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ADVERTISEMENT.

(Bulletin No, 73.)

The publications of the United States Geological Survey are issued in accordance with the statute
approved March 3, 1879, which declares that—

““The publications of the Geological Survey shall consist of the annual reportof operations, geological
and economic maps illustrating the resources and classification of the lands, and reports upon general
and economic geology and paleontology. The annual report of operations of the Geological Survey
sball accompany the annual report of the Secrétary of the Interior. All special memoirs and reports
of said Survey shall be issued in uniform quarto series if desmed necessary by the Director, but other-
wise in ordinary octavos. Three thousand copies of each shall be published for scientific exchanges
and for sale at the price of publicatior ; and all literary and cartographic materials received in exchange
shall be the property of the United States and form a part of the library of the organization; and the
mouney resulting from the sale of such publications shall be covered into the ‘Lreasury of the United
States.” .

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

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

Except in those cases in which an extra number of any publication has been supplied to the Survey
by special resolution of Congress or has been ordered by the Secretary of the Interior, this office has
no copies for gratuitous distribution.

ANNUAL REPORTS.

I. First Annnal Report of the United States Geo]ogical Survoey, by Clarence King. 1880. 8°, 79 pp.
1 map.—A. preliminary report describing plan of organization and publications.

II. Second Annual Report of-the United States Geological Survey, 1880-'81, by J.W.Powell. 1882,
80. 1lv, 588 pp. 62pl. 1lmap.

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

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

V. Fifth Annual Report of the United States Geological Survey, 1883-'84, by J. W.Powell. 1885,
89, xxxvi, 469 pp. 58 pl. and maps.

VI. Sixth Annual Report of the United States Geological Survey, 1884-'85, by J. W. Powell, 1885, -
80. xxix, 570 pp. 65 pl. and maps.

VII. Seventh Annual Report of the United States Geological Survey, 1885-'86, by J. W.Powell. 1888.
80. xx, 656 pp. 71 pl. and maps.

VIIL Eighth Annual Reportof the United States Geological Survey, 1886-'87, by J. W. Powell. 1880,
80. 2v. xix, 474, xii pp. 53 pl. and maps; 1 p. 1. 475-1063 pp. 54-76 pl. and maps.

IX. Ninth Annual Report of the United States Geological Survey, 1887-'88, by J. W. Powell. 1889,
80, «xiii, 717 pp. 88 pl. and maps.

X. Tenth Aunual Report of the United States Geological Survey, 1888-'89, by J. W. Powell. 1890.
80, 2v. xv, 774 pp. 98 pl. and maps; viii, 123 pp.

The Eleventh Annual Report is in press.

MONOGRAPHS.

1. Lake Bonneville, by Grove Karl Gilbert. 1800. 4°. xx,428pp. 51pl. 1map. Price $1.50.

IL. Tertiary History of the Grand Cafion District, with atlas, by Clarence E. Dutton, Capt. U. S. A.
1882, 4°. xiv, 264 pp. 42 pl. and atlas of 24 sheets folio. Price $10.00.

III. Geology of the Comstock Lode and the Washoe District, with atlas by George F. Becker. 1882,
4°, xv, 422 pp. 7 pl. and atlas of 21 sheets folio. Price $11.00.

1V. Comstock Mining and Miners, by Eliot Lord. 1883, 49, xiv, 451 pp. 3 pl. Price $1.50.
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- V. The Copper-Bearing Rocks of Lake Superior, by Roland Duer Irving. 1883. 4°. xvi, 464 pp.

1.15). "20 pl. and maps. Price $1.8%.

' VI. Contributions to the Knowledge of the Older Mesozoic Flora of Virginia, by William Morris
Fontaine. 1883. 4°. xi, 144 pp. 541. 54 pl. Price $1.05.

VII Silver-Lead Deposits of Eureka, Nevada, by Joseph Story Curtis. 1884. '4°. <xiii, 200 pp. 16

pl. Price $1.20.

VIII. Paleontology of the Eureka District, by Charles Doolittle Walcott. 1884. 4°. xiii, 208 pp.
241. 24pl. Price $1.10.

IX. Brachiopoda and Lamellibranchiata of the Raritan Clays and Greensand Marls of New Jersey,
by Robert P. Whitfield. 1885, 4o, xx,338pp. 35pl. 1map. Price$L.15.

X. Dinocerala. A Monograph of an Extinct Orderof Gigantic Mamwmals, by Othniel Charles Marsh.
1886. 4°. xviii, 243 pp. 561. 56 pl. Price $2.70.

XI. Geological History of Lake Lahontan, a Quaternary Lake of Northwestern Nevada, by Israel
Cook Russell. 1885. 4°, xiv,288 pp. 46 pl.and maps. Price $1.75.

XII. Geology and Mining Industry of Leadville, Colorado, with atlas, by Samuel Franklin Emmons.
1886. 4°. xxix, 770 pp. 45 pl. and atlas of 35 sheets folio. Price $8.40.

XIII. Geology of the Quicksilver Deposits of the Pacific Stope, with atlas, by George F. Becker.
1888. 40, xix, 486pp. 7 pl. and atlas of 14 sheets folio. Price $2.00.

XIV. Fossil Fishes and Fossil Plants of the Triassic Rocks of New Jersey and the Connecticut Val-
ley, by John S.Newberry. 1888. 4°. xiv, 152 pp. 26pl. Price $1.00.

XV. The Potomac or Younger Mesozoic Flora, by William Morris Fontame 1889. 4°, xiv, 377
pp. 180 pl. Text and plates bound separately. Price $2.50.

XVI, The Paleozoic Fishes of North America, by John Strong Néwberry. 1889. 4°, 340 pp. 53 pl.
Price $1.00.
In preparation:

XVIL The Flora of the Dakota Group, a posthumous work, by Leo Lesquereux. Edited by F. H
Kuowlton.

— Gasteropoda of the New Jersey Cretaceous and Eocene Marls, by R. P. Whittield.

— The Penokee Iron-Bearing Series of Northern Wisconsin and Michigan, by Roland D. Irving and
C. R. Van Hise.

- Mollusca and Cruatacea of the Miocene Formations of New Jersey, by R. P. Whitfield,

— Geology of the Eureka Mining District, Nevada, with atlas, by Arnold Hague.

— Sauropoda, by O. C. Marsh. (

— Stegosauria, by O. C. Marsh,

— Brontotherid:e, by O. C.Marsh.

— Report on the Denver Coal Basin, by S. F. Emmons.

— Report on Silver Cliff and Ten-Mile Mining Districts, Colorado, by S. F. Emmons.

- Flora of the Dakota Group, by J. S. Newberry.

— The Glacial Lake Agassiz, by Warren Upham. '

BULLETINS.

1. On Hypersthene-Andesite andon Triclinic Pyroxene in Augitic Rocks, by Whitman Cross, witha
Geological Sketch of Buffalo Peaks, Colorado, by S. F. Emmons. 1883. 8°, 42pp. 2pl. Price 10 cents.

2. (old and Silver Conversion Tables, giving the coining values of troy ounces of fine metal, ete., com-.
puted by Albert Williams, jr. 1883. 8°. 8pp. Price5 cents. '

3. On the Fossil Faunas of the Upper Devonian, along the meridian of 76° 30/, from Tompkins County,
New York, to Bradford County, Pennsylvania, by Henry S. Williams. 1884. 8°. 36 pp. Price 5 cents.

4. On Mesozoic Fossils, by Charles A. White. 1884. 8. 36pp. 9pl. Price 5 cents.

5. A Dictionary of Altitudes in the United States, compiled by Henry Gannett. 1884, 8°. 325 pp.
Price 20 cents. ’

6. Elevations in the Dominion of Canada, by J. W. Spencer. 1884. 8. 43 pp. Price 5 cents.

7. Mapoteca Geologica Americana. A Catalogue of Geological Maps of America (North and South),
1752-1881, in geographic and chronologic order, by Jules Marcou and John Belknap Marcou. 1884.
80, 184 pp. Price 10 cents.

8. On Secondary Enlargements of Mineral Fragments in Certain Rocks, by R. D. Irving and C. R.
Van Hise. 1884. 8°, 56 pp. 6pl. Price 10 cents.

9. A report of work done in the Washington Laboratory during the fiscal year 1883-'84. F. W. Clarke,
chief chemist. T. M. Chatard, assistant chemist. 1884. 8°. 40 pp. Price 5 cents.

10. On the Cambrian Faunas of North America. Preliminary studies, by Charles Doolittle Walcott
1884. 8°. 74pp. 10 pl. Price 5 cents.

11. On the Quaternary and Recent Mollusca of the Great Basin ; with Descriptions of New Forms, by
R. Ellsworth Call. Introduced by a sketch of the Quaternary Lakes of the Great Basin, by G. K.
Gilbert. 1884. 80, 66 pp. 6 pl. Price 5 cents.

12. A Crystallographic Study of the Thinolite of Lake Lahontan, by Edward S. Dana. 1884. 8°.
34 pp. 3 pl. Price 5 cents.
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13. Boundaries of the United States and of the several States and Territories, with a Historical
Sketch of the Territorial Changes, by Henry Gannett. 1883. 8°. 135 pp. Price 10 cents.

14. The Electrical and Magnetic Properties of the Iron-Carburets, by Carl Barus and Vincent
Strouhal. 1885. 8°. 238 pp. Price 15 cents.

15. On the Mesozoi¢ and Cenozoic Paleontology of Lahiorma., by Charles A. White. 1885. 8°.
33 pp. Price 5 cents.

16. On the Higher Devonian Faunas of Ontario County, New York, by John M. Clarke. 1885. 8°,
86pp. 3pl. Price scents. -

17. On the Development of Crystallization in the 1gneous Rocks of Washoe, Nevada, with Notes on

‘the Geology of the District, by Arnold Hague and Joseph P. Iddings. 1885, 80, 44 pp. Price 5

cents.

18. On Marine Eocene, Fresh-water Miocene, and other Fossil Mellusca of Western North America,
by Charles A. White. 1885. 8°, 26 pp. 3 pl. Prico 5 cents.

19. Notes on the Stratigraphy of California, by George F. Becker. 1885. 8. 28 pp. Price 5 cents.

20. Contributions to the Mineralogy of the Rocky Mountams, by Whitman Cross and W F. Hille-
brand. 1885. 8°. 114 pp. 1pl. Price 10 cents.

21. The Lignites of the Great Sionx Reservation. AReport on the Region between theGmnd and Mo-
reau Rivers, Dakota, by Bailey Willis. 1885. 8°. 16 pp. 5pl. Price 5 cents.

22. On New Cretaceous Fossils from California, by Charles A. White. 1885. 8°. 25pp. 5pl. Price
5 cents.

23. Observations on the Junction between the Eastern Sandstone and the Keweenaw Series on
Keweenaw Point, Lake Superior, by R. D. Irving and T. C. Chn.mberhn. 1885. 8°. 124 pp. 17 pl
Price 15 cents.

24, List of Marine Mollusca, compriaing the Quaternary Fossils and recent forms from American
Localities botween Cape Hatteras and Cape Roque, including the Bermudas, by William Healey Dall.
1685. 8°. 336 pp. Price 25 cents.

25. The Present Technical Condition of the Steel Industry of the United States, by Phineas Barnes.
1885. 8°, 85 pp. Price 10 cents. ’

26. Copper Smelting, by Henry M. Howe. 1885. 8° 107 pp. Price 10 cents.

27. Report of work doue in the Division of Chemistry and Physics, mainly during the fiscal year
1884-'85. 1886. 8°. 80 pp. Price 10 cents.

28. The Gabbrosand Associated Hornblende Rocks occurring in the Neighborhood of Baltimore, Md.,

"by George Huntington Williams. 1886. 8°. 78 pp. 4pl. Price 10 cents.

29. On the Fresh-water Invertebrates of the North American Jurassic, by Charles A. White. 1886.
8. 41pp. 4pl. Price5 cents. ’

30. Second Contribution to the Studies on the Cambrian Faunas of North America, by Charles Doo-
little Walcott. 1886. 8°. 369 pp. 33 pl. Price 25 cents.

31. Systematic Review of our Present Knowledge of Fossil Insects, including Myriapods and Ara.cb
nids, by Samuel Hubbard Scudder. 1886. 8°. 128 pp. Price 15 cents.

82. Lists and Analyses of the Mineral Springs of the United States; a Preliminary Study, by Albert
C. Poale. 1886. 8°. 235 pp. Price 20 cents.

33. Notes on the Geology of N[orthern California, by J. S. Diller. 1886. 8°. 23 pp. Price 6 cents.

34. On the relation of the Laramie Molluscan Fauna to that of the succeeding Fresh-water Eocene
and other groups, by Charles A. White. 1886. 8°. 54 pp. 5pl. Price 10 cents.

35. Physical Properties of the Iron:Carburets, by Carl Barus and Vincent Strouhal. 1886, 8°, 62
pp. Price 10 cents.

36. Subsidence of Fine Solid Particles in Liquids, by Carl Barus. 1886. 8°. 58 pp. Price 10 cents.

37. Types of the Laramie Flora, by Lester F. Ward. 1887. 8°. 354 pp. 57 pl. Price 25 cents.

38. Peridotite of Elliott County, Kentucky, by J.S. Diller. 1887. 8. 31pp. 1pl. Price 5 cents.

39. The Upper Beaches and Deltas of the Glacial Lake Agassiz, by Warren Upham. 1887. 80, 84
pp. 1pl. Price 10 cents.

40. Changes in River Courses in Washington Territory due to Glaciation, by Bailey Willis. 1887. 8o,
10 pp: 4 pl. Price 5 cents.

41. On the Fossil Faunas of the Upper Devonian—the Genesee Section, New York, by Henry S.
Williams. 1887. 8. 121 pp. 4pl. Price 15 cents.

42. Report of work donein the Division of Chemistry and Physics, mainly during the fiscal year
1885-'86. . W. Clarke, chief chemist. 1887. 80, 152pp. 1pl. Price 15 cents.

43. Tertiary and Cretaceous Strata of the Tuscaloosa, Tombigbee, and Alabama Rivers, by Eugene
A. Smith and Lawrence C. Johnson. 1887, 8°. 189 pp. 21 pl. . Price 15 cents.

44. Bibliography of North American Geology for 1886, by Nelson H. Darton. 1887. 8°. 35 pp.
Price 5 cents.

45. The Present Condition of Knowledge of the Geology of Texas, by Robert T. Hill. 1887. 8°. 04
pp. Price 10 cents.

46. Nature and Origin of Deposits of Phosphate of Lime, by R. A. F. Penrose, j jr. with an Introduc.
tion by N. S.Shaler. 1888. 8°. 143 pp. Price 15 cents.
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47. Analyses of Waters of the Yellowstone National Park, with an Account of the Methods of Anal.
ysis employed, by Frank Austin Gooch and James Edward Whitfield. 1888. 8°. 84 pp. Price 10
cents.

