in virtue of which, following Max-
well’s theory, viscosity is reduced. This theory of Osmond, however,
either proves too much or it is a suggestive working hypothesis relative
to the behavior of other metals. Tor. the results of Streintz, Tomlin-
son, and myself, cited above, show that in most if not all metals vis-
cosity is reduced by the presence of marked intensity of mechanical
strains. Certainly metals are capable of being hardened by traction,
the draw plate, torsion, etc., although no phenomenon corresponding
to Gore’s phenomenon in iron has been observed. Osmond’s theory of
a change of molecule of iron by mechanical action therefore calls for
experiments relative to the definite discovery of the « and s varieties of
metals other than iron, nickel, and a few more, before the standpoint
taken can be maintained.

An important inquiry is thus suggested which would lead ulteriorly
to a test of Osmond’s theory: It is to be found whether the maximun
of drawn strain which the wire of a given metal can retain is (ceet.
par.) a function of the viscosity of the metal; or whether the strain re-
tained is largely independent of viscosity and subject to other condi-
tions. In the last case retention would be conditioned by a chemical
mechanism, and Osmond’s theory would therefore be substantiated at
once,.

I may state in concluding that Qsinénd’s views are not wholly new,
having been suggested in their general bearings in a remarkable ther-
moelectric investigation by F. Braun.!

1F. Braun: Phil. Mag. (5), vol. 19,1885, p. 503, § 8.

°



" CHAPTER IL

THE TWO SPECIES OF MOLECULAR BREAK-UP WHICH PROMOTE
WSCOUS DEFORMATION.

INTRODUCTORY.

6. Following the argument which underlies Maxwell’s theory of solid
viscosity experimentally, I was'obliged to take cognizance of two causes
which promote viscous deformation in solids.!: For any structure will
give way under impressed conditions of stress, as a whole or in part,
because either the cements or the bricks are insufficiently strong to with-
stand it. Similarly the underlying cause of viscous motion is either
such stroctural change in which groups of molecules pass without loss
of identity from an initial to a final cénﬁgura,tion, or it is a break-up
superinduced by the disintegration of one or more molecules of each
group. Whichever the change may be, it must, from the nature of the
problem in general, be distributed uniformly throughout the mass of
the solid (§ 14). Even without stress the said change may result from
secular subsidence. Moreover it is conceivable that molecular disinte-
gration may occur in such a way as to elude detection.

Now I have since been able to prove experimentally that in glass-
hard steel a change of the viscous quality may be obtained as the result
of at least two distinet kinds of structural change, probably as the re-
sult of the two kinds of break-up in question. The present chapter pur-
poses to show this by aid of the phenomena of accommodation, or mo-
tional annealing, as they may be called more uniformly in keeping
with the following work.

°

MOTIONAL ANNEALING DEFINED.

7. The term annealing or tempering, in its most general sense, refers
to a process by which strained solid structure, whether maintained by
mechanical or chemical causes, is changed to isotropic structure. In
viscosity, inasmuch as strained structure is ultimately accompanied by
molecular instability, annealing is a process by which viscosity is in-
creased; and from this point of view annealing need have no direct
reference to exposure to temperature. Hence I have designated by the
term motional annealing all such forced molecular motion to and fro, in
virtue of which the molecules of a thoroughly soft solid are brought into
new relations‘to each other, to the effect that viscosity is increased at

30 ! Phil. Mag., November, 1888,
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the expense of the motionally less stable configurations of the soft
solid. There may appear to be some incongruity in the term, inasmuach
as the solid motionally acted on always experiences strain; it is not the
strain, however, but the increment of viscosity of the solid, to which
the term refers.!

Again, in order that a solid may be motionally annealed the mechan-
ical treatment (torsion, traction, etc.) must be applied below a certain
critical limit of intensity. Otherwise this treatment introduces its own
specific instability; and in proportion as stress is indefinitely increased
the viscosity.of the solid may now_be reduced in any measure.. Fur-
ther justification of the term is to be givenin §§ 11,14, At present it is.
more expedient to indicate the points of crucial difference between mo-
tional annealing and thermal annealing in their effect on steel in the
glass-hard state.

STRAIN, ELECTRIC RESISTANCE, AND VISCOSITY.

8. When glass-hard steel is annealed at 100° the effect is a decided
increase of viscosity amounting to almost one-half of the total viscous
interval, hard-soft.> This marked increment of viscosity is accompa-
nied by an equally striking electrical effect.* For it has been shown
that the specific resistance of hard steel diminishes as much as 15 per
cent as the result of annealing at 100°. Finally, since the electrical
effect is a sufficient indication of the changes of volume (decrement)
and-of carburation, it appears conclusively that the underlying cause
of the increase of viscosity here in question is a disintegration of the
unstable carbide molecule of steel.

TEMPER, ELECTRIC RESISTANCE, AND VISCOSITY.

9. Again, an increment of the viscosity of glass-hard steel compara-

ble in magnitude with that of annealing at 100° may be obtained with-
out heat. It is merely necessary, for instance, to apply to the glass-
.hard wire large enough rates of twist, a sufficient number of times
alternately, in opposite directions. This method of increasing viscosity
has no-electrical concomitant comparable with the electrical effect of
§ 8. Hence the underlying cause of the observed increase of viscosity
in this case is probably not a disintegration of the carbide molecule of
steel, or, at least, a disintegration quite unlike that of the foregoing
instance.

DATA RELATIVE TO TEMPER, ELECTRIC RESISTAI\“IOE,‘AND VISCOSITY.

10. Tn the following tables (7 and 8) I give the data necessary to
substantiate § 9. The method* of experiment being identical with the

! Phil. Mag., 5th ser., vol. 26,1888, pp. 199 to 203.

3 Am. Jour. Sci., 3d ser., vol. 33,1887, p. 26; Phil. Mag., 6th ser., vol. 26, 1888, p. 188, et seq.

8 Bull, U, 8. Geological Survey, No. 14, p. 49,1885, -

4 Phil. Mag,, 5th ser., vol. 26, 1888, pp. 189 to 191. The use of differential methods premises that the
viscous deformations of all the wires to be compared are similar time functions. That this is the case
maust be verified preliminarily by some absolute method.,
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one described in verifying § 8, I need only to call to mind here that my
normal steel wire (maximum viscosity) and the fresh glass-hard wire
(minimum viscosity) were countertwisted; that the ends of the vertical
system were fixed, and a mirror-index placed near the middle, at the
junction of the two wires.! Cf. Fig.1,§3. Table 1 contains the results
for viscosity, both wires being at the same temperature . The im-
pressed rate of twist is given in radians under r, and the permanent
torsion observed at the close of each experiment under 2(¢ + ¢’). Since
the lower end of the system was twisted 360, r + 2(¢ + ¢’), =2x/L,
where L is the length of the two-wires. Finally, (¢ - ¢’)/r is the vis-
cous motion at the index, per unit of -, per unit of I, at the time speci-
fied. In other words, 2¢ and 2¢’ refer to the hard and the soft wires,
respectively, and denote angular viscous motion of one right section
relatively to another, when their distance apart is 1 em. of length
of wire. (¢ — ¢’)/r need not be independent of =. (§ 13.)

Table 7 indicates that the wires were twisted eight times alternately
in opposite directions. Before and after each series of viscous meas-
urements in Table 7 the resistance of the glass-hard wire was measured
by a special device utilizing Matthiessen and Hoskin’s method. These
results are given in Table 8, where 7, is the observed resistance in mi-
crohms, Ar, the variation from the final value, r, = 39500.

TABLE 7.—Viscous effect of motional annealing. Glass-hard steel,

o= 29. L=30cm. + 30 cm. Diameter of wires, 2p =081 cm.

.

Lyist 26+ | Time. ¢—:—¢-><103 TSE | g gy | Time. 4’:—¢'><103
- h.m. h.m.
1 40902 | 295 5. 41021 | 3 40
36 + 00 42 + 00
32 04 44 68
35 199 ne 138
38 279 ++0026 52 219
40055 | 46 445 : )
2. —0083 | 249 6. —1018| 855
51 — +00 57 — 00
53 —195 59 — 4
56 —397 ’ 62 —144
—0064 [ 63 —593 —+0029 67 —2:39
3. +1021 | 807 1. +1018 | 409
09 + 00 1 0
1 101 13 64 N
14 199 16 128
+-0026 21 336 ++0029 20 1°89
4. —1021| 32t 8 —1018 | 423
27 — 00 2 — -00
29 —9 | 27 — 64
32 —1'85 . 30 —128
—10026 37 —3-08 —+0029 37 —2-32

1See Bull. U. S. Geol. Survey No. 73, 1891, pl. I, p. 54
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TaBLE 8.—FKlectrical ¢ffect of motional annealing.

Glass-hard steel, 2p="081 cm.

T‘{:?t T 7y Are Tﬁyoi.st' T e ATt
0. 0 39550 + 50 5. —102 39560 --60
1. —099 39380 —120 6. +°102 39530 +30
2. +-098 39350 —150 7. ~102 89500 +00
3. —102 39570 + 70 8. ++102 39510 +10
4. +-102 39430 — 70

DISCUSSION OF RESULTS.

11. The results of Table 7 .are in excellent accord with my earlier
data; and the oscillatory march of the viscous in¢rement can be repre-
sented in the same way. If the tangents be constructed at the same
time-point, in each of the curves of Table 7 there appears to be some
similarity between the march of these results (A(¢—¢’)/7) and the cor-
responding march of 7, in Table 8. But interpreted by the data of § 7,
this similarity is only qualitative in kind. In other words, whereas
the increment of viscosity due to successive alternations of twist is de-
cidedly greater than one-half of the increment of viscozity due to
anncaling glass-hard steel at 1000, it appears that the electrical effcct
in the first instance (motional annealing) is practically negligible in
comparison with the electrical effect of thermal annealing., 1In Table 8
the total interval of variation of Ar, is about one:half per cent of »,; on
the other hand, the variation of , due to annealing at 100° is from 10
per cent upward. It follows that in glass-hard steel there are two
distinet ways in which viscosity may be appreciably increased, a result
corroborating §§ 8, 9. Again, if the possibilities of viscous motion are
to be fully given, it is essential to postulate groups of atoms, as well as
the somewhat less definite groups of molecules, both varying in degrees
of stability from point to point of the solid mass. Hence slight posi-
tional change of the elements of the atomic configurations, or of the
molecular configurations, due either to stress not exceeding a critical
value or to mere secular subsidence, must in general involve an ang-
mentation of the viscous quality.

DATA FOR CYCLIC TWISTING.

12. Having arrived at this result I desire to inquire somewhat more
in detail into the viscous relations of the motional effect, §§ 9,10. This
is attempted in Table 9, in which torsional stress is applied cyclically.
The viscous behavior is studied at each of these successive stages of
increase or decrease, as showun in the first column, r, of the table. As
before, the length of the system of two wires, L=1+4 l'=30 cm.+ 30
cm.; diameter, 2p=-081 c¢m. The .final column, A(¢—¢’), being tho
detorsion from the beginning to the end of the first minute aftor

Bull, 94—3
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twisting, may be taken as an index of the rate of deformation. In the
tirst and second cycles twist is imparted positively; in the third cycle
negatively. To follow the sequence of observations it is sufficient to
consult the time column. ‘

TaBLE 9.—Viscous deformation in case of cyclic twisting.

FIRST CYCLE.

Twist increasing. Twist decreasing.
gf",‘f:tf’f, Time. [(d—¢7) X106 i:—d’—'x 108 | A8 zf‘"‘fsct"f Time. [($—¢/)x 105 D089
k. m.
000 000 | 12 31 fieaceainnn.. —10
’ 32 0
33 — 10
|l - —20
: 35 — 27
’ : 118 —107
30 —120
h. m.
009 | 10 86 feeeeeniaieafieiieaanaans 3 009 | 1226 |ceaeieinnnnn —8
37 0 0 27 0
38 3 11 281, — 8
39 5 15 29 — 15
40 6 19 . 30 —21
O17 | 10 41 feoeeeinmeans)oanannnn., 9 017 | 1221 [eeenieinnnnn —5
42 0 0 22 0
43 9 14 23 — 5
44 15 | 2:8 24 — 12
45 20 32 25 — 17
026 | 10 46 |aeuecneeneeliniiunna... 14 026 | 1236 [oeoeiin.n.. —1
47 0 0 17 — 0
48 14 1.5 18 =T
49 23 2:5 19 —12
50 27 2:8 20 — 15
035 | 10 51 035 | 12 11 —1
52 0 12
53 31 13
54 51 14
55 67 15
043 | 10 56 043 | 12 06 —5
57 0 07 0
58 T4 08 — 5
59 b . 09 — 8
60 100 10 — 13
; 052 | 11 01 052 1 1201 l..o....... —3
02 0. o0 0
03 36 03 |. — 3
04 69 04 — 9
05 103 05 -1
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TABLE 9.—VFiscous deformation in case of cyclic twisting—Continued.

FIRST CYCLE—Continued.

Twist increasing. Twist decreasing.
%“}Fc of | mime. |p—pr)x106) €2 5 100 | D@80 || Bateof | g0 d g sio8] AG—$)
wist, 7 T X 10 twist, T X108
h.m. h.m.
061 | 11 06 : 061 | 1156 |...... eeeas —1
07 0 57 0
08 60 58 -7 .
09 100 59 -1
10 133 ) 60 -9
070 | 1111 |eeeneei s o7 070 | 1151 |-...... —5
12 0 0 52 0
13 97 3-8 53 -5
1 153 61 54 — 5
15 207 82 5] — 5
078 | 1L 16 |ueeeeeereidinianianns 100 078 | 1146 {.cenen..... —2
17 0 0 47 0
18 100 35 48 —2
19 167 59 49 -2
20 237 83 50 — 1
087 | 1L 2% |eavuennoifiiiniinns 117 087 | 1141 leeenennn... +3
22 0 0 2 0
23 u7 37 43 + 3
24 197 63 44 + 7
25 263 83 45 + 10
006 | 11261{............ revenaean 137 096 | 1186 feevuennannn. +8
- 27 0 0 37 0
28 137 39 38 + 8
29 233 68 30 + 21
30 307 89 ) 40 + 31
05 | 1181 feueneenenans|onieeenas 167
32 of. 0
33 167 44
34 280 74
35 397 96

iSY
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TABLE 9.—Viscous deformation in case of cyclic twisting—Continued.
SECOND CYCLE.
Twist increasing. Twist decreasing.
: . : $—¢! Y Y
fv?f:t"f Time. |(p—¢/) x10s| “=Ex 105 Ag?m%“ E;‘f:t,‘)f Time. |(¢—¢7) x100| AE80
h.m.
0 U I R —9
27 -0
28 — 9
29 — 17
30 —23
h.m.
017 B 5 S P J 017 221 |oeeiiaan. —12
- 32 0 0 22 — 0
33 5 7 23 — 12
84 7 12 24 —19
35 11 18 M 25 — 2%
035 | 186 |veenieniens|oieeennens 7 035 | 216 |ciieennn... —5
37 0 0 17 — 0
38 7 5 18 — 5
39 13 11 19 —10
40 15 12 20 —15
052 | 14l |eeiieiiiiiifiaininnnnnns 7 052 | 211 eceeeninan. —9
42 0 0 12 -0
43 7 3 13 — 9
44 10 5 14 -1
45 17 9 15 — 14
070 B L e 7 070 206 |oeeeceenanas -1
47 0 0 07 -0
48 7 3 08 - 7
49 19 7 09 - 7
50 30°{ 1-2 10 - 7
087 | 151 |eeceiaeans|oaneaannn, 15 087 | 201 |-cecaeenannn —2
52 0 0 02
53 15 5 03 - 0
54 30 -9 04 —_2
55 41 13 05 — 4
105 156 |oeccememencafonananneans 67
57 0 0
- 68| 67 19
59 120 32
- 60 170 45
b o
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TanLe 9.—Viscous deformation in case of cyclic twisting—Continued.

THIRD CYCLE.—TWIST IN OPPOSITE DIRECTION.

Twist increasing. Twist decreasing.
11;\‘1‘;,05 Time. |(¢—¢’) X 10° 9:—“’—' x 108 | A8 %3$f§°f Time. |(6—¢/)x100| LG9
h.m. ‘ h. m.
017 207 S I S, 12 0 417 |.oiiienn.. —28
25 0 0 18 — 0
26 12 19 19 — 28
27 19 30 . 20 — 45
28 25 39 21 — 63
29 28 46 )
. 035 L2 11 O 13 |
31 0 0
32 13 11
33 32 2:5
34 37 29
052 i 24 PR 43
36 0 0
37 43 23
38 11 .
39 103 56
070 B0 1N DR e 97 070 3 50 [EPPPT IR —1
41 0 0 51 —_ 0
42 97 38 52 -1
43 163 65 53 - 1
44 213 85 ) b4 + 2
087 2t T N . 147 087 400 [.o.ooeana.. + 5
46 o[ 0 01 0
47 147 47 02 4+ 5
48 240 76 03 + 14
49 307 98 04 + 23
096 751 2 PR P, 117 -096 410 |coeoenao... 0
56 0 0 11 + 0
57 117 34 12 | 4+ 0
58 207 60 13 + 10
59 ’ 273 79 . 14 + 27
‘105 L0 (N F . 135
06 0 0
07 135 36
08 240 64 .
09 313 83

DISCUSSION OF RESULTS OF CYCLIC TWISTING.

13. The marked feature—The first result given by these data is ob-
tained by comparing ¢—¢’ and (¢—¢’)/7, showing that the latter
quantity is not independent of z. Nor can it be asserted that the
change of (p—@’)/7 with increasing z is retarded. It follows that
comparable values of (p—q’)/7 are only obtained by keeping z nearly
constant, as has been done in all my experiments.
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Again, the large variations of (@—@’) in the direct or stress-increas-
ing phase of the cycles, as compared with the corresponding variations
in the retrograde or stress-decreasing phase of the cycles, together
with a repetition of the whole phenomenon on a smaller scale for suc-
ceeding cycles of the same sign, are features of these experiments.
‘When the sign of the twist is reversed, cycles which exceed the original
one in magnitude are obtained. These in their turn dwindle on repe-
tition of like signs of z. Finally, the influence of residual action in
case of retrograde cycles appears more clearly in proportion as stress
approaches zero. On the other hand, the circumflex contours of the
earlier retrograde curves (r decreasing from -105) is not a mere error
of observation, but results from superposition of direct and residual
phenomena. This is specially marked in the third cycle, where stress,
after 7="087, was applied in a zigzag way, viz:

-

T x 10° = 87, 70, 96, 87, 105, 96.

14. Analogy with thermal annealing.—The clue for the interpretation
of the above complex phenomena as a whole is suggested by the data
for 4 (p—¢’). It then appears that the viscous behaviour of the wires
is intimately connected with the amount of permanent set imparted
during the period of action of stress. From this point of view the
phenomena become not only strikingly analogous to thermal annealing
in case of temper, but of special importance as regards their bearing
on Maxwell’s theory. The following description! applies, mutatis mu-
tandis, to both classes of phenomena:

(1) The viscous deformation (annealing effect) of any stress (tem-
perature) acting on glass-hard steel increases gradually at a rate dimin-
ishing through infinite time; diminishing very slowly in case of low
stress (temperature); diminishing very rapidly at first and then again
slowly in case of high-stress (temperature); so that the limit of per-
manent deformation is approached asymptotically.

(2) The ultimate viscous deformation (annealing effect) of any stress
7 (temperature ?), is independent of preexisting effects of the stress z/
(temperature #'), and is not influenced by subsequent application of
stress 7/ (temperature #'), provided z>17/ (¢>¢/). In case of incomplete
deformation (partial annealing) induced by stress r (temperature ),
this law applies more fully as the ultimate effect of = (¢) is more nearly
reached. Again, the effect of 7/ succeeding 7 (¥ succeeding ¢) is more
nearly nil as the effect of 72> 7/ (¢> ') approaches completeness.