48. On the Form and Position of the Sea Level, by Robert Simpson Woodward. 1888. 8°. 88 pp.
Price 10 cents.

49. Latitudes and Longitudes of Certain Points in Mlssouu, Kansas, and New Mexico, by Robert
Simpson Woodward. 1889, 8°. 133 pp. Price 15 cents.

50. Formulas and Tables to facilitate the Construction and Use of Maps, by Robert Simpson Wood-
ward 1889. 8°. 124 pp. Price 15 cents.

51. On Invertebrate Fossils from the Pacific Coast, by Charles Abiathar Wbite 1889. 8°. 102 pp.
14 pl. Price 15 cents.

52. Subaérial Decay of Rocks and Origin of the Red Color of Certain Formations, by Israel Cook
Russell. 1889. 8°. 65 pp. 5pl. Price 10 cents.’

53. The Geology of Nantucket, by Nathaniel Southgate Shaler. 1889. 8°. 55pp. 10 pl. Pricé 10
cents.

54, On the Thermo-Electric Measurement of High Temperatures, by Carl Barus. 1889. 8. 313 pp.
incl.1pl. 11pl. Price 25 cents.

55. Report of work done in the Division of Chemistry and Physics, mainly during the fiscal year
1886-'87. Frank Wigglesworth Clarke, chief chemist. 1889. 8°. 96 pp. Price 10 cents.

56. Fossil Wood and Lignite of the Potomac Formation, by Frank Hall Knowlton. 1889. 8, 172 pp.
7 pl. Price 10 cents.

57. A Geological Reconnaissance in Southwestern Kansas, by Robert Hay. 1890. 8°. 49pp. 2pl
Price 5 cents, :

58. The Glacial Boundary in Western Pennsylvania, Ohio, Kentucky, Indiana, and Illinois, by George
Frederick Wright, with an introduction by Thomas Chrowder Chamberlin. 1890. 8°. 112pp. incl
1pl. 8pl. Price 15 cenis.

59. The Gabbros and Associated Rocks in Delaware, by Frederick D. Chester. 180. 8°. 45 pp.
1pl. Price 10 cents. ’

60. Report of work done in the Division of Chemistry and Physics, mainly during the fiscal year
1887-'88. F. W. Clarke, chief chemist. 1890. 8°. 174 pp. Price 15 cents.

61. Contributions to the Mineralogy of the Pacific Coast, by William Harlow Melville and Waldemar
Lindgren. 1890. 8°. 40pp. 3pl. Price 5cents.

62. The Greenstone Schist Areas of the Menominee and Marquette Regions of Michigan; a contri.
bution to the subject of dynamic metamorphism in eruptive rocks, by George Huntington Williams;
with an introdunction by Roland Duer Irving. 1890. 8°. 241 pp. 16 pl. Price 30 cents.

63. A Bibliography of Paleozoic Crustacea from 1698 to 1889, including a list of North American
species and a systematic arrangement of genera, by Anthony W. Vogdes. 1890. 8°. 177 pp. Price
15 cents.

64. A Report of work done in the Division of Chemistry and Physics, mainly during the fiscal year
1888-'89. F. W. Clarke, chief chemist. 1890. 8°. 60 pp. Price 10 cents.

65. Stratigraphy of the Bituminous Coal Field ot Pennsylvania, Ohio, and West Virginia, by Isracl
C. White. 1891, ¢&°,

66. On a Group of Volecanic Rocks from the Tewan Mountains, New Mexico, and on the occurrence
of Primary Quagtz in certain Basalts, by Joseph Paxson Iddings. 1890. 8°. 34 pp. Price 5 cents.

67. The relations of the Traps of the Newark System in the New Jersey Region, by Nelson Horatio
Darton. 1890. 8°. 82 pp. Price 10 cents.

68. Earthquakes in California in 1869, by James Edward Keeler. 1890, 8°. 25pp. Price 5 cents.

69. A Classed and Annotated Bibliography of Fossil Insects, by Samuel Hubbard Scudder. 1890.
80, 101 pp. Price 15 cents.

70. Report on Astronomical Work of 1889 and 1890, by Robert Snmpson Woodward. 1890. 8°. 79
pp. Price 10 cents.

71. Index to the Known Fossil Insects of the World, inclading Myriapods and Arachnids, by Samuel
Hubbard Scudder. 1891. 8°. T44pp. Price 50 cents.

72. Altitudes between Lake Superior and the Rocky Mountains, by Warren Upbam. 1891. 80,
228 pp. Price 20 cents.

. 73. The Viscosity of Solids, by Carl Barus. 1881. 89, xii, 139 pp. 6 pl. Price 15 cents.

77. The Texan Permian and its Mesozoio types of Fossils, by Charles A. White. 1891, 8°. 5! pp.
4 pl, Price 10 cents.

In press:

74. The Mmerals of North Carolina, by Frederick Augustus Genth. 1891, 8. 119 pp. Price 15
cents.

75. Record of North American Geology for 1887 to 1889, inclusive, by Nelson Horatio Darton.

76. A Dictionary of Altitudes in the United States (second edition), compiled by Henry Ganneti.

78. A report of work done in the Division of Chemistry and Physics, mainly during the fiscal year
1889-'90., F. W. Clarke, chief chemiat.

79. A Late Voleanic Eruption in Northern California and its peculiar lava, by J. 8. Diller.
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80. Correlation papers—Devonian and Carboniferous, by Henry Shaler Williams,
81. Correlation papers—Cambrian, by Charles Doolittle Walcott.
82, Correlation papers—Cretaceous, by Charles A. White.

In preparation:

— The Compressibility of Liquids, by Carl Barus.

— The Eruptivo and Sedimentary Rocks on Pigeon Point, Minnesota, and their contact pbenomcnn,
by W. S. Bayley.

— A Bibliography of Paleobotany; by David White.

STATISTICAL PAYERS.

Mineral Resources of the United States, 1882, by Albert Williams, jr. 1883. 8°. xvii, 813 pp. Price
50 cents.

Mineral Resources of the United States, 1883 and 1884, by Albert Williams, jr. 1885. 8°, xiv, 1016
pp. Price 60 cents.

Mineral Rosources of the United States, 1885. Division of Mining Statistics and Technology. 1886,
89, vii, 576 pp. Price 40 cents.

Mineral Resources of the United States, 1886, by David I. Day. 1887. 8° viii, 813 pp. Price 50
cents.

Mineral Resources of the United States, 1887, by David T, Day. 1888, 8°. vii, 832 pp. Price 50
cents.

Mineral Resources of the United States, 1888, by David 1. Day. 180. 8°. vii, 652 pp. Price 50
cents.
In preparation:

Mineral Resources of the United States, 1889 and 1890,

The money received from the sale of these publications is deposited in the Treasury, and the Secre-
tary of the Treasury declines to receive bank checks, drafts, or postage stamps; all remittances, there-
fore, must be by POSTAL NOTE or MONEY ORDER, made payable to the Librarian of the U. S. Geological
Survey, or in CURRENCY, for the exact amount. Correspondence relating to the publications of the
Survey should be addressed
: To Tug DIRECTOR OF THE

UNITED STATES GEOLOGICAL SURVEY,
W asmiNgToN, D. C.
WASHINGTON, D. C., July, 1891,
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PREFACE.

This bulletin is a second contribution to the general investigation of
the physical contents of rocks, the experiments concerning which fol-
low a general plan devised by Mr. Clarence King.

Questions bearing directly on the viscosity of rock masses make up
so large a part of Mr, King’s geological observations, that the duty of
inquiring into the physics of this enormously complicated subject de-
volved seriously upon me. Above all things some form of reliable
working hypothesis was to be discovered; and this is what the pres-
ent bulletin endeavors to accomplish. I believe the physical hypoth-
esis has been found and that the data afford substantial corrobora-
tion of Maxwell’s theory of the viscosity of solids.

The method by which I attempt to arrive at the result in question
consists in investigating the detdils of viscous behavior of steel. Steel
has a phenomenal quality, in that it can be made to pass continuously
from an extreme of brittle hardness almost to soft plasticity. Hence
its value in serving as a test of any theory.

Curiously enough, viscous deformation (Nachwirkung) is strikingly
pronounced at the hard and brittle end of the scale, whereas soft steel
is relatively rigid. These facts are established in Chapter I, of which
they form the larger part. To interpret the striking results of Chapter
I it is necessary to consider them from a more general point of view.
Consequently Chapter 1T investigates them further with regard to their
general truth under variable conditions of temperature and of stress.’
But the full interpretation is not attempted until Chapter IIT, where,
together with other relevant matter, they are shown to bear directly
on the fundamental hypotheses of Maxwell’s theory of the viscosity of

solids.

Chapter IV applies a magnetic method to the study of the behavior
of a strained atomic configuration, and is thus an important deduction
from Chapter I1I.

Chapter V finally exhibits the solidity of the three states of aggrega-
tion. The results show an astounding range ot variation, lnasmuch as
viscosity on passing from extreme fluid to extreme solld changes from
at most 10-% to at least 10%.

By selecting steel as the chief source of evidence I gain a second im-

portant advantage. The researches of Dr. Strouhal and myself have
- XI
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thrown new light on a number of the physical qualities of steel, Some
of which are closely allied to the subject in hand. Thus there exists a
reciprocal relation between the earlier bulletins of the Geological Sur-
vey, No. 14, No. 27 (pp. 30-60), No. 35, and No. 42 (pp. 98-131), and the
" present bulletin, by which clearness of conception regarding the physics
of the iron-carburets is promoted. )

The notation has been made uniform throughout the work, and the
data reduced to the same standard. This occasioned much extra labor,
since it involved a new computation of the chief results of Chapters I1
and III. However, seeing that the unity of the book could be much
enhanced thereby, the time was not grudgingly spent.

Meantime the researches on solid viscosity have been considerably
extended. I have now nearly ready for the press a sequel’ to this vol-
ume, in which the molecular changes which promote viscous motion
are specially discussed. The results enable me to submit a general
theory of solid molecular structure, and they therefore fitly make up a
second part of the continued series of researches of which this bul-
letin constitutes the first part.

I may add in concluding, that the researches on steel were begun by
Dr, Strouhal and myself and continued to such a stage of progress as
made it advisable for us to publish subsequent investigations together.
But the serious delays incident to epistolary communication at best,
and the great distance between us (Prague-Washington), has dictated,
very much to our regret, a dissolution of literary partnership. The
science of to-day is more and more exactingly a science of specialized
responsibilities, and the connection between a statement and its author

can not be too direct or too obvious.
CARL BARUS.

LABORATORY U. S. GEOLOGICAL SURVEY,
Washington, D. C., March 15, 1890,

JCf. Annual Report of the Director for the fiscal year 1888-'89.
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- THE VISCOSITY OF SOLIDS.

BY CARL BARUS.

CHAPTER L

BY CARL BARUS AND VINCENT STROUHAL.

THE VISCOSITY OF STEEL AND ITS RELATIONS TO TEMPER.
INTRODUCTION.

1. In Bulletin No. 42, U. S. Geol. Survey, p. 131, we expressed the
belief that the qualities of retaining magnetism exbibited by steel would
probably stand in relation to the viscous properties of the metal. In
the present chapter we make a first search for such a relation. The
work is restricted to torsional viscosity because it usually exists in
larger amount, and is much more accurately measurable than any of
the other manifestations of viscosity. Possibly it may be brought more
rationally into comparison with magnetic phenomena. We therefore
develop partially (i. e. so far as is necessary for our especial purposes) a
very sensitive differential method for the study of torsional viscosity.!
Having applied it to steel, we compare the results obtained with the
known behavior of permanent linear magnets, tempered under like con-
ditions, During the course of the experiments we incidentally come
upon certain ulterior results (viscosity of iron, glass).

In our magnetic comparisons we have endeavored to avoid prema-
tarity. Many inferences of the original draught have been cropped.
‘We do not wish to ignore the magnetic effect of the chemical changes
of steel. We have merely endeavored to circumscribe the magnetic
effect of carburation, by exploring the magnetic importance of certain
mechanical properties of steel. To do this we have studied, abstractly
as it Wwere, the occurence of permanent magnetism in a mediam of con-
tinuously varying viscosity, without insisting on an inherent relation
between retentiveness and viscosity.

1 Independently of ourselves, as we subsequently found, a similar method was used by Boltzmann
and by O. E. Meyer (Pogg. Ann.,vol, 154, 1875, p. 357). '

Bull. 73 1 1




2 THE VISCOSITY OF SOLIDS. {BULL. 73.
LITERARY NOTES.

2. The necessary existence of viscosity in solids was pointed out, dis-
covered, and its nature described by Weber;! but it is to Kohlrausch’s®
extensive researches that we owe the bulk of our present knowledge.
A new method of research was indicated by Sir William Thomson,
which method was developed, independent of Thomson we believe, by
Streintz* and by Schmidt.® Thomson® concisely defined the terms now
in English use and followed by Maxwell (Heat, Chapter II).

PLAN OF RESEARCH.

3. We proposed at first to study the viscosity of steel from two distinet
standpoints: one part of our work was to consider viscosity in its rela-
tions to temperature; the other part, viscosity in its relations to hard-
ness. Indeed, we have as yet no data at all of this kind for steel. For
other substances Koblrausch? and after him Streintz® and Pisati® had
already studied viscosity and temperature with some detail though in
a direction differing somewhat from our own. Very recently, however,
Schroeder!® has experimented in a line of research quite identical with
the one upon which we had determined; and though his data do not
include steel, the results obtained for other metals are sufficiently pro.
nounced to make a special investigation of steel appear superfluous,
at least so far as regards its present bearing on our work. Schroeder!
finds ¢ Der bei 100° begonnene Verlauf der Nachwirkung wird durch
Abkiihlung des Drahtes auf Zimmertemperatur unterbrochen; nach

1'Weber : Gotting. Gelehrt. Anz., St. 8, 1835; Pogg. Ann., vol. 24, 1835, p. 247; ibid., vol. 54, 1841,
p. 1; Comm. Soc. Gotting., vol. 3, 1841, p. 45. Wober’s researches express the amount of viscous de-
formation in terms of time by a hyperbolic formula with three constants.

2 Kohlransch : Pogg. Ann., vol. 119, 1863, p. 337; ibid., vol. 128, 1866, pp. 207, 399; ibid., vol. 155, 1875,
P. 579; ibid., vol. 158, 1876, p. 337. The author subjected fibers of a great number of substances to
torsional, tensile and flexural stress, and he discusses the amount of deformation in each case in its
depeundence on time and on temperature. The results are too elaborate to be excerpted here. The
author finds it necessary to use exponential relations with three and even four constants to describe
the results completely. In this place we advert, moreover, to the papers of Neesen (Pogg. Ann., vol.
153, 1874, p. 498; ibid., vol. 157, 1876, p. 579; Wied. Ann., vol. 7, 1879, p. 460), of Braun (Pogg. Annm.,
vol. 119, 1876, p. 337), of Wiedemann (Wied. Ann., vol. 6, 1879, p. 496) which supply details of critical
discussion. Perhaps we may even add Pernet's well known thermometric researches (Carl's Reperto-
riam, vol. 11, 1875, p. 257, and elsewhere).

3 Sir William Thomson: Phil. Mag. (IV), vol, 30, 1865, p. 63. Thomson refers the loss of energy of
of vibration to the existence of molecular friction.

4 Streintz: Pogg. Ann., vol. 153, 1874, p. 387; Wien. Ber., vol. 69, part 2d, 1874, p. 355. Using a
vibration method the author discusses elaborately the effect of viscosity on the logarithmic decrement.

5Schmidt: Wied. Ann., vol.2, 1877, pp. 48, 241, supplements Thomson’s and Streintz’s results, and is
able to oxpress logarithmic decrement in terms of time by Weber's formula of three constants. 'We
may add Cohn (Wied. Aun., vol. 6, 1879, p. 403), Hopkinson (Phil. Trans., 1877), Warburg (Wied. Ann.,
vol. 13,1881, p. 141), Auerbach (Wied. Ann., vol. 14, 1881, p. 308), Kohlrausch (Pogg. Ann.,‘vol. 128, 1886),
Ewing (Phil. Trans., 1885, p. 545) and others who discuss viscosity as manifesting itself in phenomena
of conductivity (Cohn), residual static charge (Hopkinson, Kohlrausch), magnetism (Auerbach, War-
burg, Ewing and others).

6 Thomson : loe. cit.

7 Koblrausch : Pogg. Ann., vol. 128, 1866, p.216; ibid., vol. 158, 1876, p. 371,

8 Streintz: Wien. Ber., vol. 69, 1874, p. 337; also Schmidt, loc. cit.

9 Pisati: Wien. Ber., vol. 80, 1879, p. 427. Also Gaz. Chim, Ital., 1876, 1877,

10 Schroeder: Wied. Ann., vol. 28, 1876, p. 369,

1 Sohroeder: Ibid., p. 388,
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erneuter Erwirmung auf 100° wird die vorber unterbrochene Dre-
hung fortgesetzt.” We pointed out' that in case of drawn metals, of
quenched glass (Rupert’s drops) and we inferred also in case of tem-
pered steel, energy has been stored up in virtue of the rigidity of the
material; and that on exposure to temperature (annealing), the avail-
able excess of stress is made to pro-
duce the observed viscous deforma-
tion precisely in the way in which
Schroeder has found it for applied
torsional stress., Nevertheless, the
behavior of steel, when considered
in all its details, is much more com-
plicated and is, indeed, quite unique,
as will be indicated in the course of
this chapter.

METHOD OF EXPERIMENT.
APPARATUS.

For the reasons given the scope of
this chapter has been limited to a
study of the viscosity of steel, in its
relations to temper. We endeavor
therefore to determine the differ-
ence of viscosity which corresponds
to a given known difference of hard-
ness. The following differential
method of measurement, the prinei-
ple of which can be made clear in a
few words, naturally suggests itself:

Bifilar apparatus.—Given a pair of
steel wires, one of which is always
glass-hard, the other of known tem-
per; let them be made the threads of
a bifilar suspension provided with
suitable means for the measurement
of the angular motion of the line de-
fined by the lower double point of
attachment, relative to the upperline
of attachment; finally let a twist
of + T be imparted to one steel wire,
a twist of — 7' to the other. If now
the system be left to itself, and if

the two wires be equally viscous the =~ F'¢- L-—Bifilar apparatus for torsional

1 Bull. T. 8. Geol. Survey, No. 14, 1885, p. 196 ; Am. Jour. Sci. (ITI), vol. 31, 1866, p. 452.
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4 THE VISCOSITY OF SOLIDS. {BULL. T3,

bifilar system cateris paribus will remain at rest. If on the other hand
the viscosities be unequal, the lower free part of the bifilar will move
around the vertical let fall from the upper part. Thesign of this angular
motion will be that of the twist of the wire of greater viscosity; its
amount caeteris paribus directly dependent on the difference ot viscosity
of the pair of wires under experiment, One of the forms of apparatus
actually used is given in the annexed diagrams, Figs. 1 to 3, the former
on a scale of . The couple of steel wires awwg and axzg to be tested,
are fastened above to a massive piece of brass 4 BC and below to a simi-
lar piece DEGF. ABC isfixed firmly to the wall at some distance from
it, and all incidental motion or displacement is registered by the mirror
M, adjustable at pleasure by aid of the screw-arms fed and be. DEGF is
free to move under the influence of the bifilar couples and motion is
similarly registered by the mirror N adjustable at pleasure by aid of
the screw arms mlk and h. To keep the line of symmetry of the piece
DEGF vertical, to deaden incidental vibrations, and to give general
stability to the whole bifilar adjustment, we suspended a heavy lead
disk H¢ (5 1bs.) from the screw r. H@ is partially immersed in water
contained in a glass bell-jar ILK also (adjustably) attached to the
wall,

The steel wires are inserted and then fastened in the apparatus as
follows: To keep the two steel wires (about 33 long) under a perma-
nent strain of torsion, each is softened about 2¢™ from the ends inward.
The soft parts are then beat into & hook-like loop just large enough to

‘slide over the screws of the little brass bolts @ and g. Having fastened
the lower ends by the bolt g, the upper ends are each twisted 180° against
each other and then also fastened by the bolt a. :

The ends of this twisted system are now to be secured to the blocks
of brass ABC and DEGF. One method of fastening is given (3 actnal
size) in Fig. 2, the parts of which are lettered similarly to Fig. 1. The

c two wires, w and w, are pressed firmly

against a little rectangular piece of
steel o, by aid of the bolt pp’ and the
nut g¢’. The bolt is provided with a
square hole near its head, through
which o and the steel wires may easily
be passed. A little pin prevents o from
rotating around the axis of the screw,
thus diminighing liability to breakage. In the apparatus figured it is
necessary to slide the bolts pp’ over the wires w, x, before the torsion
is applied by fastening a.

In Fig. 3 the same apparatus is given in side elevation (sectional),
and as the same lettering is here used as in TFigs. 1, 2, this diagram is
at once intelligible. It indicates in a clearer way the method of insert-

\\\\\\\\QX

Fie. 2.—Devico for suspension; scale, 3.




Pl

BARUS.) TUBULAR APPARATUS.

ing and fastening the twisted systems e, wx, with reference to which
wires the experiments are made. '

In a more convenient form of ap-
paratus, perhaps,wereplace the brass
blocks ABC and DEGF by little
hand vises, the axle of the lower one
of which has been perforated and
fitted with a screw subserving the
purposes of r in the figure. By aid
of a disc of lead vertical symmetry
of the whole apparatus is here also
maintained.

The advantage of this form of ap-
paratus, apart from our own special
purposes, is that with a single ad-
justment, the viscous movement can
be traced with extreme accuracy for
an indefinite length of time. There
is no doubt that in some of the cases
examined such motion will demon-
strably exist even for a year after
the torsion has been imparted.

- Kohlrauscl’s method is an absolute
method; but his wire must be
twisted and untwisted once for each
observation. The method of loga-
rithmic decrement is difficult of in-
terpretation, and is really a complex
method and limited to short inter-
vals of time.

In experimenting with glass it
was necessary to modify the appa-
ratusso that twists less than T'=180°
could be applied. This is easily

Q done by perforating the screw of the
upper bolt and passing the glass
fiber through the hole. Torsion in

y any amount may then be applied to
the projecting fiber.

Fia. 3.—Side elevation of the apparatus 6. Tubular app aratus.—Oursecond

shown in Fig. 1. (tubular) apparatus combines with
the advantages of the one just sketched, the ulterior desideratum of
enabling the observer to follow the viscous detorsion immediately after
applying stress; and therefore also the advantage of exhibiting the
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effect of positive torsion immediately succeeding negative torsion and
vice versa; or of studying the effect produced by an indefinite number
a of alternations of the sign of the twist. In the second
D ¢ form of apparatus the wire is introduced into a narrow
‘ tube just large enough to surround it. The tube is
fixed above and fastened to the wire below. Twist is
imparted to the wire and through it to the tube. The
observations, in other respects, are conducted as
above.

Figure 4 is a sectional elevation of the tubular ap-
paratus. Here F is a massive cylinder of brass, in the
lower socket of which the reduced end of the cylinder
B fits snugly, so as to be free to rotate around the
vertical, unless fastened by the steel pin F. E and
B are axially perforated, and B carries the tube ¢ttt
which in its turn carries the lower massive cylinder of
brass A. The steel wire to be tested, ag, is inserted
through the perforations in E, B, A, and securely
fastened againstrotation by the lateral screws CD and
¢'D'. N is the movable mirror, adjustably fastened
to the lower bob A ; MM is the fixed mirror (fiducial

¢ mark) adjustably fastened to B.
¢ The cylinder B is stationary, being secured by a
g clamp not shown in the figure. Twist is imparted 1o
Fig. 4 —Scotionalelo- 16 system of tube ¢ttt and wire ag, by withdrawing the
lar appacatus. pin F, rotating F, and then again inserting the pin.
8. Unifilar apparatus.—A third form of apparatus in which the wires
are countertwisted unifilarly is described in Chapter II.

P

METHOD OF OBSERVING.

7. In both forms of apparatus, angles are registered by Gauss’ method
of telescope! and scale. We secure extreme accuracy by using two mir-
rors, one of which (stationary) furnishes a reliable fiducial mark for the
other (movable). These mirrors are easily so adjusted that their re-

spective scale-images appear simultaneously in the field of the telescope,

one above the other and intersected by the same cross-hair. Indeed, it

would not be difficult so to arrange this device that the stationary image

could be used as a vernier on the moving image.

METHOD OF TEMPERING.

8. Quenching.—The wires used (Stubs’s steel) were hardened galvan-
ically as described elsewhere.? To Prof. H. A. Rowland, who placed his

1Three wood screws, the head of one of which is planed, of another hollowed cut conically, make a
good adjustable plane-dot-slot arrangement.
2Bull. U. S. Geol. Survey, No, 14. p. 29; Wied. Ann., 1880, vol. 11, p. 932. Cf. § 55.
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dynamo-electric machine at our disposal for this purpose, and favored
us with the benefit of his advice during almost the entire afternoon, we
owe our cordial thanks.

The apparatus for quenching deserves special deseription, being sim-
plified in general character and made available for divers ulterior pur-
poses. It is given perspectively in Fig. 5, slightly tilted forward to

k < b , c’
S S y
) } A -
q’

7 5

/.
4 3

Y —K\ .

Fia. 5.—Galvanic apparatus for quenching steel.
.

show the parts. Here gh is the trough of sheet iron in which quenching
is to take place. The wire dd’, kept slightly stretched by two horizontal
beak-shaped arms dk, 'k’ which are swiveled on the axle kk/, is sus-
pended horizontally just above the waterin gh. A spring at 0, tends to
snap the wire into the water, unless prevented by the notched stop a.
b, therefore, tends to rotate the axle kk/ which to secure insulation is
madeof hardrubber. Tinally the rear endsof the said beak-shaped arms,
are bent downward and amalgamated. During the suspension of the
steel wire they dip into oblong adjustable troughs of merecury ¢, ¢/ which
communicate with a battery or dynamo. Finally, two spiral springs,
8, 8’y by drawing the rear ends of the arms together, (swivel at & and ')
keep the wire stretched, as has been stated, even at red heat. The level
of mercury in ¢ and ¢ is so adjusted that the current of the battery is
broken the moment the wire touches the surface of the water.

The method of operating is easily understood. Having closed the
current and heated the wire to the degree of redness desired, the pin at
a is quickly released, which whips the wire suddenly into the water and
at the same time, as already stated, automatically breaks the currents.
N'he cold wire will be found quenched glass-hard, or indeed harder, so
that specific resistance may run as high as s=>50 microhms. As re-
gards homogeneity, too, these wires are exceptionally excellent, as will
be indicated below, twenty wires of about 150°™ each in length having
for certain special purposes been examined per 2° of length of each.

The present apparatus offers many conveniences by which quenching
is appreciably facilitated. This will be seen by comparing it with the
older galvanic apparatus.! Alterations, moreover,are easily introduced
by which quenching may be effected in water or metal of any tempera-

1 Bull. U. S. Geol. Survey, No. 14, 1885, p. 29.
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ture (simply heating the trough gh with burners placed underneath);
and by which the rod may be quenched from any temperature of red
heat corresponding to known intensity of the galvanic current which
heats the wire.
9. Annealing.~—~The annealing was effected by drawing the glass hard
wires through a zone of constant temperature by clockwork.! Cf. § 55.
This operation is also of such importance and so difficult to accom-
plish in case of very long ‘wires, that an apparatus by which it is satis-
factorily done deserves description. It is given in perspective view in
Fig. 6, and consists essentially of a Barus’ boiling tube T, containing
the substance boiling at the temperature at which annealing is to take
place. Water 1009, aniline 1859, diphenylamine
310°, mercury 3609, sulphur 450°, are usually
sufficient for annealing work.. Other substances
are given elsewhere? These substances are
easily boiled by aid of the ring burner surround-
ing the tube, and annealing is commenced when
the thermal distribution has become stationary.
i The central tube of the boiling-tube T is pro-
longed downward by attaching the closed tube
- 7 t, long enough to envelope the cold steel wire to
be annealed. This wire (or wires) is suspended
from a very fine copper filament, the upper end
R of which is fastened to the drum or disc C of
| ety /7 the adjustable clock. 'When the clock has been
set in motion the wire is slowly drawn through
the zone of ebullition, by the revolving drum C.
All parts are attached to a ring stand asshown,
and easily adjustable. In the figure the wires
are given at w prolonged, in which position they
t are about half way through the zone of ebulli-
tion. If & be the height of the zone and R the
% radius of the disc C revolving once per Lour,
then

¥ ko

h

Fie. 6.— Apparatus for an- l=5—5
nealing long steel wire. 2nR

is the time of annealing in hours. Again by making A=27, the time of
exposure in hours is the reciprocal ot the radius of the disc in centi-
meters.

This method of annealing is exceedingly convenient at high tempera-
tures, as only a very narrow zone of constant temperature is called
for. Between 500° and 1,000° such work is done by replacing the an-
nealing tube by an annealing crucible of porcelain or fire clay of the

! Barus: Am. Jour. Sei. (111), 1886, vol. 32, p. 279.
2 Baras: Bull. U.S.Geol. Survey, No. 54, 1889, p. 87.
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form given in Fig. 7, the crucible being placed in a suitable Fletcher
furnace, as shown in Bulletin No. 54. Cadmium, zinc bismuth, may
then be used for high temperature boiling points
and the rods suitably protected by atmospheres
of hydrogen or carbon dioxide.