To discern the cause of this detailed analogy it is sufficient to call to
mind, (1) that in thermal annealing viscous deformation is produced by
thermal diminution of viscosity under conditions of the initially given
stress stored up in the tempered solid; in motional annealing by in-
crease of the mechanical stress applied from without under conditions
of initially given viscosity. Finally, (2) the configurations, molecular

L Cf. Phil. Mag., 5th ser., vol. 2, 1888, p. 214.
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or atomic, which just break up under the action of stress r or tempera-
ture ¢, respectively, are necessarily limited by a higher order of stabil-
ity, and are greater in number than those just surviving under less in-
tense conditions. of stress or temperature. This is the crucial feature
of the analogy. However unlike the instabilities may be in the two
:ases of motional and of thermal annealing, however unlike the treat-
ment to which they are here respectively subjected, its effect in modify-
ing the occurrence of instability is similar, and hence the similarity of
viscous results.

So far as I have observed, however, residual phenomena are absent
in thermal annealing of glass-hard steel, and this is a point of differ:
ence between the break-up of atomic groups and molecular groups. The
former are not reconstructed. Again, in motional annealing for in-
creasing rates of twist, thick wires show viscous deformation at earlier
dates than thin wires. The break-up commences at the external sur-
face, where stress is most intense, and proceeds thence to the axis,
where stress is least. The history of motional annealing is therefore
essentially dependent on the dimensions of the deformed wire and varies
for different values of radius. I pointed out!that in softiron the limits
of torsional resilience were reached when the obliquity of the external
fiber (shear) somewhat exceeds .003 radians. Finally, the ultimate an-
nealing effect (time = o) of any temperature ¢ acting on glass-hard
steel increases at a retarded rate with temperature, and practically
reaches the limit of variation below 350°. In case of motional anneal-
ing stress may be applied in any degree from without, and increasing
effects obtained limited only by the given degrees of resilience or of
brittleness. Nevertheless, if the wire admits of permanent set, the
analogy pursued may be pushed even to this extreme detail. For, just
as in the case of thermal anmealing above 350°, no further marked
effects are produced, because the intensity of stored stress is invaria-
bly below the value of viscosity; soin caseof motional annealing, when
stress surpasses the limits of resilience, further increment of marked
consequence is no longer elastically retained.

A, Jour. Sci., vol. 34, 1887, p. 183,



CHAPTER IIL

THE EFFECT OF MECHANICAL STRAIN ON TH‘E CARBURATION
’ OF STEEL.

INTRODUCTORY.

15. Drowné’s experiments.—I shall, in this chapter, endeavor to discuss
the nature of some shortcomings of the present methods for the estima-
tion of uncombined carbon in addition to the subject matter of the
superscript. Among earlier investigators Dr. Thomas Drowne!® has
made similar observation with reference to cast iron. The stimulus
of Drowne’s work was a remark of Bell’s, stating that white and gray
pig iron differ only in the magnitude of graphitic crystals contained,
which erystals are fine grained in white pig, and coarse grained in gray
pig. To disprove this assertion Drowne cast a sample of iron in a ¢hill
mold,? thus obtaining both the white and the gray variety. Analyses
showed that while these two parts of the same casting did not differ
much in total carbon, the free carbon in the gray iron was more than
twice as great in amount as the free carbon in the white iron. . He thus
obtained strong evidence against Bell’s statement. Drowne then pro-
ceeded to vary the method of treatment by varying the solvent and by
boiling. He infers that the carbide is not decomposed except by boil-
ing, and accentuates the crudeness of the analytical methods.

16." The present method.—The above pages have clearly shown that
the underlying cause of viscous deformation is either a break-up of
atomic or of molecular configuration. The former phenomenon admits
of direct proof and does occur in glass-hard steel. The molecular break-
up is less easily verifiable, and can not be as clearly defined as the other.
I have therefore been tempted to question whether, even in the case
of viscous deformation induced by mechanical strains, the underlying
break-up is a mere rearrangement of molecules. (Cf. § 9.)

Among the more promising methods for deciding this question, the
plan adopted in the discussion of annealing phenomena? snggests itself.
An exceedingly intimate intermixture of carbon and iron is here pre-
sented. Indeed Matthiessen considered it a solidified solution or mix-

'Drowne: Trans. Am. Inst. Mining Engineers, vol. 8, 1874-'75, pp. 41-44.
21 may refer here to a similar experiment of Karsten’s (Eisenhiittenkunde, Bd. I, 3 Aufl., 1841. p. 581,
ct seq.) from which the distinction between combined and uncombined carbon was originally derived.
3 Barus: Bull. U. 8. Geol. Survey, No. 73, Chap. 111, 189]. '
40
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tures of these. Hence the possibility of chemical changes of configura-
tion superinduced by mechanical stress (wire-pulling, torsion, flexure,
traction, compression) applied from without, is favorably open to ex-
periment. Put in its simplest form, the problem is a determination of
the variation of the amount of the uncombined carbon in steel, pro-
duced by stress; for it may be plausibly argned, I think, that such
disintegration of molecule as is here in question could hardly take
place without the accompaniment of a ecarburation effect.

METHOD OF EXPERIMENT.

17. The method of procedure, apart from its extreme tedium, is
sufficiently simple. A soft wire of proper length is cut into halves, one
of which is dissolved without further treatment, the other drawn down
to as small a diameter as feasible and also dissolved. The two samn-
ples are then tested for uncombined carbon. I used the customary
process described by Blair in its most complete form. The samples
were dissolved in cold dilute acid, then boiled, after which the carbon
was collected on Goocl’s asbestos filter, duly washed with dilute HCL
and hot water, KOH, alcohol and ether. It was thereupon dried at a
temperature of at least 1600 for a sufficient time, cooled in a desiccator,
and the difference in weight of the Gooch crucible before and after ig-
nition in oxygen estimated as carbon. This is not as accurate a pro-
cess as the regular combustion method usually prescribed. But it is
far more expeditious; and the errors made in weighing carbon directly
are of very much swmaller moment than the solution and other errors
which I will point out below. Indeed the validity of the whole method
stands seriously in question, in a number of fundamental particulars;
and so long as these have not been surely cleared away, refinements
of carbon measurement are obviously absurd.

RESULTS OBTAINED.

18. My results are given in the following Table 10. To understand
them fully, introductory remarks as to the structure of the soft steel
used in each case are essential. In my first experiments (rods Nos. 1 and
2 for instance), I drew down the whole wire; then I softened one-half
of it after drawing, by annealing at red heat ¢n air. On dissolving, the
drawn wires were very much more intensely attacked than the freshly
softened wires; so that the beaker containing drawn wires is turbid
and black with carbon before the other hardly shows traces of carbon
precipitate. This result is exceedingly striking and uniform, and I at
first inferred that the effect of drawing is necessarily a transformation
of carbon in steel from the combined to the uncombined state. And yet
this conclusion, as I afterwards found, does not at all follow., The effect
of annealing at red heat on the carbon in the steel varies enormously
with the details of the method. In other words, steels of a givenkind
and nominally soft , may nevertheless differ remarkably in internal struc-
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ture. If we start with soft steel, annealed by the commercial method
of excessively slow cooling, and then draw the wires down, it can not
be assumed th#t the part of the dvawn wire which is annealed at 1ed
heat and cooled in air after drawing, is identical with the wire before
drawing. Indeed, since therate of cooling increases as the diameter de-
creases, it follows that two wires annealed at red heat in air must differ
in degrees of softness and carburation even if all other conditions are
the same. I desire to emphasize this point for it indicates the first diffi-

culty with which I bad to contend.
&
TABLES.

19. In the Table I have, therefore, inserted the treatment and tem-
per of the wire before drawing in the wire plate, as well as after draw-
ing. The radius p of the wire is also given for each case.

M is the mass of steel dissolved, in grammes. A larger amount would -
have been desirable, but the rods of best Stubb’s steel come in short
lengths (33°@),and as the drawing of each new length nearly doubles
the labor, I did not care to operate upon greater masses (M) of stcel.
The carbon contained in the M grammes in question is given under i,
also in grammes, and the final columns contain the values of m / M.

Excepting numbers 27 and 28, the first thirty-four measurements were
made with a view to testing the steel; the next twenty-one (numbers
35 to 56) chiefly with a view toward testing the method. In the final
measurements, the steel again is chiefly considered.

TABLE 10.—Graphitic carbon in soft and in drawn steel.

[S, annealed from red heat, with very slow cooling (commerecial). SA, heated to redness and cooled in
air. GH, glass-hard. An, annealed at 500°. Dr, fresh drawn, usually from dinmeter =2p=013"
to 2p==0-08m.

Before drawing. Before dissolving.
— - - . M |mX108 -:{;)(103 No.
Ong:g::)lnffoudl- Flnz,iluffmll- 20x10° | Condition. | 20X103 .

130 ‘1 Dr........ | 80 310 183 59 { 1
130 | SA ....... 80| 316 154 49 2
130 | Dr........ 80 317 159 | (150 { 3
130 | An.1b ... 80| 31| 174 55 4
130 | An.13b.... s0| 230 165| 55 { 517
130 | SA ... 80| 291 | 1oSt|-een.... 6
130 | Dr........ 80| 304 172 56 1‘{ 7
130 [ SA ..ila.n 80| 298| 180 60t 8
130 | SA ....... 130 | 315 | 140 47 { 9
130 | Drocec.ne. 9 | 296 182 61 ¢ 10
130 | S .evennnnn 130 325 271 83 { 11
130 | SA ..o.... 130 321| 223 69 12
130 | SA ...l 130 317 ‘167 53 ¢ 13
130 { Dr........ 80 2-96 17-4 59 ARt
130 | SA ....... 130 3:22 19-7 61 { 15
130 { Dr........ 80 2:74 14-9 54 [ 16
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TABLE 10.—Graphitic carbon in soft and in drawn steel—Continued,

43

[S. anncaled from red heat, with very slow cooling (commercial). SA, heated to rodness and cooled

in air. GH, glass-hard. An, annealed at 500°. Dr, fresh drawn, usually fom diameter == 2p =
0-13em to 2p == 0-08=.]

* Dissolved in boiling acid, sp. gr., 115, 30% HCL.
1 Dissolved in cold acid, sp. gr., 115,309 HCT..

. $ Dissolved in dilute cold acid, sp. gr.,1:07,15% IECL.
§ Digsolved down,
| Drawn doww.

Before drawing. Before dissolving.
: M | mxi0s|rx100 | No.
Original condi-| Final condi- 9 3 | it 9 3 a
tiomn, tion, p X103 | Condition. | 20X 10
S e SA ... 130 | SA ....... 130} 326§ 242 T4 { 17
[ I SA ...l 130 | Dr........ 80 294 157 53 18
S A8 WO S.ooeennn 130 328 246 75 { 19
[ S S 10| Dr...oeae 80 307 195 63 20
1BO{S .cennnne. 1BO| 32| 230 70 { 21
130 | Dr........ 80 308 195 63 22
0| S.oeennes 140 395 286 72 { 23
140 | Dr........ 80 334 29-0 87 24
140 | S eeennnnn 140 4:00 28:6 71 { 25
140 | Dr........ 80 348 353 101 26
MO|S .o 140 4-16 46 11 § 27
140 | Dr........ 80 305 58 19 28
S S 140 | S ...l 140 436 2027 6'8 { 29
S, S 140 | Dro.o... . 80 8:54 218 61 30
GH........... SA ... 130 | SA ....... 130 3-23 16-6 51 { 31
g 90 2:82 207 73 32
130 325 167 51 { 33
90 2-61 154 59 34
120 229 147 64 { 35
120 2:25 156 G0 37
[0) 1 RN AR I Soeeean. 120 2-27 14:6 64 s 36
@ e {s ........ 120 222 115 52|l 38
HCL........ 2004 | S ...l 1201 310|253 81 (r 39
HCL e 2205 [ s ........ 120 32| 242 T4 1] 40
HCl........ 1595 {)8 ceennnns 120 813 210 86 || 41
HCI (conc).. 3805 [\S........ 120 3:20 326 10:0 42
Beaker ....... HCl........ PAL I . RN 130 314 243 77 43
irl. flask, ete . 2505 [ 1S ..omnlt 130 321 99 31 44
Erl. flask, ete . 1205 |{S .eren-n. 130 3.13 236 75 14 45
Beaker, boiling 2504 l S . 130} 320 15 05| 46
‘Beaker, boiling 1005 [ (S .oennnn. 130 {........ 00 00 462/
[S I 80 237 154 65 | ¢ §47
| N 80 2:39 168 70 { 1148
Dissolved in a beaker under identical conditions of concentration and temperature.
S e 130 | (S eeeean s 130 259 183 71 49
S 130 || Dr....... 80 258 196 76 50
- WS ... 130 2-48 22:9 92 51
| R, 130 | \Dr....... 80 2-48 17.2 69 52
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TABLE 10.—Graphitic carbon in soft and drawn steel—Continued.

[S, annealed from red heat, with very slow cooling (commercial). SA, heated to redness and cooled in
air, GH,glass-hard. An, annealed at 500°. Dr, fresh drawn, usually from diameter = 2p = 0-13
t0 2p == 0-08°m.]

I Dissolved under identical conditions in Erlenmeyer flask with Bunsen.valve. Acid 1'13 at
240, 60 taken per 1 gr. iron.
Before drawing. Before dissolving.
6 - ) T Tram 3 A [wX103 g;—)"loc‘ No.
e on | T Mo, | 20X108 | Condition. | 2pX10%
S 130 130 316 125 39 53
S et 130 80 177 82 46 { 54
B I TP 130 130 319 12:3 38 55
| 130 80 221 69 31 { 56
(£ 3 S SA 130 130 303 118 39 57
GH...ooreelll SA 130 80 2+51 91 36 { 58
CGH SA . 130 130 319 113 35 59
130 80 2-82 66 2:3 { 60
130 130 577 20-1 35 61
130 80 546 63 11 { G2
80 80 435 |........ 00 63
80 80 350 4-2 12 g 64
DISCUSSION.

20. Inconsistency of the results.—To obtain a comprehensive survey
over this large number of data, it is expedient to lay them down graph-
ically. This can be done clearly by erecting perpendiculars equidis-
tant, on the same base for each of the states S, SA, GHSA, Dr,
Dr, SA, etc., and laying off the divers carburation data m along the
vertical lines. Points belonging to the halves or other parts of the
same wire are then connected by a line with an arrow indicating the
direction of the operation. Thus, S — Dr would denote that one-half
of the originally soft rod was drawn down, the remainder being left in
the soft state.

It is well to commence with the rods Nos. 1 to 22, all of these being
of the same kind of steel (diameter 130°™). It will be seen that the
drawn wires here lie within a relatively narrow zone, whereas the soft
wires are widely scattered. The diagram is such as to suggest very
pointedly that the operation of drawing steel either precipitates or
dissolves carbon according as the amount of free carbon in soft steel is
less or greater than the quantity needful for the drawn state. For-
tunately, however, I was induced to suspect an error in these data
notwithstanding their general consistency and number; for the be-
havior of the couple Nos. 15 and 16, for instance, is anomalous. I may
remark in passing that Nos. 7 and 8 showed the marked difference of
rate of solution already referred to in § 18 Nos. 11, 12, and due to the reso-
Iution of carbon produced by annealing a thoroughly soft wire in air, ete.
Nevertheless so remarkable a result was not to be rashly enunciated,
~and I therefore resolved to continue the experiments with steel of
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another kind. Rods 23 to 30 were tested. The results here obtained
were such as wholly to vitiate the inferences drawun from the first lot.
At least the drawn samples now lie far apart, and away from the
earlier drawn group, whereas the soft rods are more nearly identical. .
Hence it began to appear that the data in hand had no discernible
meaning at all; that the differences of the carburation positions of the
soft and drawn wire were the result of flaws in the method of chemical
treatment. These adverse views are substantiated by Nos. 27 and 28,
which were boiled during solution. The result is a sacrifice of all but
one-fifth or less of the free carbon found after dissolviug in cold acid.
A few additional experiments, Nos. 31 to 34, made with the first steel
wire, corroborate the remarks made relative to the deep-seated in-
sufficiency of the method.

21. Evrors of the method.—Having been obliged to come to these un-
favorable conclusions I thought it desirable, in view of the importance
of the results to be reached, to make some attempt in perfecting the
method. The experiments 35 to 52 are made chiefly with this end in
view. The sources of error ave unfortunately so complex as to make
the interpretation a problem of almost insuperable difficulty. There
are at least six such sources to be considered, viz, temperature; the
concentration ot the solvent acid; the effect of solution in air, and in
hydrogen; the rate of solution; the variations of structural density of
the wire, ete.

22. Temperature.—Nos. 27 and 28, already given, and Nos. 46 and,
46a show that at 1000 nearly all the free carbon is removed during
wlution; and that this is the case moreover tor acids of any reasonable
strength (HOCI, 12 94 to 25 95). Hence, since the amount of free carbon
obtained rapidly diminishes (caet. par.) with increasing temperatuve,
it follows that data for two samples are not comparable unless the
temperature has remained constant throughout the whole interval of
solution for each. Particularly does this apply in case of differcnt
weights.

28. Concentration of acid.—The strength of acid used is an item of
even greater importance. This is shown by Nos. 35 to 45. In the first
group of experiments, Nos. 35 to 38, the effect of concentration in in-
creasing the amount of free carbon is already apparent. Experiments
39, 40, 41, 42, however, show this more convincingly. In case of con-
centrated acid (No. 42) nearly all the carbon in stecel is precipitated
during solution. In all such experiments, however, the time of solu-
tion is an essential consideration. I do notrefer so much to the rate of
solution as to the time of exposure of the liquid to air or other gases.
In the present instance, No. 41, which dissolved very slowly in the
dilute acid, has an exceptionally high position. To some extent the
same influence may be present in No. 42, which also dissolved very
slowly under the opposite conditions of very strong acid.

24. Solution in air and in hydrogen.—The large differences obtained
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for these two cases are shown in Nos. 43 to 45, and in most of the
experiments Nos. 49 to 62. The results here obtained are the most
important of the present section, inasmuch as they indicate the proba-
ble nature of the error of the method and the steps necessary to per-
fect it. Comparing Nos. 43 and 44, it appears that the solution in
hydrogen, i. e.,in an Erlenmeyer flask provided with a Bunsen valve,
is accompanied with a precipitation of less than one-half as much
carbon as separates out under the ordinary conditions of solution in a
covered beaker. If the acid be very dilute (No. 45) so that solution
takes a very long time, then the effect of the Bunsen valve is nil,
because it is not sufficiently tight. It follows from these data that the
solution of soft steel is not generally a simple phenomenon; that an
oxidizable hydrocarbon or similar compound escapes, which in presence
of air or available oxygen deposits carbon by secondary decomposition.,
This inference is conclusively substantiated by the beaker series, Nos.
49 to 52, as compared with the flask series (Bunsen valve), Nos. 53
to 56. When solution takes place in a covered beaker, the carbon
precipitate, besides being in larger amount, is different in character
from the flask precipitate. The latter is heavy and graphitic; the
former contain as very light suspended aimixture, which it is difficult
to wash down in the Gooch crucible.

25. Rate of solution.—Whether the rate of solution has any direct
influence on the carbon deposited, I am unable to affirm with certainty.
If it does, the effect is probably small; for instance, solution in concen-
trated HCI (No. 42) takes place relatively slowly, as does also solution in
dilute acid (41). But the large amount of carbon found is probably due
to atmospheric influence. Nevertheless, in view of the large thermal
effect already pointed out, it can not be asserted that the rate of solu-
tion is a negligible factor.

6. Structural density.—In experiments Nos. 47 and 48 one sample
was drawn down and the other diminished in diameter by solution,
whereupon both were identically dissolved for analysis. There is no
difference in-free carbon discernible. Inasmuch, however, as the drawn
strain is characterized by superficial condensation accompanied by core
dilatation, I was induced to ascribe the differences in the values of m
for rods Nos. 57 to 62 to some such cause; for here the experiments
were made in a way to take advantage of all refinements of research.
Yet the low value of No. 62 (corroborated) defies explanation. Had the
precipitate been too large it might have been ascribable to an imper-
fect valve. ' .

27. Summary—Summarizing the above, I conclude that such carbura-
tion differences as appear in the above data are to be looked upon as the
result of secondary decomposition. In the case of soft steel the solu-
tion in HCI produces an unstable carbide which, under the influence of
an oxidizing agency, splits up with a deposition of carbon. The pre-
cipitate found in such cases is no indication at all of the carbon actually
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free in steel. So far as the above results go, the effect of mechanical
strain on the carburation of steel is not demonstrable; at least all
molecular disintegration superinduced by mechanical means is negligi-
ble in comparison with the present errors of the method for estimating
free carbon. It might be inferred that the qualitative difference in
the carburations of glass-hard and of soft steel is also to be suspected.
In this case, however, sharp distinction may be made as follows: In
glass-hard steel it is impossible by any rational method of treatment
to obtain precipitation of free carbon out of the solution. In soft steel
it is equally impossible by the same rational method of treatment to
dissolve without a free-carbon deposit. For intermediate tempers
proportionate amounts are deposited (cf. Nos. 63 and 64, which close
the analyses).