ELIMINATION OF ERRORS. d

10, The steel wire to be used in these experi-
ments are all about 0-1¢m in thickness. Hence to &
determine the condition of equilibrinm or motion
in the torsional apparatus described, it is neces-
sary to consider the respective moments of the 2
bifilar couple (M), of the torsional couple (M7)
and of the flexural couple (M,), by which the mov-  J4
able end is actunated.

The moment of the bifilar couple has the well “—--1
known form?

M,,=ik—?/mg sina . . . . (1

-

N

NN

where A and A’ are respectively the distance apart 1 M
of the upper ends and the lower ends of the «
bifilar wires, ! the vertical distance and « the
horizontal angle between the lines A and A/, mg

the weight of the whole suspended adjustment.

" To mg should be added one-half the weight of the
wires.

The moment of the torsion couple is M,;=7a,
where 7 is the sum of the torsional coefficients of
the-wires. This applies because the sum of the
stored torsional moments, for a=0,is T+ (— 7)=0. :
We may give My an experimentally convenient V] z
form by substituting for 7 the approximate value . 7. W" crucible for
derived in elastics. We obtain annealing.

MT=—5—'— i @ . . . . (2)

where p is the radius of the steel wires used, Z the c. g. s. value? of the
modulus of elasticity of steel.

The moment of the flexural couple is more involved. If p be the dis-
tance between vertical planes passing through the bifilar wires, and
if f be the horizontal component of the flexural force, then the flexural
couple is M,=fp. We have however py geometry, p=(AL' sin a) /s,

! Kohlrausch Leitfaden, 1884, p. 167. Maxwell, 1881, vol. ii, p. 108.
2Poisson’s coeflicient is in the following estimate taken at}: If Z be the current technical modulus
referred to the kilogram and square millimeter, E=E' g X 105,
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where s is the sum of the horizontal projections of the wires. We have
moreover given us in elastics

and therefore the couple in question becomes

M,_3_” 7“; Esna . . . 9
The equations 1, 2, 3.enable us to choose the dimensions of the wire
and of the apparatus as well as to select conditions of experiment such
that the torsional couple may alone be effective. The following are ex-
tremely unfavorable phases of the best available values, in question:
A=A <025 1>257; m25008; a0-20;

p=0041°"; E=2x10" (ml“t‘z)

In view of the small values of « it is sufficient to compare the coefii-
cients only. We obtain nearly

M,: M.: M,=1000: 280000 : 20.

Hence it appears that in the case of the chosen dimension the most
unfavorable effect of the bifilar and flexural couples combined is less
than 0-4 per cent of the torsional couple. Moreover the torsional couple
becomes more predominant as the angle of deviation, «, increases, so
that no serions inaceuracy from the discrepancies here enumerated need
be apprehended.

11. When we operate with glass-hard steel, we encounter so many
mechanical difficulties, that the conditions postulated in the foregoing
analysis can not be immediately assumed. We can not, for instance,
adjust the tensions of the two wires precisely to equality. Nor is it
6asy 80 to store the permanent torsion that the parallelism of the lines
joining the upper and lower points of suspension remains intact. Under
these circumstances flexural and bifilar couples may have very different
values from the ones accepted, and the moments as a whole, will form
a complex aggregate. Although it is improbable that the flexural and
bifilar discrepancies will exceed the limits of error investigated, it is
none the less desirable to determine them by direct experiment. This
can be done with convenience and great accuracy.

Let the water be removed from the jar 1LK, and the system be put
in vibration around a vertical and in such a way that the angle « remains
small. Then the circumstances of motion are given by

2 /
475,1(-&&?—"794—1#%3—1—”
where K is the moment of inertia of the bifilar body, Z the time of a
complete vibration. If we replace the steel wires by threads for which
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7 and 6M,/ S« are zero, we may find the value of the bifilar coefficient
in terms of the other two. We cite the following typical experiment:
Steel wires: Z,=0025 sec.; 1=26m; A <0-1m;
Brass capillary wire: Z,=0-35 sec.; [=30°"; 7t 0:2em;s Al=0Q-3°m,
If we reduce the results for capillary brass wire to the [ and A which
obtain for steel, we deduce Z,=0-40 sec. Hence the bifilar coefficient
is less than 0-4 per cent of the combined torsional and flexural coeffi-
cients, in very unfavorable values of the chosen dimensions. This ex-
perimental result agrees with the one calculated above.

12. The following static method is better, being exhaustive and final.
Let the lower ends of the pair of identical steel wires, A ‘and B, be fast-
ened with the bolt. Let rotation at this end be temporarily checked
Then we may store like degrees of torsion by twisting the upper ends
of the wires in the following three ways:

a. Let the wire A be twisted 43600 and then fastened to B. Left to
itself the upper end of the system will rotate —180° so that the residual
torsion of A is 41800 ; of Bis —180°. The total couple actuating the
bifilar body then is of the form + M, 4+M 4 M,

b. Let the wires 4 and B be twisted 4-180° and —180° respectively
and then fastened together. Left to itself the upper end of the system
will not move, The residual torsion is therefore the same as in case a;
but the total couple here actuating the bifilar body is M 40. Thisis
the case premised in the analysis which introduces this paragraph.

¢. Let the wire B be twisted —360° and then fastened to A. Left to
itself the upper end will rotate 41809, so that the residual torsions on
A and B are the same as in cases a and b; but the total couple which
in case of viscous motion actuates the bifilar body has now the form
q:"l[b'*']l!‘r :FM/'

This is the device: We are able to commutate, as it were, the com-
bined flexual and bifilar couples relative to the torsional couple of
fized sign. In the results below this test is frequently applied and we
will there show that for the chosen dimnensions the torsion couple only
need be considered.

13. In the case of the tubular apparatus, Fig. 4, the present precau-
tions are at once superfluous. Here each wire is introduced into the
tube and compared with the next wire introduced under like circam-
stances. The tubular apparatus is specially adapted for the investiga
tion of viscous detorsion in its dependence on the applied torsional
stress, as well as on time. But the same work may also well be done
with the bifilar,

The viscous effect ot the relative sections of the wires and allied ob-
servations, with a bearing on viscosity proper, can more expediently be
made after the experimental data have been communicated. It is con-
venient to insert a few remarks on the rigidity ot efficient parts of the
aboveapparatus here. Inthetubular adjustment, if d be the diameter of
the wire, d, and D, the diameters of the tube, if I symbolize the effective

PR AR & B R T R L
: o P
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length, 7' the amount of stored twist, @ the rigidity, we hLave, in view
of the equal couples,

2@ | (Dh—d) Gy
T3gr =130, co @)

Now in order to make sharp comparisons on the viscosity of solids, in
order to investigate its dependence both on time and on stress, the ap-
paratus is to be so adjusted that like stresses produce like strains in the
substances compared. Hence put 7=1T;, whence

dat Gyl .
m = aTl = Const-z;

This applies to the bifilar apparatus for d,=0. The equation (2) shows
at once how to study viscosity under conditions in which like stresses
produce like strains upon like sectional areas of the viscous solids
compared. ’

EXPERIMENTAL DATA.

NOTATION.

14, Tn Bulletin 14 we used the word ¢ retentiveness” in the restricted
German sense to designate magnetic stability, or the property in virtue
of which a magnet resists such influences as temperature, percussion,
time. The common English use of the term is much broader than this
and refers to residual induction' in a general way. TFortunately the
context of our paper is sufficiently clear and does not admit of seri-
ous misapprehension. Inasmuch as measurement of total induction
has not yet fallen properly within the scope of our work, we purposely
withhold many obvious allusions to magnetic permeability. We more-
over retain the term permanent magnetization to denote the magnetic
moment per unit of mass of a permanently saturated rod, for the sake
of uniformity with our earlier notation. Its ratio to magnetic intensity
is therefore the density of steel.

To avoid troublesome circumlocution we use the adjective ¢ viscous”
with the very broad meaning of ¢ pertaining to viscosity.” Such ex-
pressions as ¢ viscous phenomena” though not elegant are convenient.
Similarly we often speak without confusion of “linear magnetization?”
where ¢ magnetization of a linear rod” is meant. Cf, § 55.

INTRODUCTORY EXPLANATIONS.

15. The following tables, Nos. 1 to 26, contain results for the viscosity
of steel in different states of temper. To these are appended other
tables of a miscellaneous kind. For convenience of comparison we in-
sert a little index. The apparatus used in obtaining the data are desig-

1 Mr. Ewing proposes a new and very elegant extension of the current use of *‘ retentiveness.” He
defines it ag ‘' resistance to any change of magnetic state which (inagnets) exhibit whenever the mag-
netic field in which they are placed suffers any change.”—Phil. Trans., vol. 2, 1885, p. 526.

@)
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nated by the Roman numerals in the first column. Nos. L to IV are
different forms of the bifilar adjustment; No. V is the tubular instru-
ment. The index also contains the numbers of the rods or fibers joined
together to make the bifilar couple and gives other information readily
understood. Glass and iron fibers are lettered. It is to be remembered
that in the steel measurements one of the pair of wires is always glass-
hard, the other annealed as specified.

INDEX TO TABLES.
1. EXPERIMENTS PROPER,

Temper of the rod coupled with glass-hard.

APPI{‘I'OM'“S Annealed at 200. Anncaled at 100, Annealed at 190°,
I. Table 1, Rods 47, 48. Table 3, Rods 3, 4.
Table 4, Rods 43, 44.
1L Table 2, Rods 1, 2. Table 5, Rods 5, 6. Table 9, Rods 11, 12.
Table 6, Rods 45, 46,
IIL. Table 7, Rods 7, 8. Table 10, Rods 13, 14.
Table 11, Rods 19, 20.
I Table 8, Rods 9, 10. T'able 12, Rods 15, 16.
App]:;ﬂ;ltus Aunnoaled at 360°. Annealed at 4500, Annealed at 1000° (soft).
I . Table 15, Reds 23, 24. ‘Table 17, Rods 53, 54 (drawn).
‘'able 18, Rods 27, 28 (soft).
11, Table 13, Rods 17, 18. Table 16, Rods 25, 26. Table 19, Rods 29,30 (cowm-
mercial drawn).
IIT. Table 20, Rods 31,32 (com-
mercial annealed). -
IV. Table 14, Rods 21, 22. Table 21, Rods 33,34 (an-
nealed from glass-hard).
1I. MISCELLANEOUS EXPERIMENTS.
Apparatus Grlass fiber, Glass fiber, Iron drawn,
No. a. b. h, ¢, k.
T. | Table 22, Rod 35. Table 28, Rods 26, 42. Table 25, Rod 49.
IL I'able 24, Rod 37.
Table 27, Rod 50.
111, TV.
V.
-
Brass tube Brass tube,
Appi.‘;;"‘t’“s Ig‘:ol‘il' (,32 f_'tl)_‘ (thick). (thin).
e. A
1. Table 26, Rod 38.
I. Table 28, Rod 55.
I. Table 29, Rod 56,
V. Table 38, Rods 39, 40. Table 39, Rod 41.
Apparatus. Misceilaneous soft steel.
IIT. Table 30, Rods 51, 52.
IIL Table 31, Rods 61, p (nickel).
11, Table 35, Rods 57, 58.
1V, Table 36, Rods 59, 60.
IIL, Table 37, Rods 57, 58, 59, 60 (quadrifilar).
Iv. Table 32, Rods 62, ¢ (drawn copper).
I Table 83, Rods 63, r (soft copper).
1. Table 34, Rods 64, s (soft copper).
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EXPERIMENTS PROPER.

16. Notation.—In Tables 1 to 26, R denotes the distance betwet-
mirror and scale, [ the efficient length of the steel (bifilar) wires, A the
distance between the upper and lower points of suspension. 7 (in de-
grees) is the stored torsion, imparted to the whole length (30¢™) of wire,
positively or negatively as specified, whereas p—¢’ (in radians) is the
amount of angular motion (differential detorsion) of the bifilar system due
to viscosity, per centimeter of length of the system of two steel wires,
Positive values of T and @— ¢’ refer to the same angular direction, and
@—q' is arbitrarily put zero (to fix the co-ordinates) at the time one
hour after the twist 7' has been imparted. This is the best conveniently
available method for comparing the divers data. Other methods would
have compelled us to wait for the subsidence of motion, certainly several
months in each case. Moreover, to obtain extreme degrees of accuracy,
it is necessary to study viscosity under circumstances of constant tem-
perature, and in a place where the viscous yielding may proceed unac-
companied by tremor or vibratory motion of the apparatus. For these
nice experiments we are not now prepared.

The tables furthermore contain the date, the number of hours (k)
elapsed since the beginning of the experiment, and the arbitrary deflec-
tion, NV (radians per centimeter of bifilar length), for each of the tvimes
specified. The radius of the wires is given under p. Finally the sense
of the couples actuating the bifilar body is indicated by = (torsion), b
(bifilar), f (flexure). .

In practice N is the angle between the normals of the upper and the
lower mirror (Fig. 1) divided by the efficient length [, of the wires.

17. The symbol (¢-—-@') has been chosen to indicate the essentially
differential character of this variable, as will be fully exhibited. Here
it is merely necessary to point out that @ refers to the viscous yielding
of one of the counter-twisted wires and ¢’ to the other. .In succeed-
ing chapters we shall usually replace 7' by the rate of twist r=T/ L
In the present chapter, since there is no means of measnring the total
‘viscous yield during the interval of observation, 7' is the initial value
180° given by the method of adjustment, § 12. As the experiment
continues, 7 is reduced in value.

It is to be remembered that one of the two wires is always glass-hard.

18. Rods annealed at 25° and at 1000,—The data obtained are given
in Tables 1 to 8.

U
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TABLE 1.—ArPaRATUS 1.

R=21Tem; [==27om; A<02m, Rods: No. 47, glass-hard, 7= —180°; No. 48, glags-hard, T=4-180°.

2p=0082cm,
Date. X108 ke |(G—¢!) X10° Date. NX103 Ry [(6—¢) X103
Aug. 21, 6 08n | (%) 000 *) Aug. 25, 9 05| 0615 91-02 0156
6 21 0438 022 ~0030 . 7 0l 0632
o108 4 0468 100} 40000 | TTTTGRTGR Jon | 0653 ) 114°59 07194
29, 9% 5w | 0543 15782 0075 4 08 0-670
558 | 0552 | 2383 0084 w5 pr I | o9 | Taoee | 0287
6 564 } 0555 2471 0-087 "7 36 0714
23,707 05w | 0568 39 00 0100 P N R v Bl T, 6 M IR T
12 31 0-572 42-38 0-104 "6 55 0785
5_87 0577 4748 0109, 29,108 12m |~ 0780 | 18811 0318
24, 9% 17w | 0588 | 6712 0126 6 17 0.792
5 13 0600
Y * Adjusted 7 — b —f.

TABLE 2.—ArpPaRATUS 1L

R==203m; |==26m; A<02m, Rods: No. 1, giass-hard, 2'=+180°; No. 2, glass-hard, I'=—180°.

, : . 2p =0082em,
Date. NX102 ho (=) X108 Date. Nx10 he  |(¢—9¢)) X108
June 11, 4h 30m *) 000 *) June 12, 8% 36m 1:920 1608 0015
5 00 1-896 0.50 —0°009 9 25 1-022 1602 0017
5 30 1905 100 +0°000 10 10 1-922 1767 0017
6 15 1-909 1-76 +0-004 1 5 1926 2058 0021
7 00 1410 250 0005 2 20 1926 2183 0021
7 33 1-913 306 0008 5 00 1-926 2450 0021
5 50 1'926 2533 0-02L
8 30 1:926 2800 0-021
13, & 3om 1926 40-00 0,021
* Adjusted 71— b —f.
TaBLrE 3.—ApPPARATUS L.
R=209""; 1==27*m; A<0.2°m, Rods: No. 3, glass-hard, 7=-—180°; No. 4, annealed at 1009, 10%,
T=+4180°, 2p=10'082em,
Date. Nx102 e |[(p—9) X103 Date. NX10% he  |(d—¢') X103
June 24, 8t 30m *) 000 *) June 26, 8" 23m 0755 4788 0°561
: 9 00 0°139 0-50 —0'055 12 04 0767 5157 0574
9 30 0194 1:00 +0+000 3 17 0778 5478 0584
12 ig 8:2;’11; ggg —)-g'g&g 6 50 0792 5833 0-598
1 : ) 11 37, % 60w | 0825 | 7233 (T
12 37 0338 412 0144 s 0834 | 7857 0640
1 52 0373 5:37 0°179 ; e oE e
“ . . . 28, 8" 09" 0°857 9565 07663
315 0401 e 0207 129 0857 0898 0663
4 01 0418 7-52 0.224 5 22 0859 | 10487 0°665
4 55 0-433 842 0-239 /669 |
6 5 0453 968 0259 29, 8h 07m 0°864 11863 0670
25, 8h 41w 0619 24°18 0-426
11 35 0640 2708 0'446
5 25 0682 32-92 0488
6 58 0-692 34-47 0498

* Adjusted 7 —b —/.
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R=217em; [==2Tcm; A<02m,

THE VISCOSITY OF SOLIDS.

TABLE 4.—APPARATUS 1.

{BULL. 73

Rods: No. 43, glass-hard, T'=—180° ;. No. 44, annealed at 1000, 9t

R=203m; [=26m; A<0-2m, Rods: No. 5, glass-hard, P=—1800;

TABLE 5.—APPARATUS II.

T=+180°, 2p=0082..
Date. Nx108 B |(6—@7) X108 Date, Nx108 he  l(d—¢) X108
Aug. 8 5500m| (%) 000 * Aug. 14, 9b 1lm | —0447 | 14019 1618
o 11 1265 08| 1% 5 12 | —0509
6 17 1127 12 —+-0-013 15, 1h 34w | —0635 | 16707 | 1790 |
7 33 1:043 2'55 +0°097 "6 35 — 0664 167:07 o
9, 9b Q5m 0-736 16 08 0404 16, 1" 97m | —0'755 91°18 .
Na | gl mml o omm) L esloem) T O
0 2010 47 > = : ST o
7 05 057 | 2608 0561 R e 2028
10,105 097 | 0427 | 4103 0713 o , S -
"1 19 0388 | 4432 0752 18, g“ 1o —‘{,gfg 236°36 2139
6 20 0333 | 4933 0807 o — e — -
TLI0 06|~ 0Tt | o0 1001 19, 3 g8 Choey | weve 2220
1 15 0147 5_|_—
7 06 0085 O v 7989
12, G om | 0082 [ 0eds 1930 e —
530 | —0117 : 2
13, 9% 09" | —0'245 | 11610 1432 4
128 | —0285|
441 | —0316
* Adjusted 7+ ¥ + 1.

No. 6, annealed at 1000, 9%,

T=+180°, 2p=0082m,
Date. Nx10% hy (p—’) X103 Date. NX103 hy (p—o’) X103

June 13, 9 16m *) 000 *) June 14, 9% (0m 2393 2375 0486
10 15 1-907 100 0°000 10 30 2:401 2625 0494
11 15 2031 200 0124 1 3 2407 27-80 0-500
12 05 2100 283 0193 2 6 2409 28-85 0502
1 25 2'162 417 0255 3 50 2409 30°58 0502
3 16 2247 602 0-340 5 27 2:412 32-20 0°505
5 05 2296 783 0-389 té 53 2412 33-60 0505

6 50 2-345 9°58 0438

7 30 2'358 10°25 0451

* Adjusted, 7—b—f.

t Subsequent movement apparently retrograde.

TABLE 6.—APPARATUS II.
R=202m ; 1=27em; Ag02:™, Rods: No. 45, glass-hard, 7'—=—180°; No. 46, annealed at 1000, 10®,

P= 41800, 2p-0082¢m.
Date. NX10% B |(@—d) X108 Date. NX103 ho  |(¢—d) X108
Aug. 8, 6 10m| (%) 000 * Aug. 14, 9° 11| 0440 | 13903 1020
19 1502 015| —0062 5 12 0399
7 32 1-422 137 40018 15, 10 34m 0316 16501 1-133
5 | TIE| T 1o 025 6 35 0208
12 31 11 1835 271 16, 18 27m 0234 190°02 G
7 52 1098 | 26770 0-342 ' L oo 1218
10, 108 2= 1007 39°87 0433 17, 96 22m 16 9] 299
T v | i1 i U U163 | 2198 1959
09 4815 -4
! 18, 0" 15m | 0070 | 23520 ;
11,100 45m 0853 6819 0615 "5 29 0046 3 182
1 0-833 10, 0F (3% | 0007 | 23065 T40
T 0 | 078 6 35 | —0008
1, 0F 22w | 009 | 916 0756 o 16|00k | 2 E WIT]
5 30 0-658 6 44 | —0056
13, 9" 09m | 0576 | 11493 0891
1 28 0544
14 0526

* Adjusted, 7+ b + /.
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TaBLE 7.—APPARATUS III.

R=400°m; [=27m; A<0.2e, Rods: No. 7, glass-ha:d, T'=—180°; No. 8, annealed at 100°, 104,
T'=+4180°. 2p=0"082cm,

Date. Nx108 ho  |(6—dr)x108 Date. NX108 ho . |(¢—br) X108

July 1,120 40m| (%) 000 (*y July 6, 86 40w 1890 | 12061 P 1187
1 2 3'122 067 —0128 1 53 1'854
2 45 2:994 2:08 +0-000 5 16 1'826
3 25 2 956 2:76 +0-038 7, 8% 53m 1730 14455 17 1-300
4 37 2903 395 0091 1 30 1-691
5 30 2:869 4:98 0125 5 16 1'660
6 00 | 2832) 632 0163 8, v 16m | 1547 | 16869 485
2, 9h 22m 2:627 20'70 0367 12 43 1,515
1 46 2578 2510 0416 5 48 1'465 .
5 1 | 2554) 2852 0-440 - 9, & 35w | 1366 | 19202 | 1657
8, 8h 20m 2435 4367 0°559 12 11 1330
12 14 2397 4757 0597 T 1807
6 80 1 283l 5383 0663 || ~—®—y5gh oym | 1295 | 21587 | . 1798
4, 9b 47, 2233 7310 0-800 12 09 1+200
3 08 2-183 - ; =5 61471
e 00 2153 o i1, o 08 1080 |~ 23647 1014
5, 8b 40m 2-061 9580 70965
12 00 2+033
4 44 1:992

* Adjusted, 7+ 0+ 1.

TABLE 8.—APPARATUS 1V,

R=308"; |=26:"; A<0'2m. Rods: No. 9, glass-hard, T=—180°; No. 10, annealed at 1000, 10®,
T=+1800. 2p=0.082em,

Date. X108 Ry |(¢—¢N) X108 Date. NX108 By |{(¢—¢!) X108
Joly 1, I dom | (%) 000 *) July 5, 8 41m 1876 94-81 0718

2 46 1185 110 0-000 12 00 1899
3 2 1213 1-7; 0'028 4 45 1935
4 39 1:246 28 0061 6, 8 42»| 2027 1196 e
5 40 1-265 400 0080 160 | 2o 3 8
7 00 1200 5.33 0-105 5 17 2088

2, 9v 23m 1-420 19-72 0236 7, 8% 54m 2185 1435 BT
148 | 1459| 2413 0274 | 2a0e| e LU
5 12 1-482 28-53 0-297 5 18 2-249

3, 8h 22m 1577 42°70 0°392 % 06 18= 2362 oLl 1206
12 15 1:605 46-58 0420 "12 43 2385 167
6 30 1641 52:83 0456 5 49 5427

4, 9b 49m 1-729 7212 0 574 9, gh g7m 2524 19104 13667
12 10 1747 12 11 2:547
3 09 1-770 5 19 2-581
6 0 1791 10,85 O7m | 255 | 21045 | T Taro

*Adjusted. r—b—/.

The data of these tables are graphically given in the accompanying
Fig. 8, defornation (¢—-¢'), as ordinate, time in hours as absciss®. Some
irregularity of behavior is visible, due to the fact to be further-indicated
in chapters 11 and 111, that the viscosity of glass-hard steel can be
enormously reduced by twisting. Indeed a glass-hard wire twisted back
and forth as far as maximum viscosity shows about the same valae of
that quality as a rod annealed at 100° to the maximum of permanent
hardness. In their mean relations, however, the results of this figure
are satisfactory and easily comparable with the new results now to be
adduced.

Bull. 73—-2
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The ordinates increase in the order of greater viscosity so that the
abscisse are glass-hard wires.

Table 7]
® 0 7 g // v :
z
< L Table
Q
: yd //// | zpeo-
' nz / ///
(o] ~
Y= / //
1.0 X ,
e |/ .
& ‘A Zadled
7 | S| msles .
ol - Zuste],
| Titre in frowrs
. Tt 2, g -
ook = —5— e
‘ 1gof 290 3

FiG. 8,—Viscous deformation of steel annealed at 20° and at 100°, com-
pared with glass.hard steel.

19. Rods annealed at 190°.—The data obtained are as follows:
A TABLE 9—APPARATUS II.

R=200m; 1==27cm; AL0-2m, Rods: No. 11, glass-hard, T=-180°; No 12, annealed at 1900, 2b;
T'=-+41800. 2p=0082cm,

Date. N x 108 Ry |(d—9) X103/ Date. N x 108 Re  |(6—d)) %108
Julyl, 4b 00w *) 000 | (%) July 2, - 9t 20m 2215 1733 0.625
4 35 2913 058 —007: 1 45 2133 2175 0707

5 36 2767 1:60 +0073 5 09 2080 2515 0-760

6 58 2°655 297 0186 | yuly 3, 8 19w 1-801 4032 0.949

12 12 1843 4420 0-997

6 28 1757 5047 1-803

* Adjusted, r+ b /.
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R=370cm; 1==20m; A <0-2¢m,

L ety

VISCOSITY OF TEMPERED STEEL..

TABLE 10—APPARATUS III.

19

Rods: No., 13, glass-bard, T=—180°; No. 14, annealed at 1900, 1»;

T=+180°. 2p=0-082¢m,
Date. N X103 Ry |(F—¢) X103 Date. N X108 Ry |(—g')X 103
June 14, 12630m | (*) 0:00 *) June 21, 8 22m 3732 | 16901 2:692
110 1-025 067 —0-065 12 16 3763
2 05 1198 158 +0108 6 44 3-810
3 51 1402 335 0.312 17 17 3-823
421 1-448 3-85 0-358 22, 9 10 3013 | 103°38 2°856
5 20 1:625 498 0435 1 18 3-943
6 55 1606 642 0°516 2 20 3-948
7 51 1-648 735 0.558 6 42 3980
15, 9b oam 2022 2057 0932 23, 86 30m 4056 | 21486 2971
10 00 2012 2150 0952 12 43 4077
Nl M| Ner|  dow sz | il
110 . . . _ i i S
2 58 2765 | 2647 1075 Ay 4107 2038 3132
417 2195 21.78 1'105 .
5 4l 2923 | 2018 1133 4 58 ) 448
6 18 9933 2980 1143 25, 8h 44m 4335 264°13 3:266
N 7 O 1460 s i
f 37 2656 26, 8b 29m 4'448 28918 3'385
3 19 2:597 12 10 4:467
bu | v P3| i
17, & 84| 2861 7543 1878 i
710 29 2:899 27, 8b 52m 4575 | 31149 3602
12 43 2942 3 06 4-609
3 35 2:995 28, & 11® 4699 | 33587 3631
5 29 3043 1 30 4720
6 45 3066 5 25 4744
18,11 457 3236 99-02 2181 20, & 11m 4811 | 36144 3754
4 39 3-283 3 46 4854
16 09 3:203 5 52 4-866
19, 95 07 3410 | 12092 2°346 30, 8b 53w 4043 [ 3844l 3872
12 19 3432 12 26 4062
2 2 3445 5 25 4-082
5 50 3458 July1, 8 47| 5028 | 40428 5028
30, 86 53m 3567 | 14523 2515 :
10 53 3581
3 26 3-622
7 44 3-652

* Adjusted, r—b—/f.

R==d00em; [97em; A <0-2em,

{ Readjusted after this observation,

TABLE 11—ApraraTUS 1II.

Rode: No. 19, glass-hard, T'=—180°; No. 20, aunealed at 1900, 1*;

T==4 1800, 2p==0°082cm.
Date. N X108 he  |(e—d')x103 Date. N x 108 By ((d—9) X108
July 11, 86 8om | (%) 000 *) July 15, 106 46 1401 94°27 2:013
1 ;g —3-8307 ({gg —0037 4 26 1548
000 i +0°000 16, 95 18m “695 5 5
5 22 +0°161 203 +0°161 "1 42 }.9;40 11832 za2
7 00 0-329 367 0329 5 55 1780
12, 7h 3T 0913 16 28 0913 17, &b 47m 1-509 141°90 343
"7 55 t 16'58 t 12 53 T | ™ 8
523 . 14017 - : - -
5 27 0696 | 26112 1-190 18, B ad i | 1w 2617
13, & 29 0'952 415 1446 = = x 50
12 29 0999 | 4515 1+493 19, oo gant| 1WmW L
. 508 1-061 4980 1°555 5 12 2971
14, 8 648 1230 6949 1765
12 51 1-270
441 1314 .

* Adjusted, 7+ b +7.

t Adjusted, T—b —f.
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TABLE 12—APPARATUS IV.