Finally, to distinguish between the different kinds of carburation
empirically, two methods suggest themselves: Solution may be made
either in a current of hydrogen in hermetically-closed vessels, under
identical conditions of concentratio. jrammes HICL per gramme water,
per gramme steel), and of temperature, ete., for all wires; or else in a
current of oxygen under the same identical conditions. In the former
case presumably only the free carbon in the steel is actually deposited.
In the latter case (oxidation) the free carbon is definitely incremented
by the deposition obtained from the oxidizable unstable ecarbide.

I took steps toward testing the first of these methods (solution in a
current of hydrogen), but have thus far been prevented from pushing
the question decisively to an issue.

28. Osmond’s a and f3 iron.—If the difference between steel hardened
mechanically and the same steel soft is due to Osmond’s « and f§ iron
(c¢f. § 5), then the possibility of molecular change due to the mechanical
treatment is beyond the province of the present inethod. It is well to
bear this in mind. Carbon under certain conditions may be favorable
to the stability of £ iron, but it is not essential to its existence heyond
a certain relative quantity. In view of these considerations the exper-
iments of the next chapter are more pertinent to the subject of inquiry.



CHAPTER IV.
THE EFFECT OF STRAIN ON THE RATE OF SOLUTION OF STEEL.
INTRODUCTORY.

29. The difficulties encountered in the preceding section, in which
the effect of strain on carburation is directly put to test, suggested a
possible solution by indirect methods. It iswell known that the effect
of mechanical treatment, for instance, of rolling, drawing, ete., is apt to
show itself in the structure of the metal when acted on by acids. The
fiber of iron may thus be clearly exhibited; and even in cases of gal-
vanic solution the surface often becomes furrowed and marked in a
way indicative of definite structure. It appears, therefore, that some
parts of the metal are more electropositive than others; and it does
not seem improbable that homogeneous and strained metal may be
distinguished by studying their respective rates of solution under
given conditions.

METHOD.

" 30. Solution experiments of this kind are given in the following
tables. The method of experiment is again simple. The weighed rods
of known length are placed in a small tray made of narrow strips of
hard rubber. Thus they can all be submerged or withdrawn from the
acid at the same time. Some care was necessary as regards drying
the samples before weighing. Having taken them out of the solution
on the tray (this was 3 shaped, with the wires placed across either
set of parallel bars or rubber strips are placed edge upward), the wires
were submerged in water and then dried in an air bath at 100°, The
bars of the tray were notched so as to avoid displacement of the wires.
As they could be carried together, it was not necessary to touch them
except with the forceps before weighing. This structure of the tray,
moreover, is such as to allow free circulation of acid. The essential
data to be noted are the temperatures of the acid and the weight and
length of each rod before and after dipping. From this the radius for
each case may be calculated. Two series of experiments must be made
for each group of steel rods. It is first necessary to find the consecu-
tive solution data in case of homogeneous wire gradually decreasing in
thickness; with these data the corresponding results for wire drawn
down from the original homogeneous wire may then be compared,

48 B
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TABLES.

31. In Table 11 I give the resnlts for three identical, nearly homoge-
neous steel wires, about 5 long and originally -127¢™ thick, submerged
in dilute acid of a given kind, for consecutive intervals ot time of one
hour each. Here ¢ is the temperature of the acid; m the mass of the
rod in grammes, r the radins, and 4r the consecutive decrement of
radius due to solution. The progress of the experiment may be followed
by consulting either M or ». Corrections are applied for the reduction
of length due to solution.

In Table 12 data are given for drawn steel, the thickness of the
individual wires varying between -127°™ and -084¢, They are all
drawn down-from the same sample of soft steel, so that the larger
thicknesses are soft, the thinner wires very resilient and brittle. All
wires, Nos. 1to 7, are submerged together; but variations of strength of
acid, time; and temperature are the causes of differences of mass dis-
solved in successive solutions. From Table 11, however, the rates of
solution for different thicknesses of homogeneous wire are known,
Hence the behavior of the drawn wires during each solution can be
tested. In Table 12, M, »/, 4+’ denote the mass, radius, and variation
of radius of the drawn wire, 47 being simply the difference between
consecutive values of » before and after solution. 4r may therefore
be interpolated from Table 11 by making the first term of 4’ and 4r
identical. The wires of each group are submerged and withdrawn
in like manner. In passing from group to group, however, a change
of acid is unavoidable.

TaBLE 11.—Solution of soft (S) steel, normal experiment.

{"Cime, 18, {="5em, §=T71].

o | @ o || e 0 0 0 ) 0 0 0 0
AIX10%! X108 | BLXT0% | MK 107 | BEX10% | DL 108 f| A5 103| ML 10% | ALX10¢ | BEx 107 | 2 X107 | AL3108
P08 | X108 | X100 | rxa0r | rcion [ escaor (| exd0d [ rxaoe | 7xaos | rxior | rxaor | k100
ArX10% ArX108| ArX100| a7 X104 ArX10%| A1 ArX10°) ArX107| 752108 | ArX10%| ArX 104 Arx10°

sg4 | 824| 24| 16| 16| m6| 333) 933 wall ms| a5 ms
405 | 496 | 4907 || 351 | 354 | 355 || 207 | 200 | 211 90 93 03
638 | 640 | 640 38| 540 | 5wzl 418| 46| 417 | er2| 27| 207
0 0 of 28 27| 26| 35| w4l 33l so| 29| 31
sen | a2a | sws |l s | a5 u25 | sa3| 333 9%3 | sL7| 87| a7
464 | 466 | 467 || s | m6 | 817 | oam | 1| 17 65 68 68
619| 60| o21] s08| 50| st1| sre| 30| 81| 21| 6| 2
ol 20| 1of wo| 0| 31y 37T 35, 36| 41| 41| 41
328 | 323 33| 325| s25| s25| ses| ses| 328 s20| s20| 520
426 | 427 | 428 | 280 | 281 | 282 | 137 | 140 | 142 4 43 4
503 | 504| 594 480| 481 | 42| 37| 3e1| 43| 183| 188| 190
26| 26| 27| 28| 29| 2efl 39| ol agl sl a8l a6
520 | 820 o20| syo| 330| 830 5| 5| 305 20| s20| w20
989 | 8% | 891 | 23 | 244 | 245 | 11 ! 14 | 15 | 21 2 23
566 | 567| 568 448| 449 450 302: 806| s08 31| 37| 137
271 271 ag wel a2l el 35! as| a5l sel sl ss
: . A |

Bull, 94— 4
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TABLE 12.—Solution of drawn steel, originally S.

SOLID VISCOSITY.

[l=45em, =171}
M'X103 | MYx103 | MYX103 | M/X103 | MYx10% | M'X10% | M/x10%
7/ X103 7 X103 ' X 10% 7/ X103 2/ X 10% 7/ X108 7108
AP X108 | Arrx10% | ArrX103 | A X103 | A/X103 | A7/ X103 | A X107
Arx10% | ArX10% | ArxX10® | Arx10% | Arx10% | arx103 | arx10
No. 1. No. 2. No. 3. No. 4. No. 5. No. 6. No. 7.
441 413 359 309 248 203 193
635 615 57-3 53-2 475 43-3 42:0
411 376 324 267 218 176 167
61-4 586 543 49'5 44'7 403 39-2
21 2:9 30 37 28 30 28
21 22 2:3 2:3 25 2:7 2:7
384 348 288 233 184 148 137
59-3 564 514 452 41-1 36-7 355
21 22 29 3-3 36 36 37
21 21 2:2 24 25 27 27
367 325 264 204 i55 17 106
580 545 491 434 377 32+7 311
13 19 " 23 28 34 40 44
13 13 14 15 16 1-7 1-8
337 292 229 166 119 79 66
554 517 458 39-1 33-0 269 246
26 28 33 43 47 58 65
2:6 27 29 32 35 37 40
313 264 198 136 04 53 37
53-4 491 426 354 289 221 185
20 26 32 37 41 3-9 61
2:0 21 23 25 28 31 33
286 237 170 109 63 24 13
512 466 39'5 31-7 23-9 150 109
2:2 2'5 31 37 50 71 76
22 23 25 28 33 38 (4°3)
" os8 185 113 6 31 -
467 412 321 252 167
45 54 | 74 65 72
45 48 59 60 72
197 144 90 4 6
425 365 287 19'5 5
42 47 34 57 9.2
42 46 53 63
130 84 38 2
345 27'8 186 47
- 80 87 109 28
80 89 10-3
98 56 12
300 227 105
45 51 81
45 51 65
67 | = 2
248 154
52 73
-2 68

[BuLL. 94.
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Tables 13, 14, 15 and 16 are constructed on the same plan as Tables
11 and 12. The steel wires, however, are of different temper. Table 3
contains the normal experiments, the rods being snbmerged in hydro-
chloric acid of a given strength throughout during successive intervals
of two hours each. The rods are about 5°® long, and Nos. 1, 2, 3 are
annealed at red heat in air from the soft state; Nos. 4, 5, 6, annealed at
red heat in air from the glass-hard state; No. 7 is glass-hard. 6, M, 7,
ete., have the signification already given. In Table 14 five soft rods,
annealed at red heat in air, are tested. M, »/, 4 are their solution
data. d4r is interpolated from Table 13 by making the first term of
dr and v’ identical. In Table 15 six glass-hard rods; annealed at red
heat in air, are tested. Notation as before. Abbreviations which refer
to temper and hardness are given in § 19 above.

TABLE 13.—Solution of soft (S A) steel, normal experiment.

[t=5m, 6=1717.]

S-S A. G H-S A. G H.
0" [ 0 [ 0 0 [}
i i iu i M s s
rX10% X103 X103 X103 X103 X103 X10?
ArX103%. | ArX10%. | arx10%. ArX103%. | ArX10%, | Arx103, ArXx10%,
No.1. | No.2. | No.3. || No.4. | No.5 | No.6. || No.7.
489 487 486 -492 495 401 489
635 634 632 637 638 635 635
.............................................. S
32:4 324 324 324 324 394 324
455 452 452 *461 462 461 467
612 611 6111 617 617 617 621
23 23 21 20 21 18 14
oy | 32 32:4 32:4 32:4 324 324
415 412 413 495 425 426 441
585 583 583 50'3 59-3 503 603
27 28 28 24 24 24 18
287 287 287 28:7 287 287 287
-387 383 -385 308 306 -400 423
565 562 563 57-2 572 575 591
2:0 21 2:0 21 21 18 12
204 204 204 204 204 204 || 204
. 358 -354 356 372 369 374 404
54'3 54:0 541 5544 5511 555 576
29 2:2 29 18 21 20 15
203 | 203 29°3 293 203 203 203
328 325 -327 345 341 348 384
" 520 518 52:0 534 530 536 562
23 22 21 2:0 21 19 14
29'5 295 205 295 205 20'5
-206 -299 318 -313 -390 363
495 503 513 508 514 54.8
2:3 17 21 29 22 14
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TABLE 13.—Solution of soft (S 4) steel, normal experiment—Continued.

[t==5em, =71
S-S A. G H-S A. G H.
0 0 8 0 [} 0 )
M riy M M M ar M
X103 X103 X103 X103 X103 7X10% rX10%
Arx10% | ArX103 [ ArX103, || Arx103. | Arx10%. | ArX103, || ArXx10%
No.1. | ¥o.2. | No.3. || No.4 | No.5 | No.6. || No,7.
29'5 29'5 29'5 29'5 29'5 29°5
271 -276 +293 -287 297 || 345
473 477 492 487 496 533
2:2 2:6 21 21 18 15
30-0 30-0 30:0 300 30-0 30-0
*241 ‘245 -269 -261 -273 *326
447 450 47°0 464 475 51'9
2:6 27 22 2:3 21 14
30:0 30-0 30:0 30-0 30-0 30-0
-213 -218 -241 -233 -247 -306
41-8 42:4 445 437 451 50-2
2:9 26 25 27 24 17
30-0 30-0 30-0 30-0 30-0 30-0
-188 *193 -218 *208 -223 -287
39-4 39-9 424 414 42'9 486
24 25 21 23 2:2 16
30-0 300 30-0 300 30°0 30'0
-170 174 *200 -189 -205 271
37°5 379 " 40°7 395 412 473
19 020 17 19 17 13
31'5 31'5 31°5 31'5 31°5 31'5
‘146 *152 177 *164 -183 -250
347 355 382 36-7 389 454
28 24 25 28 23 19
290 290 290 290 290 290
‘124 ‘129 *156 ‘144 -162 -232
31:9 331 359 344 366 43'8
28 24 23 23 23 16
28:3 28'3 283 28-3 283 28-3
-107 ‘112 -138 ‘124 ‘144 217
20-6 30'5 337 32:0 346 42°3
) 23 26 22 24 "20 15
27°6 276 276 27-6 276 276
.089 -094 *120 *106 127 -202
27-0 27-8 315 29'5 32:3 408
26 27 2:2 2'5 23 15
27-0 27:0 27°0 27:0 27:0 27-0
073 078 -104 -089 *110 -187
245 254 29-2 271 30-1 39-2
25 24 23 24 22 16
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TaBrLe 14.—Solution of drawn steel, originally S, changed to SA.

[1=4. 0om, 5=1.7.)

G M M by b1
PXI0% | rX108 | pX108 | /X108 | /X108
APX10% | A7X108 | A97X10% | AT/X103 | Ar'X10°
ArxX10% | Arx10% | ArX10® | Arx103 | ArX103
No.1 No.2. No.3. No. 4. No.5.
*390 340 964 -212 167
634 501 521 468 as | .
-381 -329 251 -201 -158
627 582 508 45'6 398
07 09 1.3 12 17
07 07 07 o8 .| o8
-372 -321 242 -188 ‘148
619 575 500 443 385
08 07 08 13 13
08 08 08 09 09
-368 -316 -235 *180 134
613 570 492 431 371
05 05 08 12 14
05 05 05 06 06
' 359 307 225 169 121
0.8 56'3 482 418 35:3
05 07 1.0 13 18
05 05 05 06 06
352 -301 -215 -159 107
60'3 557 47.2 407 |, 834
05 06 10 11 19
05 05 0.5 06 06
-346 293 -205 -148 +094
598 54-9 460 39-L, 312 .
05 08 12 16 2-2
05 05 0.6 06 06
330 271 +183 124 068
584 52:8 433 358 266
, 14 21 o] 33 46
14 14 15 16 17
312 -259 62 | - -102 047
569 516 413 32:8 22:3
15 12 2:0 30 43
15 16 16 17 18
977 -223 -129 066 -014
534 47.9 36.5 261 11.8
35 37 48 6.7 105
35 36 38 41
264 -206 -110 -048
520 462 337 225
14 17 28 36
14 14 16 17
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TaBLE 14.—Solution of drawn steel, originally S, changed to SA—Continued.

[I=4. Oem, 6=1.7.]

MI MI M? MI Ml
X103 /X103 { 2/x103 7/ X103 /X103
A1 X103 | Ar' X103 | Ar/X103 | Ar'X10% | Ar/X103
Arx103 | ArX103 | ArX10% | ArX103 | ArXx10%
No.1. No. 2. No. 3. No. 4. No. 5.

-246 ‘188 093 031
. 504 44.1- 311 180
16 2.1 26 45
16 17 18 19
230 171 075 016
487 | 422 279 133
19 3.2 47
18 19 -
4 ‘156 058
469 402 250
18 2:0 29
18 19 21
199 ‘140 043
453 381 214
16 21 3.6
1-6 16 18
176 117 .026
426 346 165
. 35 49
28 *
143 -086
385 298
41 48
41 4.3
129 072
36'5 273
2:0 25
* 20 21 -
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TaBLE 15.—Solution of drawn sieel, originally G-H, changed to SA4.

[i=3-§em to 4-Qcw, 4=T77.1

ar ar a au an g
7 X103 | o/ K103 | 0 X 103 | 9/ X103 | 2 X 10%| 2/ X 108
Ar X 1031A 9 X 10Y A9 X 108 A2/ X 103{A 7 X 10%| A/ X 103
ArX107|arX 108 |Ar X 10° A7 X 103 [ Ar X 30t ar X 108
No.1. | No.2. | ¥o.3. | No.4. | No.5 | No.6.
393 321 ) 229 186 |........ -
638 50-0 543 499 449 foeerennn
3 “::“H:;“““““:““““”i::_.:;: ....................
382 311 261 217 176 151
628 587 53:2 485 43 405
) 10 13 11 14 I I .
h 10 1:0 11 11 12 e, .
| SR R IR B
375 305 254 209 168 143
621 574 524 478 429 39:8 y
07 13 08 07 08 07
07 07 07 07 08 08
371 303 219 204 “164 139
618 573 52:0 472 42:3 394 ,
03 01 04 06 06 0-3
03 03 03 03 03 03
' -363 204 242 195 154 137
611 565 512 46:0 40°9 386
07 08 08 1-2 14 08
07 07 07 07 08 08
+356 288 235 *187 *148 126
60'5 550 50'5 451 401 370
06 06 07 09 08 1:6
06 06 06 07 07 07
350 -282 229 -180 -139 -119
601 552 499 e 388 360
04 07 06 09 13 10
04 04 04 05 05 05
329 260 207 | -156 116 -094
) 583 531 475 411 353 321
18 21 24 31 35 39
18 18 19 2:0 20 2:0
.. ° —
311 244 -188 -136 -096 -072
567 514 453 384 32:2 280
16 17 2:2 2 31 +1
16 17 18 18 19 27
977 214 -156 102 -055 -027
534 483 412 333 254 183
38 31 41 51 68 97
33 34 36 37 40 40
261 +199 -138 -081 038 -014
519 46'5 387 296 213 127
15 18 25 37 41 56
15 15 16 17 18
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TABLE 15,—Solution of drawn steel, originally GH, changed to $4.—~Continucd,

[1=3:8™ to 4:Qcm, 8=7-7.)

M - M ar M yigd
/X103 X103 2 X108 2 X103 /X 10% X103
ArX10% | Ar'X10% | A2/ X108 | A X103 | Ar X103 | Ar/ X103
ArX10% | Arx10% | Arx103 | Arx10% | arx103 | arx10s
No. 1. No.2, No.3 No. 4. No, 5. No. 6.

+244 183 ‘121 065 021

501 446 36'5 274 167

18 19 22 2:2 46

18 19 20 21

229 167 105 049 008

486 42-5 337 - 233 118

15 2:1 2-8 41 49

15 16 17 18

. 213 150 +090 034

469 40-3 314 19-4

17 22 23 39

17 18 19 20
107 136 074 -021 -
45°1 385 28'5 154
18 1-8 29 40
18 18 20
174 ‘114 ‘053
424 352 240
27 33 45
2:7 28 30
140 085 028
381 303 18.8
43 49 52
43 45

Ny
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TFinally,in table 16, solution comparisons are made between glass.
hard and soft wires, in the way indicated for the preceding tables.
Rods Nos. 1 and 2 are glass-hard; Nos. 3 and 4 soft; Nos. 5 and 6
annealed at low red heat in air; No. 7 annealed at very high red heat
in air. The time of submergence was 3 Lours. ’

TABLE 16.—Solution of steel, GH, 8, S4.