R=300'm; l=27m; A<02m Rods, No. 15 glass-hard, 7=-—80°; No. 16, anuealed at 1900, 1b;
=+ 180° 2p=10"082cm,

Date. N X 103 hy (p—o') X103 Date. N X 103 hy (p—¢’) X103
July 11, 4b 25m *) 0-00 *) July 16, 9t 192 1-849 11726 1919
4 42 —0°210 0:28 —0-175 1 45 1'885
4 55 —0°143 050 . —0-108 5 58 1-917
5 25 —0035 1-00 +0°000 17 8b 49m 27022 14084 20
7 00 +0-153 2'58 -+0-188 "12 54 2:052 9
12, 7o 38w 0685 1522 0°720 6 03 2099 | |
5 28 0-937 2505 0972 18, 8h 4fm 2198 16335 5956
13, 8r 29m 1179 40°07 1'514 2 47 2243
12 29 1-222 44-07 1257 19, 90 40m 2378 188 66 24
5 09 1-280 48.73 1315 "12.91 |° 2.429 4
14, 8b H4m 1&34 68°40 1-508 5 13 2429
12 52 1473 20,. 8 33w 2517 | 20968 2+56
4 e 1512 "Il 40 | 2538 ; o
15, 10t 47m 1-670 93°20 1-730
4 26 1-720

* Adjusted, r—b —f.

The results of these tables are given in Fig. 9, in the way already
indicated in Fig. 8. The agreement here is much more uniform than
in the former case. HRods show pronouunced increase of viscosity.
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Fia. 9.—Viscous deformation of steel annealed at 190°, compared with glass-hard steel.
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0. Rods annealed at 360°.

VISCOSITY OF TEMPERED STEEL.

R =200cm; 1==27m; Ag020m,

TaBLE 13.—APPARATUS II.

21

The data obtained are as follows:

Rods: No. 17, glass-hard, T=—180°; No. 18, annealed at 350°, 1b, T'=--180°,

2p==0-0820m,
Date. N X108 hy  |(p—g) <103 Date. VX103 Ry  |(p—oyx103
July 4, 100 35w * 000 (* July 10, 8" 05™ 0545 | 145'93 3+002
10 53 | —2767 0-30 —0-267 12 08 0589
12 08 ~2~45§ 155 -+0°043 5 19 0643
307 | —21l 453 0-382 TUIT, b oosm | T 04797 | 1716 3348
550 | —1929]| 740| 0570 1 34 0-821 !
5, 8 3gm| 1423 | T 92.07 1:076 5 21 0-881
11 59 | —13'8 2540 1:181 6 59 0892
543 | —sT] 3113 1312 12, 7% 36m| 0993 | 19393 | 3533
6, 8 a0m’| —0 gs; 46 08 1'%7 5 26 1-072
15 | —07 51-28 1726 |7 13) g o7 | T 17163 | 21810 73686
515 | —07u8 5467 17796 ! 12 27 1'180 1
7, 84 a0m | —0'455 7459 2127 || 5 08 | 1215
126 —0-357 5 1299 24220 3823
515 | —0295) - 12 48 1323
8, 0i 15m | 707036 9866 2-513 4 40 1348 |
12 42 | 40007 IOV d5m | T 1446 | 26700 5565
547 0089 o e i
9, 8h 3¢m T T2 12209 | 2826 16 1| T 1565 u86-70 | 1065
12 10 0-321 16, ¢ 86 065
5 17 0-383
* Adjusted r—b—f.
TABLE 14.—APPARATUS IV.
=316¢m; I =26m; A<(-2em, Rods: No. 21, glass-hard, T=—180°; No, 22, annealed at 3600, 1+, 7'= 4 1800
2p =0°082cm,
Date. Nx103 ko (p—¢’) X103 Date. NXx103 ho (p—¢) X103
June 14, 2b 45 * 000 * Jumne 21, 8b 23m 4:374 | 16766 3-200
3 52 1155 113 0025 12 15 4403
4 22 1-250 1'62 0°120 5 45 4-447
5 30 1-;13 275 g-zag 7 16 4456
6 55 1:55 417 42 93, g8 11 4541 19161 3434
7 53 1-632 513 0-502 "1 19 4558 | o
15, 9° 05 2°198 18.33 1-068 4 13 4573
110 00 2-231 1925 1101 6 43 4583 o
1 16 2:273 2052 1143 23, 8h 80w 4666 | 21422 3569
111 2340 22+43 1210 12 43 4699
“oinlomRopromloeal iw
442 557 312 ‘___"«’m' T 499q | T 9ag1s WHLE
5 42 2478 | 2693 1348 H som | w8 3722
619 ] 2490 2757 | 1360 4 59 4873
16, 8rogm| - 2Eee) 4605 LT85 || g s T aor3) serss | wETs
. 11 39 4-997
109 2928 5 30 5044
3 20 2978 g B _
. 5 50 3023 26, 8h 30w 5143 28687 4048
7,8 dem | 3302|7106 3558 L8 g
10 30 3:349 O 08 0%ld L .
12 44 3-405 27, 8b 53w 5303 309°25 4-196
3 36 3-465 — B3 07T | &30
5 30 3503 28, &b 13™ 5450 | 33364 4346
6 45 | 3531 3 11 31 5471
18, 8h 53m 3741 9512 27667 _ b 26 5508 B B
11 45 3770 29, g 12m 5595 | 359-19 4505
4 40 3829 3 45 5647
16 10 2850 o _5 53 | 5662 s
19, 9% 09m 4-000 11869 2-904 30, 8 64m . 5940 | 35218 4°629
12 19 4026 12 21 5757
2 27 4037 5 26 5780 R
5 51 4071 July 1, &b 48w 5848 | 40205 5818
20, 8 54w 4193 | 143010 37105
10 59 4211
3 25 4-250
7 45 4286
* Adjusted 7 —b—f. t Readjusted.
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Figure 10 contains a graphic representation of the preceding tables
on the plan already described (cf. Table 8).
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F1e. 10.—Viscous deformation of steel annealed at 360°, compared with glass-hard steel.
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21. Rods anncaled at 450°.—The data in hand are as follows:

~

TABLE 15.—APPARATUS I.

R=217m; A=26m; [<02*m, Rods: No. 23, glass-hard, T=—180°; No. 24, annealed at 4500, 1%,
T=+4180°. 2p==0-082°m,

Date. NX102 ho (=) X105 Date. NX103 ho ‘(¢..¢1)><10=
July 21, 28 50| (%) 000 *) July 29, 8 56m| —0'673 | 18980 3'8id
3 17 3276 045 —0-176 12 36 | —0714
4 g g'gm %gg +3322‘ 4 22 | —0758
5 2806 . 204 30 8h Bom | —Q- 91385 085
6 13 2-698 3-38 0401 || - ’?? 35 _0.331 3853 +085
23, 50 4ym 1928 1763 1175 || o 4 07 | —1030 !
1 58 1-798 2113 1-301 1o gw | T ieie | 33788 3
5 30 1606 | 2667 1403 8L, gv gbwi L2l 2782 +94b
7 10 1'552 2833 1547 3 55 | —1.981
23, 76 4om 1°307 40-98 1792 |\ Aug 2 Oh 38w | —1-63 28613 T
12 30 1-141 4567 1-958 “g 5 1 11 _1.673 o1 8
4 3 31 1072 4868 2027 4 05 —1-696
24, 9h 13m 0-769 69'91 2393 |~ 37 gh g8m i —1-807 31028 4926
12 52 0°702 "1 14 1826
4 10 0-647 4 18 1844
26, 81 53m 0-126 11740 3-019 410 gm 1947 33612 | 5055
e Y
' 5, It 36m| —2062 | 36067 5762
27, 8b 49m | 0146 141°60 8°290 "5 95 _ 92078
12 26 | —0193 . TG oh 19w 9139 | 88248, 5257
4 04 | —0235 5 26 | —2175
28, 95 11m ' —0423 | 16603 3564 T 15T | —9955 | 4073 5346
1 07 | —0+468 "% 4 2568
4 17 | —0503 —

* Adjusted 7--b4-f.

TABLE 16.—APPARATUS II.

-

R=198m; A=26cm; l<02m Rods: No. 25 glass-hard, T=—180°; No. 26, annealed at 4500, 1h,
T= 1800, 2p=0-082m,

Date. Nx108 To l(¢>—¢>')x103] Date. Nx10t R |(d—¢) X108
Junel5, 126 50m | (*) 0-00 *) !] June2l, 8 20w | 5364 | 14555 3177
1 07 1-968 0-28 —0282 | 12 15 5'401
115 2-046 042 —0°204 | t5 40 5466
1 30 2152 067 —0-098 1 ) 7 19 5478
1 45 2239 092 —0011 52 gb 08m | 5573 169-47 39955
2 85 | o475 208 | 0925 1 oen 355
4 15 2-648 3:42 0-398 4 10 5617
5 39 2:776 482 0526 6 40 5632
6 17 2835 545 0575 75, 8 i 5717 | 19210 5499
16, 7 667 | 3447 1910 1107 19 40 5748
9 30 3-506 20°67 1-256 5 41 5781
s yeer| A 1 a8 24, 9" 00m | 5880 | 21601 | 3680
5 49 3780 | 2898 1530 1 A yet
'y B N N —_ IR -
oo m | dam| 208 %, 8 dzm| 6045 | 23976 3820
12 41 4258 188 6068
T 13537 | - 5 28 6111
5 2 1378 26, 8h 27¢ | 6206 | 26429 3989
6 44 4410 12 05 6227
WD - ; - 6 05 6283
18, & 48 4656 7208 2471 1283
11 43 4690 27, 84 51m 6367 287°11 4:140
4 38 4759 3 02 6-412
6 07 4778 v 28, lsh ggm gglg 31151 1326
19, 9b Q5™ 4953 9653 2741 1 *53
12 10 4:982 s 5 24 6-678 : o
2 23 4-998 30, 8% 09m | 6662 | 33707 451
5 50 5031 3 43 6714 ]
20, 86 19m 5170 | 120771 2963 5 _60 6-728 _
10 52 5179 30, 86 5om | G811 | 85008 4577
3 24 5232 12 29 6:825
7 42 5270 , 5 24 6845 |
July 1, 8 39m 6910 | 37982 1660

* Adjusted, r—b—f. t Readjusted.
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The results of these tables are given in the Chart Fig. 11 on the plan
already clearly indicated. The ordinates increase in the order of greater

viscosity, - '
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F16. 11.—Viscous deformation of steel annealed at 4500, compared with glass-hard steel.
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22. Soft rods.—The data in hand are as follows:

TABLE 17.—APPARATUS 1.

b==27cm; R==202cm, Rods: No. 53, steel g]ass-hard; 2p=0082om; T=—180°; No. 54, stee! drawn;
2p==0°082°m ; T'=-180°. .

— -
Date. h N'X108 ko (p—0¢’) X103| Remarks.
Sept. 28, 2b 0m 000 |oeeeenn... 000 |veeecenannn. Adjusted.
2 10 017 0789 017 —0-239
2 30 050 0661 - 0-50 —0-111 t
3 36 |y 1:60 0486 1+60 +-0:064
8 00 6 00 +0°171 6:00 40379
29,10 18 2030 —0-206 2030 +0°756

~ TABLE 18.—APPARATUS L.
' R=216m; }=27°m; A<@-2*». Rods: No.27, glags-hard, T=—180°; No. 28, soft, T'=-180°. 2p=0-082.

Date. Nx103 Ry [(¢—¢') X108 Date. Nx10 hy  |(d—¢') X108
June 9, 28 30m| (%) . 0:00 *) Juno 14, 9% 04m 4736 |
3 10 1°652 0-67 —0118 10 30 4757 | 12033 3-046
3 13 1677 071 —0093 1 00 4796
3 21 1-730 085 07040 2 06 4813
3 47 1860 128 40090 3 50 4-836
4 00 1910 150 0140 5 27 4853
410 1:940 167 0170 6 52 4'866
4 ?g g'ogg g'oa g'zaé 7 50 4873
5 1 75 33 15, gh Opm 990 530 o7
5 35 2:140 308 10370 '10 00 i.ggs 433 3272
6 00 2185 350 0415 i1 15 5015
6 15 2210 375 0440 1 05 5-037
10, 85 500 2938 2009 1227 2 55 5060
‘9 35 2:964 4 15 5071
9 55 2:973 5 38 5082
%g ig gggg 6 15 5086 . .
- 8 16, 7 58m 5205 | 16622 ;
1 20 3023 . % o 2 3488
1t 45 3-038 105 5'265 N
12 17 3056 3 15 5285
: 10, g ixgm g-lgg 76764 1448 5- 48 5810 | .
1 17, 8 30w | 5455 | 19154 | e
3 05 | 3153 10 26 5485 8758
4 00 3191 12 40 5'520
4 40 3-214 3 30 5550 ‘
5 26 3-238 5 27 5570 ;
6 25 3:265 7 43 5590 | ,
17 40 8287 16, 8% 467 | 5705 | 21531 3970
g 0 5:286 11 43 5720 :
8 20 8304 437 5760 ‘ '
11, 8 06m 3542 47°34 1'895 6 08 5775
9. 28 3571 10, 9% 04w | 5830 | 23852 125
10 2L 3588 . 12 09 |° 5830
© 10 45 3:398 890 ‘
1L 45, 3617 5 50 5915 1. .
12- 11 3-628 . 20, 8b 50m 6010 26318 4272
2 30 3-680 . 10 50 6:023
3 48 3-709 : 3 23 -'6+055
4 50 3733 7 40 6080
5 50 3753 o, 21, 88 20m 6140 | 28788 4408
7 00 3777 12 15 6160
' 7 35 3787 . 5 38 6200
12, & g7m 3089 144 27318 7 19 6210
9 25 4005 . 22, 98 Q7 6270 | 31180 4525
10 10 4017 1 16 6-290
1 06 4076 . 4 09 6305
3 gg Zlog 6 40 6315
"4 23, 88 26m 7 33444 16
5 50 4162 . 12 40 g-iog 633
8 30 4202 5 40 6430
13, & 40m 4376 9589 2702
10 15 4-405
12 06 4436
12 4-458
3 16 4°485
5 07 4517
6 50 4:545
7 30 4'556

* Adjusted, r—b—f. t Readjusted.
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TABLE 19.—ApprAarATUS II.

THBE VISCOSITY OF SOLIDS.

[BULL.73.

R=2020m; 1-28m; A<02m Rods: No.29, glass-hard, T=—180°; No, 30, commercial, drawn,

T=+1800. 2p==0-082m,
Date. N X103 ke |(d—¢') X103 Date. N X103 he  |(¢—9") X102
July 21, 10 45| (%) 0.00 *) July 20, 8h56m| —0709 | 19390 3012
11 50 2:263 1:08 0000 12 39 | —0-749
12 18 2:206 155 0-057 4 23 | —0788
2 0 2045 3:30 0-218 30, 8% 54m | —0957 | 21796 3269
3 52 1'926 5112 0337 106 | —1010
5 22 1'847 662 0-416 4 07 | —1050
22, 8t 4Qm 1416 21-92 0847 3L, 98 42w | —1-230 24201 3526
11 58 1-341 2522 0022 12 37 | —1963 :
BRI ] —
lA 3 . o 7 .
Aug. 2, 90 39m| —1GH4 | 29023 3934
25, T 50| 0984 | 4508 || S8 Y T 12 | _iem
12 32 0-896 4978 1-367 4 06 ~—1693
3 33 0-851 52:80 1:412 3, 9v 40" | —1780 | B1433 010
24, 98 16@ 0624 74.03 1737 115 ] —1784
12 53 0-499 419 | —1793
412 0456 4, 1h32m| 1872 | 34022 4139
26, lgh 5§=.-n —o-gzi 121°53 2292 424 | —1880
0! —001 5 — TR -
59 | Zoos1 5,; gzm _iggg 36477 4237
27, 8 51m| —0201 | 14571 2'516 & — :
-lz 2; _3%32 6, g 2,73.,. _21.374: 38659 4324
55 gh gom :o | Tois 578 7, 91T | —2133 | 411U 4412
109 | —0%517 642 | —2165
418 | —0'560
* Adjusted, 7+ b+ 1.

TaBLE 20.—APPARATUS III.

R=370rm; 1=27m; Ag0'2m, Rods: No. 31, glags-hard, T'==—180°; No. 32, commercial, softened,
T=+4180°. 2p=0'082cm,

|
Date. N X103 ko (9—¢') X108 Date. N X103 hy ($—¢') X103
July 22, 9 00m * 0-00 *) July 27, 8 54m | —2-305 12351 3:055
9 08 0949 013 —0-249 12 30 —2:356
11 59 0-331 298 0368 4 08 —2-404
6 32 0099 853 0:600 b ogm | —2¢ g B
711 | —0193| 1018 0-893 % 9% _3.2;3 14798 8855
23, T 52m| —0'643 2287 1-343 4 20 —2'695
12 35 0794 2768 1'494 20, &b 59m | —2-875 17172 3621
32 | —088 3042 1580 12 42 | —2-923 8
24, ‘;9" g%“‘ —|'$46 48'35 ;'943 4 28 —2974
12 —1-320 5195 +02 30, 8 57m | —3°160 1058 .
4 16 —1-384 6527 2:084 110 —3-217 980 913
26, 8 5H7m| —1-093 99-31 2749 4 17 —3-261
12 10 —2:050
3 49 —2:105

* Adjusted 740 +7£.
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VISCOSITY OF SOFT STEEL.

TABLE 21.—APPARATUS 1V,

27

R=314em; 1=27m; A<02m Rods: No. 33, glass-hard, T'=—180°; No. 34, annealed at 1000°,
T= 4 180°. 2p=008%m,
Date. NX103 | Ry |(6—d) X102 Date. NX10% | ke |(d—d)x108
July2l, 4 157 (%) 000 * July2e, v 02m| —2:32¢| 18018 3467
413 1°249 047 | —0-148 12 45 | —2367
52 1089 L8| 00l 431 | —od09
3 022 1 007 ; 2583 ~ 7
612 | 0957 19 0142 AT e 4 3730
™, a0l 166 o5a7 422 | —26m3
2 : 1975 057 1, O 52w | —2-850 23661 3931
5 33 | —0250 25°30 1-249 3 12'41 2882 o so%
712 | —018 | 2695 1284 100 | Z5919
73, T 53| —0448 | 5963 1547 TR : ;
1236 | —o559| 4435 1o5g | AUE BIPN R —RLNL| 2 38
336 | —0628| 4735 1721 110 | —ss12
54, 0F 3% | 0924 | 6864 2082 N — o =
00 e T 1554
419 | —1038] - 424 | —B442
76, 95 057 | —1540 | 11614 2685 T sgn |3 : .
,lg = g R e S T T654
- 1hdgm | —366 3 :
37, 95 03n | —1807 | 14035 | < 295l b Labn) Bas| sval 4768
12 34 3 1851 . 6, 9n idm | —3733 | 38L10 e
4 10 ) 1895 52 | —3711
26, Ov 20n | —2081 | 16479 3502 T ove | =589 | 40580 yETs
116 | —212 =
423 | —2150 —
* Adjasted, v+ b + /.

’
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The results of these tables are given in Fig. 12 on the plan already
indicated. The observed differences are probably more largely due to
the glass-hard wires than to the soft wires of the twisted system. To
compare soft wires these must be specially countertwisted so as to secure
greater accuracy of measurement.
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FIe. 12.—Viscous deformation of steel annealed at 1,0000 (* soft”) compared with glass-hard steel.

REMARKS ON THE TABLES.

23. In experimenting with couples of two glass-hard wires, or with
couples in which one of the wires is annealed at 1000, the degree of
hardness of the harder wire is an exceedingly important factor. Hence
these curves (Tables 3, 4, 5, 6, 7, 8) appear under a variety of forms.
Only Tables 4, 6, 7, 8 are used in the digest constructed below. The
results in Tables 15, 19, 21 change their curvature after August 1.



BARUS.] : REMARKS ON THE TABLES. 29

Since the same error is found in all the wires then examined it is proba-
bly a result of temperature. When minutely traced (cf. Table 18, for
instance), the curves show a sinuous outline which is quite marked
and probably also due to temperature or to tremors. If the curves for
stated temperatures and times of annealing fail to coincide, it is due to
differences in the tempers of the glass-hard wires, to similar differences
in the tempers of the annealed wires, to preexisting strains accident-
ally imparted to one wire or the other, to lack of perfect uniformity of
temper throughout the efficient lengths, to unavoidable inequalities of
the seetional areas of the pairs of wires. The last-named error probably
also affects the curvature. Viscous rotation of the arms which carry the
mirrors, or yielding of the cement, is nil and is not to be apprehended,
since the fixed mirror is a fiducial mark for the movable mirror. In the
above work we do not indicate the amount of permanent torsion left in
each wire after the experiment is finished. Though an important desid-
eratum, it does not fall within the scope of this chapter but will be
given in Chapter III in connection with other work there discussed.
The effect of temperature on twisted systems of pairs of identical steel
wires we investigate in Chapter 1I, and then discuss the amount of
detorsion due to annealing at stated temperatures and times. The soft
ends introduce no serious error because soft steel is more viscous than
hard steel. The amount of twist registered is that between the upper
and lower points of attachment. The included wires must be of uniform
hardness. .

The fact that an effect of the bifilar and flexural components is wholly
absent in these results is proved by Table 11, in which the curve for
7+4b4f is followed without break of continuity by the curve 7—b—f,
and the total curve is practically identical with the locus for Table 10,
It is proved, moreover, by Tables 1, 2, in which couples of glass-hard
wires show no greater difference than is at once attributable to unavoid-
able differences of hardness; and by Table 30 below, in which z4b4-f
and 7—b—f produce practically identical zero-effects on two soft wires.
1t is generally proved by the distribution of the 50 rods examined in a
diagram of viscosity conformably with the respective tempers of the
rods. If a couple of one hard and one soft rod possessed a smaller total
of viscosity than a couple of two hard rods, then the bifilar and flexural
couples might produce an effect in the former case and not in the latter.
The absence of all effect in the case of two soft rods as well as in the
case of two hard rods shows that the discrepancy in question is nil,
The important bearing of this result will be indicated below.

MISCELLANEOUS EXPERIMENTS.

24. Glass fibers.—In Tables 22, 23 we cite the results obtained when
one of the steel rods is replaced by a fiber of glass. The mean thickness
or the diameter 20, of glass was intended to be that of the steel rod 2p,;
but it is smaller in Table 22 and considerably larger in Table 23. It is
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impossible to store a greater total torsion than 7;—(—7,)=90° in the
given system, without breaking the glass fiber. The equality of T, and
T, is assumed merely for convenience in designation (cf. pp. 12, 40). In
Table 23, moreover, the glass-hard rod used during the first half of the
experiment is replaced by an annealed rod in the second half, leaving
the glass fiber unaltered. The suspension here is practically unifilar,
since it is nearly impossible mechanically to clutch the glass fiber with-
out breaking it.

TABLE 22.—APPARATUS. I

R=215m; =27cm; A<02¢m, Rods: No. 35, glass-hard steel, T) = + 45°; No. a. glass fiber, T,=—45°;
ps=0"082m; pg==0070cm,

Date. NX108 ke |(6—4') X108 Date. Nx103 hy  |[(0—¢) X103
June 29, 3 20m| (%) 000 (*) July 8, 8 17w 0-974 8895 1075
3 42 | —0129 0.37 —0028 12 12 0-091 92-87 1002
420 | —0101 1:00 +0°000 6 27 1-026 9912 1127
530 | 0052 217 +0°049 4, 95 45w 1098 | 11442 1199
5 51 | —0031 2'52 0070 12 09 1109 | 116'82 1210 f~
30, 88 607 | 0351 1750 |, 0'452 3 06 1116 | 11977 1217
12 23 01}3 21'03 g-g}% 5 59 1145 | 12265 1246
157 0.440 226 : 5, ov 39® 1213 1387% E
5 22 0486 2603 0-587 "12. 00 1228 14o~§3 135
July 1, gh fgm gg{gg 41-2§, g-ggg 4 43 1257 | 14538 1358
46-8 : 6, 85 40m 1318 | 16133 1419
4 36 0782 | 4927 0-833 "1 52 133 | 10658 Liso
5 37 0741 5028 0-842 5 15 1355 169-92 1-466
657 | 0753 6162 0854 7, @ 4gn| 1420 | 18548 521
2, 98 1gm 0854 5'08 0955 127 14443 | 190-12 1-444
145 0-879 7042 0°080
5 09 0-899 7382 1:000
* Adjusted.

TABLE 23.—APPARATUS I.

R=223m; [=23», Rods: No. 36, glass-hard steel, Ty=+45°; No. b, glass fiber, T,=—45°;
205 =01082em ; 0+085°m«2pg<0-120c™,

Date. NX10 e |(9—¢ X103 Date. Nx103 ke |(@=d) X103
July 7, 4b 15| (%) 0°00 *) July 12, 7 35m 3100 | 11133 —0°285
4 26 2995 0~1§ —o-xsg
4 38 2-934 0-3 —0'069 || Glass-hardrod replaced by soft steel rod, viz: No.
5 15 2-865 1-00 0000 || 42, annealed, 4500, 1%, T == +45°, 2p =0-082m,
Tl bal Bm
12 41 1 i 2 July 12, 9 ym * 0:00 *
407 2858 | 2387 o007 || TV 1B S Em O o 2 L
5 47 2863 2553 0002 10 54 1-331 125 40004
9, 8 fam 2912 40'33 —8'0%; 52 (. 1308 777 0032
12 10 2028 439 —0°0 13, &b 26m 1278 99" -

5 16 2940 | 4902 -0 075 "12 27 1270 26-33 3332
10, 8% 04 3933 ea-sg —g}lg - 5 06 1:270 31'45 0-065
12 08 996 67'8: —0131 14, 8 50m 1258 4718 0

5 18 3010 7305 —0'145 "12 48 1258 51:15 0(0);31
11, 95 o7 3052 8387 0188 4 40 1-255 5502 0-080
11 23 *05 9113 —0'193 15, 106 45™ 1-945 7310 0-090

5 21 3077 9710 —0-212 "4 25 1245 7877 0-090
65 | 3081 9873 —0216 16, 9" 167 | 1237 | 9562 07008

1 42 1237 | 10005 0-098

5 54 1236 | 104'25 0099

* Adjusted.
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The results obtained with glass are given in Fig. 13. The thinner
glass fiber is uniformly less viscous than steel. The thicker fiber lies .
between hard steel and soft steel in viscosity. But the occurrence of
the maximum is noteworthy. Glass is here initially more and ulti-
mately less viscous than bard steel.
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¥16. 13.—Viscous deformation of steel as compared with glass.

25. Iron, soft and drawn.—Tables 24, 25, 26, 27, contain a part of our
results in which one steel wire is replaced by a wire of wrought iron,
annealed or drawn as specified. That the amounts of torsion are equal
in angle (T) is again assumed for convenience of designation only. p, is
the radius of steel, p, of the iron wire. The applied couple twists soft
iron beyond the limits of elasticity and the amount of instantaneous
detorsion is here probably as large as $(T1+T:). In case of steel
instantaneous detorsion is nearly zero.

TABLE 24.—APPARATUS I.

R=223m; }=26:; A<0:2m, Rods: No. 37, steel, annealed at,450°, 1°, T=-180°; No. ¢, wrought iron,
drawn, T=—1800. 2p;=0°082¢m; 2p;=0-083cm, .

Date. NX108 ho  {(d—") X108 Date. Nx108 Ry |(d—9) X103
July 17, 46 20m 1'056 020 —0387 || July 18, 8 b27m 2177 1632 ~0165
: gg ggag ggg '“8"3%0 2 24 2:122 2227 —0220

‘1 : —0-229 19, 9b 37m 2032 4148 —0°310

4 51 2:285 072 —0'057 12 19 2025 4418 —0317

5 20 2342 1-20 0000 5 10 2014 49°03 —0328

6 0L | 2362 188 -+0:020 20, 8% 20w | 1084 | 6435 |  —0358"

3 45 1:977 7162 ~0°304

#* Adjusted 7—bd—f.



32 THE VISCOSITY OF SOLIDS. [BULL.78.

TABLE 25.—APPARATUS I,

R=217¢m; }=27m; \g02:=, Rods: No.49, glass-hard, 7'=—180°; 2p =0-082°=; No. h, wrought iron,
drawn, T=+180°; 2p=0080®, ’

Date, h NX103 ho (p—9¢') X103 Remarks.
Aug, 31, 5 45m 000 |eeuen.... 000 f.eeuennnn... Adjusted, 7+b 4 £.
5 55 017 0-967 017 —0°267
6 30 075 0785 075 —0085
Sept. 1, & 58m 1522 | 40017 1522 +0°683
1 00 1925 | —0072 1925 0:772
6 12 2445 | —0'166 24-45 0-866
2, gb 5m 3033 —0°376 39°33 1076
5 34 47°82 | —0470 47'82 1170
3,10v 02w 64°28 —0°626 69°23 |.eeueniannnn
7 55 7417 —0:713 |..-... F 1-370
4, 9h Q2m 8728 —0 805 9260 | erenvacnn..
7 40 9792 | —0878 |.......... 1-542
5, 9h 50m 11208 | —0'970 11642 |.cevvvennns
6 30 120075 —1032 [..cen..... 1-701
6, 9h 05m| 13533 | —1'124 13533 1:824 | Untwisted.

TABLE 26.—APPARATUS II.