[l==5em, A=T7"7.]
GH. S. S-SA. SA.
No. 1. No. 2. No.3. No. 4. No. 5. No. 6. No. 1.
— ]
X103 | M08 | AX10S | AMX108 | Mx103 | MCx10% | Brx108
rX100 | orx10% | X103 | wx108 | rx103 | X108 | oXx108
ArX10% | AarX10% | ArX10% | ArX103 | ArX10% [ ArX103 | ArX103
487 201 489 205 487 199 487
63-4- 407 635 4111 634 405 634
483 199 445 189 |° 477 195 481 28
631 40D 61-2 398 627 401 630
03 0-2 23 13 07 04 04
T 387 167 465 101 a5 | 8
627 402 577 378 621 398 625
04 03 35 2:0 0'6 03 05
469 193 324 144 453 186 | 469
622 39-0 53-3 354 614 393 622
05 0'3 44 24 07 05 03
462 189 259 120 439 181 462
617 394 482 326 604 387 617
05 0-5 51 28 10 0-6 05
455 186 201 99 424 176 456
612 392 428 298 594 383 61-2
05 02 54 28 10 04 05
s | 18 146 78 412 170 447
60-8 388 36'9 268 586 377 607
04 04 59 30 08 06 05
442 180 102 61 400 165 442
60-4 385 310 238 | . 578 371 60-4
04 03 59 30 08 06 03
436 177 feeeeceenn. 45 . 387 161 435
60-0 382 |ereenenns 205 570 867 50-8
04| 03 feeeannnns 33 08 04 06

"DISCUSSION.

32. Incidental errors.—1 may state at the outset that secondary
errors, such, for instance, as might be ascribed to passivity of steel, are
largely avoided. Care was taken to rub the rod with platinum at the
beginning of each solution. Nevertheless, it is not impossible, when
the rods were left to dry over night, at the close of a day’s series of ex-
periments, that some retardation during the first stages of solution on
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the succeeding day may be appreciable. A serious difficulty is en-
countered because of the unavoidable change of the room temperature
during the successive solutions. In some instances I endeavored
partially to avoid this by making the solution in the ccllar underncath
the labOratory. But even here the temperature is insufficiently con-
stant for fine work.

33. Effect of surface.—As regards the plan of treating the above
results, it appears probable that the masses dissolved in case of a given
sample and given solvent, must be simply a function of radins and
time (correction being made, of course, for loss at the ends). If the
" rate of solution be denoted by p, its value at the radius » must be

pr=—02mrdr/2nrdt

where ¢ is the density of the sample and d¢ the elementary time of solu-
tion. p therefore is the mass dissolved under the given condition of
form and solvents per unit of surface, per unit of time. Thusit appears
that the mean rate during the time ¢ will be

(Jp.A)/t ox —(8/t)/fdr,
each taken between corresponding limits. In other words the mean
rate

1 [t o)
p:}t_ﬁ prdt=i.(ﬂr2—r1)'

where ¢,—¢,=¢. If therefore ¢ be chosen constant, rates of solution are
to each other as

»

p/_ ry! —1/,

P —ry
It is, therefore, an apparently simple problem to deduce the relative
mean rate directly from the differences of radii—time, figure, and chem-
ical conditions remaining the same. But from the dataof the above tables
such simple relations do not at all appear. Indeed the corresponding
differences of mass dissolved are very much more nearly constant than
the corresponding differences of radii. In other words, in the case of
cylindrical figures of small radius, the mass dissolved is nearly inde-
pendent of radius; i. e., independent of the surface exposed to the action
of acid. The conditions are such that fixed masses of solid are trans-
ferred by solution to ‘the liquid state, and in proportion as radius
diminishes the thickness of shell dissolved in given times rapidly in-
creases. ' .

34. Effect of diffusion.—Without doubt the underlying cause of this
observation is a diffusion phenomenon. Tor instance, let ¢ be the con-
centration at the surface of separation of solid and liquid, the radius
being ». Then ¢.2zrdr is the amount of salt dissolved in the first
ligunid shell. Now, when this salt dissolved is transferred by diffusion
to a distance »’ (»'>r), the concentration ¢’ is necessarily smaller, for
c2nrdr=c'2zr'dr', or cr=¢'r’. It follows at once that the difference of
concentration for a given value of dr increases at a rapid rate when the
radius approaches zero. On the other hand the rate of transference
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of the solid material into the liquid state must depend on-the rapidity
with which ¢ diminishes in the direction of ». Hence the rate of solu-
tion will increase in proportion as smaller thicknesses of wire are en-
countered, inasmuch as the conditions favorable for the transporta-
tion of the dissolved metal are enhanced. This follows more rigorously
from Fick’s law. Adapting Tourier’s theory of heat conduction to
questions involving diffusion, Fick! proposed dc/dt=xd?c/dx?, where
¢ is the concentration and »x the diffusion constant. In other words,
the time rate at which concentration progresses is proportional to the.
space rate of increase of the same quality. The truth of this funda-
mental assumption was afterwards rigorously tested by H. F. Weber.?
Fick’s equation, when de/d¢=0, or the diffusion has become stationary,
referred to polar coordinates is d@*(r¢)/dr*=0. Since ¢=0 for r= ¢,
this reduces to cr=c'r’.

The diffusion effect will necessarily be of smaller consequence when
solution takes place at very low rates; for instance, in the case of glass-
hard steel. It is also greatly modified, past recognition, perhaps, by
the escape of gases from the body undergoing solution. In this way
convective currents are set up accompanied-by distributive effects very
much more rapid than the diffusion phenomenon. A further disturb-
ance ig gravitational convection.

35. Wires originally soft.—Nevertheless, in discussing the above
results, it is advisable to consider the relative consecutive value of 4
for given comparable conditions of solution, quite as much as the rela-
tive values of 4, or the consecutive rates. Inasmuch as there is a
striking tendency toward constant values of AM independent of 7,
when r lies below a critical value, apparent in all my results, it is
probable that a law characteristic of the solution of filimentary or
small bodies is here expressed.

Turning first to Table 11, the following correlative values of r=(r,+
r)%; p=ry—r; and AM=M,—M, are apparent. The variable pis iden-

“tical with the rate, since the times and chemical conditions of solution
are constant. :
TABLE 17.—Digest for originally soft wires.

rX108=..caiiauen... I 63 |61 |58 |55 |52 |49 [46 [43 |40 . 36 132 )20 |25 {21 16
pX1P¥=. ...l 2:0f 26} 27| 27| 30} 29| 32} 84| 36| 39| 35| 30| 41| 47| 52
AM X108=.......... 30 |39 |37 |37 |87 |85 |37 |35 |86 |33 |27 |21 |25 |24 ] 21

The salient property of these data is the rapid increase of rate en-
countered immediately after the superficial layer is dissolved off,
After this 4M is nearly constant between r = .060°™ and » = .040°2,
whereupon it decreases rapidly. On the other hand p increases contin-
ually and at an accelerated rate. Irregularities of outline are doubtless

! Fick: Pogg. Ann., xciv, p. 59, 1855; Phil. Mag. (4), x, p. 30, 1855.
2 H.T. Weber: Phil. Mag. (5), viii, p. 523, 1879; Wied. Ann., vii, p. 469, 536, 1870.
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the effect of temperature. The distortion is greatest in the curve for
JM. With these data the seven drawn rods of Table 12 are to be com-
pared. Asbefore2r’'=vr'1 47/, and p’ =y —r’; for each solution, and
Table 11 furnishes values of pin case of the normal rod, for every
value of r/. By making the first term of each series identical a
corresponding series of dr = pis obtained. It is expedient to repre-
sent p and p’ graphically as functions of »/. If this be done it ap-
pears that after the first shellis dissolved, the solution of drawn wire
takes place at greater rates than the solution of homogeneous wire of
the same radius. After dissolving seven shells the results show irreg-
ularities, easily accounted for inasmuch as the finer rods gradually be-
come of irregular shape and fissured. . Again the results for JM may
be represented as a fuuction of r/, showing values, which as a rule, in-
crease as v/ decreases. I'rom these data as a whole it follows that drawn
steel is caet. par. more easily soluble than homogeneous steel; again
after the superficial layers are removed the rate of solution increases
with the intensity of drawn strain or resilient properties of the wire.
38. ‘Wires annealed.—Turning now to the results of Table 3, in which
the normal data for wires softened in air and for a glass-hard wire are
inserted, it is clear in the first place that as soon as the superficial
layers are removed the rate of solution increases. Thisresult corrobo-

" .rates Table 11. Apart from this, however, the variations of rate of

solution and of the other data are here of a much smaller order than
was the case for Table 11. 4M decreases with radius at a somewhat
more rapid rate than before, and hence p/ = Jr’ now increases at a
decidedly less rapid rate than in Table 11. This is shown in the follow-
ing summary for wires softened in air (i. e., S-SA and GH-SA).

TABLE 18.—Digest for wires annealed in air.

13 X r=..... 62 (60 |58 (56 (54 (52 (50 |46 (44 {42 (40 |38 (35 " (33 |30 ‘ 28
103X pfa=....f 202620 21|21 (21 |22|24)|26/(2318]25/24] 23| 24| 2¢
108X AM=..[38 |88 |27 |27 |28 |29 |19 |27 |28 |24 |18 {23 l22 17 |17 | 17

It is also shown in the results for the glass-hard wire (G. H.), identi-
cally submerged.

TABLE 19.—Digest for hard wires.

13 Xr=..... 63 (61 (60 |58 (57 (55 (54 (53 |51 |49 |48 (46 (45 43 |41 40
18 X p=..... 1418|1215 14| 14| 15|14 17|16 13/ 19| 16|15|15| 16
100AM=....[28 (26 (18 |19 |20 -f21 (%8 (19 (20 |19 (16 (21 |18 |14 (16 15

‘With these data the values of tables 14 and 15 are to be compared
in a way already enunciated in case of tables 11 and 12. The data be-
ing constructed graphically, it again follows, almost without exception,

“that both in tables 14 and 15 the rates of solution of drawn wires are
greater than the similarly circumstanced rates for homogeneous wires,
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There also is a weight of evidence in favor of the result that solution
increases with the degree of resilience, i. e., the intensity of the drawn
strain. In other words, rate of solution increases as the (drawn) diame-
ter of the wire of each group diminishes, sapposing as above that the
superficial layers of the wirehave been removed. Finally, in Table 14,
411 also continually increases from larger to smaller diameters, for
each group, until the diameter of the rod has been considerably re-
duced. In Table 15, however, this result is not so pronounced, and
A M remains nearly constant.

Summarizing the above results as a whole, it follows that the rate of
solution of drawn steel is greater than the rate of the same homogene-
ous metal similarly circumstanced. After the superficial layers (prob-
ably dense low-carbon steel) have been removed, the rate of solution
increases with the intensity of drawn strain. To a smaller and less
definite extent this is true also of the masses dissolved iu equal times,
in cases of resilience of different intensities, other things remaining the
same.

37. Rclation to Drowné's inferences.—Table 16 finally has been drawn
up to show the enormous difference of rate of solution between glass-
hard and soft steels. Submergence being identical for all rods, it is
curious in the first place to note the difference of rate of Nos. 3 and 4,
both being very soft steel, as well as the high rates of solution of these
two rods as compared with the others. The special feature of these
experiments is the fact that rods annealed at red heat in air dis-
solve quite as slowly as rods quenched glass hard; and this is particu-
larly the case when the rods are annealed at high-red heat, No. 7.
This observation calls to mind the inference of Dr. Drowne!, viz, that
“there is a limited range of temperature probably mear the point of
solidification of the metal, within which the separation of carbon from
iron takes place, and that the amount of carbon separated in any given
instance is proportional to the time consumed by the pig iron in pass-
ing through the limited range of temperature.” Now, as the rate of
solution increases directly with the free carbon in steel, caet. par., the
present data substantiate Dr. Drowne’s reasoning.

38. Summary.—Perusing the above pages as a whole, they furnish
evidence favoring the opinion that the effect of strain on metallic strue-
ture is a reconstruction of the metallic molecule; but since the rate of
solution of the drawn metal is greater, it does not follow that the re-

-sults so obtained are due to the presence of £ iron in « ivon, unless it

be supposed that the negative character of the former relative to the
positive quality of a iron increases the rate of solution by local elec-
tric action. The corrugated and deeply fissured appearance of the
rods after the radius has been much reduced is in keeping with this
view. Indeed, an exceedingly curious action, which I frequently ob-
served, may be mentioned. It often happens that the solution at the

1L, M. Drowne: Traus. Am. Inst. Mining Eng., I, 1874-'75, p. 41.
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ends of the rod, instead of rounding off the corners, eats its way de-
cidedly into the axis, so as to form a reentrant cone of some depth.
Again, if there be periodic distributions of density from the surface in-
ward, an inference which from earlier observations! with glass-hard
rods does not seem improbable, the regularity of solution experiments
would be disturbed.

1Cf. Bull. U. 8. Geol. Survey, No. 35, p. 38, 1886.




CHAPTER V.

THE HYDROELECTRIC EFFECT OF CHANGES OF MOLECULAR
CONFIGURATION.

INTRODUCTORY,

89. The hydroelectric method is usually regarded as the most delicate
criterion for testing changes of molecular constitution in metals. Un-
fortunately its indications are, in the present instamnce, distorted by
polarization. Polarization, moreover, is apt to be much larger than the
effect to be studied, so that the observer is obliged to resort to methods
of measurement in which a fair degree of constancy of the error in ques-
tion may be assured. Irom this it follows that unless the hydroelectric
forces are as large as the interval ¢ glass hard” to “soft,” the effect of
strains which can not be applied without removing the wire or metal
from the hydroelectric bath is not observable. TForin such a case the
polarization varies with each immersion. ~ Moreover, certain strains,
like the drawn strain, show different mechanical conditions at different
distances from the axis. Hence the hydroelectric constant of such a
rod, were it obtainable, would be a complex magnitnde.

In magnetization, the hydroelectric effect of which has been dis-
covered by Remsen'! and studied by Nichols?, and more recently by
Rowland and Bells, small hydroelectric effects (<.03 volts) can be do-
tected because the metal during straining remains in place. Among
other mechanical strains, traction, and perhaps torsion, admits of similar
application to a metallic wire in place.

APPARATTUS,

40. Tn the annexed figure 4 I have shown the apparatus used. aac
and bb are consecutive pieces of a given kind of soft wire. Of these aa
is to be stretched, b examined in the homogeneous state. Hence ae
is fixed between two points, of which the lower is on the circumference
of an iron drum, D, which ¢an be rotated by aid of the lever LL and
frictionally fixed in position affer any rotation. Usually the aves of
rotation of 1) were 1809, and four or five such strains could be applied
to the wire consecutively pefore rupture ensued.

1 Rem sen: Am. Chemical Journal, i1, p. 157, 1881.
2 Nichols: Am. Jour. Sci., XXXI, . 272, 1886: ibid., XXXV, p. 290, 1837.
3 Rowland and Bell: Phil. Mag. (5), xxvI, p. 105, 1888.
63
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‘Before and after each of these strains measurements of hydroelectric
state were made. Tor this purpose both wires are surrounded by glass
tubes A A and BB respectively, held together by aid of the little block
of wood C. These tubes were closed below with rubber corks through
which the wires passed without leakage. The tubes were filled either
with a concentrated solution of zinc sulphate, or with distilled water,
or other material which does not act strongly on the metal. The elec-

trolytic connection between 4 4 and BB

& welectrometas 11U Of the tubes and closed at s with
a parchment septum. The upper ends

/,btowth’ of the wires b and ¢ were in connection
with the terminals of a Mascart elec-

S trometer, or with the properly adjusted
wires of an apparatus for a zero method.
. :@B . After straining the wire aac to the

poiut of breakage, the apparatus was
reversed and bb nowstrained in the same
manner. In this way the number of
distinct measurements for each adjust-
-ment eould be doubled.

The wire being 54°™ long and the
diameter of the drum about 1.7¢® the

7L

.

was approximately 2.6°m, or 6L/L=.05
nearly: The amount differed slightly
when wires of different thicknesses were
used. Thereduction of diameter of iron
wire before and after straining to break-
age is therefore considerable.

o
7
&v 2z

. LT Z
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EXPERIMENTS.

‘%1 41. Zero method.—In communicating

my results I will omit the data obtained
; 3 galvanically by the zero method. For
T ?) 73 the polarization disturbances are here
of larger order than in electrometric

Fia, 4. Apparatus for measuring the hy- work, an annoyance which vitiates the
droelective effect of st,retchmg

remark, however, is not superfluous that all the results were found to
corroborate the electrometric data.

42. Results for iron.—The hydroelectric effect of traction is charac-
terized by a temporary and a more or less permanent part. The tem-
porary part may be given by observing the differences of potential at
the end of each minute after straining, as well as the throwof the needle

is made by a siphon, S, filled with the -

extension of wire per rotation of 180°:

greater delicacy of measurement. The -
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immediately after. The difference of potential which remained when
the temporary effect had subsided I called the permanent part. An
allowance of five minutes was usually regarded sufficient. Of course
this assumption is arbitrary; but whatever errors are committed are of
like effect throughout the series. The value of the throw is expressed
in volts, as are the other data. Inall I made about 7 series of this kind,
two of which are given in Table20. The diameter of the iron wires be-
fore straining was 2p,=-086°™; after breaking 20,=078m,

TaBLE 20.—Hydroeleetric effect of tensile strain.,

IRON WIRE.

. eX 103 temporary. ex10% ¢X10? temporary. ex 108

Strain. ; — - ———-—-—| perma- || Strain. | ~-—— T | perma.
Mhrow. | 1m | an | gn | 4m nent. ! Theow. | 1m {20 | 3o | gn nent.

0. | | : +ol @ | Lo

. o T PO P L L TR PRPRPS RPN +0|

I YR SO SOV AU +7) I 18 | U A + 5]
AL =0 o e ISV i Y Lol U +9
1ux S L | 5. R U S +11
v +of LV 410 oot o +13

0 —14 0 — 6!

1 3| I —1!

II — 8 11 _0
111 — 4 1x N SO VR T + 2

1v —1f Iv Rk J) IO FOUSURE I J , 3’

Extension, 4L | I="05 per pull.
Radial contraction, 8p /p <03 per pull. -
Mean permanent potential increase = -+ ‘003 volts per pull.

The character of the data of table 20 is such as to indicate super-
imposed permanent and.temporary eftects, The former is distinctly
electropositive in all my results; negative differences of potential are
numerically decreased, positive differences increased. The increase of
electropositive quality takes place simultaneously with the increase of
length, at a rate which varies somewhat in the different experiments, but
the mean value of which is about .003 volts per pull of the extension
6L/L =0-05. This is equivalent to a decrease of the wetted external
surface of the wire of about 5 per cent, provided there be no change of
volume. The measured value is less than this, for the circumference
before straining was found by aid of the micrometer to be 270, =. 27
and after straining 2zp, = .24°" as an aggregate of four pulls. This
corresponds to less than 3 per cent of diminution of the wetted surface
per pull.

The temporary effect is equally definite in character. Independently
of the value of the permanent effect, the former is at first invariably
negative, which quality is successively reduced, until finally the value,
having passed through zero, becomnes positive. The intensity of the first
negative throw is strong; as a rule more so than the final positive throw.

Bull, 94——5

&
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DISCUSSION OF RESULTS.

43. Having thus obtained some knowledge of these phenomena for
iron, it is expedient to indicate in passing some reasons for their proba-
ble cause. Iron submerged in any aqueous solution is polarized posi-
tively by a coat of hydrogen. Hence it is practically a condenser, whose
capacity increases directly with the wetted surface, ceteris paribus. The
ceffect of strain is therefore of a twofold kind: In consequence of the jar-
ring and vibration which unavoidably accompany the stretching, some ot
the hydrogen is mechanically shaken off, and the positive potential or
positive polarization decreased to a lower limit. Hence the negative
throw after the first strain. Simultaneously with this result the capacity
of the wire is diminished in consequence of stretching. Hence the posi-
tive potential or positive polarization is increased. If this last effect
gradually predominates over the other (effect of jarring), the tempor .uy
throw changes from negative to positive.

This explanation is nearest at hand, and it need not be sufficient; but
it is clear at once that before any hydroelectric effect can be ascribed
to strain as such, it is necessary, to evaluate the polarization effect, as
well as other minor errors, such for instance as are due to the increase
of temperature of the wire during stretching. (Cf. Wiedemann’s ¢“Elek-
tricitit,” vol. 11, p. 773, ete.)

DATA FOR DIVERS METALS.

44. In the following tables I have inserted data corresponding to
Table 20, but obtained with German silver, brass, copper, iron, all the
wires being of larger diameter than before. The notation is the same as
above. In Tables 21 to 24 zinc sulphate in concentrated solution is the
electrolyte; in Tables 25 to 27 distilled water is used. At the ends of
tables, the mean values per pull of extension (6.L/L), radial contraction
(dp/p), permanent potential increase ¢ volts, are inserted for each wire.

TaB