R=200cw; }==27°m; A<0'2m. Rods: No. 38, steel, annealed at 4500, 15, 7=+ 180°; No. d, wrought iron,
soft, T'=—1800. 2ps=0082cm; 2p;=0"112cm,

Date. NX103 hy  [(d—¢') X102 Date. NX103 hy  |(d—¢') X108
July 16, 9% 40m|  (*) 0-00 *) July 18, 8 33m  0.146 1512 (0°153)
9 48 0-714 013 —0'036 2 35 0-151 2116 (0-148)

14 0-745 157 +0005 19, 0" 38= 0128 | (40-20) (0°171)

1 48 0-758 413 0-018 12 20 0119 (4290) (0°180)

5 47 0750 823 0010 5 10 0110 | (47°73) (0°189)

17, 8% 47 0731 9312 0009 20, 8 2% 0082 | (63 03) ©217)
8 44 0064 | (70°32) (0235)

Thickiron wire replaced by thin wire. Rod No.
9, wrought iron, soft; I'=-—180°; 2p=0-083cm,

17, 5h 26m 0-755 1000 —0°019
5 30 0745 007 —0-009
5 36 0736 017 £0°000

6 00 0718 057 +-0-018

* Accident; new adjustment; data otherwise good, but distinguished by parentheses,
t Adjusted r—1—f. . “
$ Adjusted 74147, but the time not accurately noted.

TABLE 27,—ApPARATUS II.

R=202om; l==26°"; A<0.2°=, Rods: No. 50, annealed at 3502, 15, T'=+-180°; No. k, wrought iron, drawn,
T'=—180°. 2p;==0084cm; 20;==0082°™,

Date. NX108 | my  [(p—d)x102 Date. Nx108 | hy  |@—ar)x108
Aug. 23, 2 00m| (4 000 *) Aug.27, 9 10m| 1483 | 9638 0114
2 13 2052 022 |  —0452 7 36 1-490
20 1914 033  —031 —gi ot - — -
pu | dm) owm) o) ew) ) L T
3 . 363 -
: ! : 20,10° 17| 1600 | 14423 0100
A 518 g;og 108 02 1200
e 1g8s) 1ozt |80, 9" 1Im| 1505 | 16318 0005
25, 95 g5m 1435 308 0165 31, 1t 19m 1515 19366 0085
7 00 | 1448|5302 0152 6 00 | 1515
26, 6% 10m| 1460 | 7065 0135 ||-Sept. ; > 32’" 1’5;; ;;'1733 0083
g ) : 0T 05n | 15 - 007d
408 1+469 E 152

* Adjusted 241 +1.



BARUS.) VISCOSITY OF IRON. 33

Figure 14 contains the results of Tables 24, 25, 26 and 27. The signs
of ordinate and “wist agree for the wire of greater viscosity. The
phenomena are here of a complicated kind, showing that viscous motion
in iron and steel is not similar, The sharp maximum of Table 24 is
specially noteworthy; as is also the less gponounced maximum of Table
27—Dboth of which hold for drawn iron. A maximum is also apparent
in the thick, soft wire of Table 26; whereas the thin, soft wire of this
table and the soft wire iron of Table 25 show no retrogression.
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F16. 14.—~Viscous deformation of steel compared with iron, soft and drawn.

Other allied data are as follows:

TABLE 28.——APPARATUS I.

R=2022; 1=27=; Rods: No. 55, steel, annealed at 4500, 2p==0082m; T positive; No. m wrought
iron, soft, 2p==0080°"; T negative.

. Date. ho{Wxao| ny |@E)X Date. hoO{NX102| By |B8)X
Sept. 6, 94 30 [ 0:00 [........ 000 [.oco...... Sept. 9,164 05m | 7258 | 0435 | 7679 | 0307
S|SB iR T i o
ol o § . . - - - -
AR AR din | ey R M
712 | 970 ) 0338 970 | +40083 10, 0% 097 | 11055 | G721 | 12400 | 0478
GEiEHE
: 307 | 82 0147
12, 0% 43= | 14423 | 0751 | 14705 | 0608
8,100 420 | 4920 | 0'444 | 53'70 0-211 ! . .
IO a3 4090 | 04t 5 10 |15167| 0761

Bull. 73——3
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TABLE 29.—APPARATUS II,

R=200cm; ]=27m, Rods: No. 56, steel, annealed at 450°; 2p=10052°»; No.n, iron, soft; 2p == 0'083m;

Te=+90°; T%==— 900,

Date. ro|Wxus| ny |@GEIX Date. R Nxus| b, |[O7E)%
Sept. 6,100 00m | 000 [........ 000 [aeeunn.... 13,10k 20m | 168:33 | 3-007 | 17375 1-012
12 ?,i ggg 3273 o-go —o-ogg 9 10 |17917] 3116
: 11, 395 | 00 14, 9500m [191°00 [ 37153 | 196'12 1089
7 12 92 ;1 21281 920 | 0048 7 14 |201-23 3-133
7, 98 11w | 23227 2'163 | 2322 07083 IR ; = ; ;
6 11 | 82:22| 2205 | 3222 0.125 15, ?1 ;’2 3;223 3532 22020 1155
8,100 424 | 4870 | 2307 | 53'20 0-259 16,95 34= [ 23957 | 3- 5455 TE
7'!l 42 57°70 2:371 . ' 7 07 239-1% gégg 4 r2is
9,101 05%) 7208 | 2477 | 76" 0-42% 17, 9% 20 | 26833 | 3347 | 268'16 1283
6 1,—30" 80'50 | 2539 7 00 {27300| 3-379
10, 3b 39 | 10153 | 2685 | 10377 0620 18 0% 10% | 937 ED 39315 g
'8 00 |106:00| 2715 % 9 08 gsgg 3-1%? L
11, 9b 03 1 119:05 |  2:807 f124+48 0.766 19,116 55m 131392 | 3491 | 313'92 1411
7 65 112992) 2885 20, 9 06 |335-10| 3:541 | 33510 1-461
12, O 43% | 143°72| 2938 | 14745 0879 21, 9 22 |359-3T| 3559 |359'37 1479
5 10 |151'17| 2980 28, 2 33 |53255| 3767 | 53255 1°687

Permanent set 180° in iron,
TABLE 30.—APPARATUS III,

R=370m; I=26°"; A<0-2°, Rods: No. 51, soft, T=—180°; No. 52, annealed at 450°; T'= + 1800,

2p = 0°082em,
Date. NX10% ke |(@—¢') X103 Date. Nx108 ke  |(p—9') X108
Aug. 20,128 35= | (%) 000 *) Aug. 25, 9% 050 0581 9280 0-027

12 50 0291 0-25 —-0004 7 01 0°568

6 44 0-306 6-15 +0-011 26, Oh 10m 0568 | 115740 0-014
21, 9 (7@ 0314 20'53 0019 4 08 0556

5 00 0-311 2842 0016 27, 9° 10@ 0548 | 144°13 70009
21, gh %gm (f)4 o'og %) 002 7 36 0-530

0546 01 —0 m 5 - 7

7 08 0551 188 40003 %, 2 é’;’ 8.233 16487 —00z3
22, 94 BT 0°556 1670 0-008 29,106 1m3 0.515 | 18809 —0037

6 54 0561 2565 0013 "6 17 0507
23, 9h 08™ 0561 3988 0013 30, 95 11m 0505 207-03 0043

5 37 0561 48-36 0013
24, 9" 1™ 07581 6800 0033

5 13 0-581

* Adjusted 1—b—f. t Readjusted v+ b+ 1.

Table 30 shows very clearly, the relatively insignificant difference
which exists between steel annealed at 450° and soft steel, so far as
viscosity is concerned. This difference is less than that between steel
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aud iron, as well as different in character. The results of Tables 28,
29, 30 containing further indication of the behavior of soft metal are
given in Fig, 15. ’

H . —1
3 // Table 29.
210 ]
z L~
z
=}
x Table 28
A%
&

0 = | Zubteso

ol 1pof ~ 200 ado™

Fi16. 15.—Viscous deformation of steel compared with iron.

For the purpose of further fixing the ideas I add some data with
other metals. The results are to be constructed graphically in Figs.
19, 17. These relative results are difficult to interpret because of the
varying amounts of permanent set incident to the experiments. To
meet these errors the method must be varied as indicated in Chapters
11 and IIL

Nickel and copper.—The data in hand are as follows:

TaBLE 31.—AppPARATUS IIIL.

R=370c»; {=27°m. Rods: No. 61, steel, anncaled soft; 2p=0'044*=; No. p nickel, annealed soft,
2p=0-048°"; T'y=+180°; I =-—180°.

Date. h NXx103 hy [(d—¢’) X103 Remarks.
Sept. 15,11b 30m 000 {emen..... 0°00 [ieevuinannnan Adjusted.
11 45 025 0346 | 025 --0°004
7 22 787 037L | T8T| 40021
16,79V 347 | 2207 0386 | 92°07 0036
7 15 | 31475 0396 | 9175 0046
17,795 20m| ™ 4583 0°306 | 5072 004 [T
1 07 ) 86624 O4OL
T18,79% 09% | 76965 0396 | 77565 07023
9 09 | 8165 0-351
10, 71h 85 | 9642 0°346 |~ 9642 0004 |
20, 9 05 | 11768 0352 | 117°68 40002
28,11 30 | 31200 0-371 | 312:00 0021
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TABLE 32.—APPARATUS IV. -

R =314¢"; |=27", Rods: No. 62, steel annealed at450°; 2p =0082°=; No. g copper drawn ; 2p=0-083m;
Ts=+4900; T¢=—90°.

—dd?) X —d!
Date. ho|Nx103| By |68 Date. ho | Nx108| B, |(#E0X
Sept.10, 30 06m [ 0-00........ 000 |ceuuen.... Sept. 15, 9t 00m | 11390 | 1082 |119-11 0388
33 | 040 0670 | 040 —0.030 7 25 |124:32] 1094
8 00 | 4'90( 0850 | 4-90| -+0-150 16, 0% 357 | 13848 | 1706 | 14397 0400
11, 95 00w | 17-60| 0040 | 17-00 0240 7 10 |14807| 1112
7 55 | 2882| 0963 | 28-82 0-263 17, 9% 19% | 16222 | 1118 | 167-12 0418
12, 9b 45m | 45°65| 0995 | 47-12 07305 7 07 |172:02| 1118
6 41 | 51-58) 1-016 18, % 10@ 186707 | 1-118 | 19207 0412
13,106 19@ | 67-22| 1022 | 7266 0228 9 10 |19807| 1:106
9 12 | 810) 1034 19, 110 657 23682 | 1112 | 23682 0412
4, 08 00| 8900| 1046 | 9503 0352 20, 9 05 [24598| 1117 |24598] 0417
7 15 [100:15| 1058

Permanent get in copper 180°.
TABLE 33.—APPARATUS L.
R=202m; ]=27". Rods: No. 63, steel, soft drawn,2p=0082=; No. r copper, softened ; 2p=0080¢;

Ts positive. T: negative.
Date. ho|Nxiws| py |G Date. ho|Nxis| my |@780X
Sept. 3,1b 553 000 |........ 000 |eeee...... Sept. 14,96 00 | 1908 | 0-427 | 1908 | 0033
2 08 | 018| 0468 0418 | —0-003 "1 23 | 2347 0426|2347 0038
910 | 72| 0447] 725 0013

Permanent set in copper nearly 360°.

TABLE 34, —APPARATUS I,
R=202m; ]=27c», Rods: No, 64, steel, soft; 2p i—’ 0'08240;2; T'=+-45°; No. s copper, softened, 2p==0'155mmn

Date. ho|Nx1| my |(PE0X Dato. ho|Nx10s| m, |(GEDX
Sept. 14,1 40m [ 0-00 [.-...... 000 |..cone..... Sept.17, 9b 20m | €7:67| 1179 | 72:55|  0-186
1 47 8~12 ggzg g%g —0080 7 05 | 7742 1193 .
1 58 30 | 094 - —0-058 TS TCART . ; o
7 13 | 555| 1044| 555| -+0044 18, A L oaoo) Ta8 ) oT4T| 0214
15,94 00m{ 1933 | 1'112 | 19-33 0112 19, 11b 66m | 117-75 | 1235 | 11775 0235
'7 92 [ 2970 | 1140 | 29-70 0-140 20, 9 05 |139-42( 1250 |139-42 0°250
16,95 33w | 4388 | 1'157 | 4865 0'163 21, 9 20 |163-67 |- 1:260 (16367  0-260
7 06 | 5343 | 1167

Permanent set of copper 270°. .
The viscosity of nickel as compared with soft steel (Fig. 17) is worthy

of note. The small deformations of copper are the result of the un-
avoidably small stress intensities which actuate the viscous motion.
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F16. 16.—Viscous deformation of copper and nickel compared with steel annealed at 450°.
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7. Steels annealed at 450° and 1000°.—The data in hand are as fol-
lows: :
TaBLE 35.—ArPaRATUS IIL

R=370m; |=27m, Rods: No. 57, steel anuealed at 450°; T=+ 180°; No. 58, steel, commaercial,
softened; I'—=—180°; 2p=0082m,

G r
Date. ho|Nx10s| B |@TEIX Date. ho|Fxae| B |G7E0X
Sept. 4, 9 20m| 000 [........ 000 |.eune.... Sept. 8,100 42= | 97-37 | 0-485 | 10187 0100
933 | 022] 0204 022| —0006 7 42 |106:37| 0495
7 40 | 10-33 ¢ 0-371 | 1033 | --0071 9,108 02m | 120°70 | 0'505 | 12493 0210
5, 9b 47m | 24'45 | 0411 | 2445 0111 6 30 12917 0515
6 36 | 3317 ) 0435 3317 0125 10, 8% 30= | 15017 | 0-625 | 160°17 | 0225
6, 0% 05m | 4775 | 0450 | 52719 0153
7 10 | 6783 | 0455
7, 9% 108 | 7183 | 0465 | 7634 0-167
6 11 | 8085 ( 0470

TABLE 36.—~APPARATUS 1V,

R=314cm; I=27m, Rods: No. 59, steel annealed at 450°, 2p==0'082, T positive; No. 60, steel soft-
ened frown hardness, 2p = 0-082, T’ negative.

Date. hoO|Nx108| B |47E0X Date. | Nx108| m (¢—¢10;)x
Sept. 4, 0 40| 0°00|........ 000 |.......... Sept.7, 9, 10m| 7150| 0-078 | 76:00|  0-022

9 55 | 095| 0105 025) —0:002 6 11 | 8050 | 0084

7 40 | 1000 | 0096 | 10:00 | -+0-007 8,108 425 | 0703 0080 | 10163  0-013
5, O 47m | 24°12( 0084 | 24°12 0019 7 42 |106:03 [ 0-089 .

6 30 | 8283)| 0084 | 32-63 0-019 9, 108 02= | 12037 | 0°102 | 12460 07001
6, 0 05m| 47-42| 0078 | 5246 0022 6 30 |12883| 0102

7 10 | 5750| 0084 .

The results for soft steels are constructed in Fig. 17, and corroborate
Table 30 above, with reference to the small differences between steel
annealed at 4500 and steel annealed at 10009,

1.0
. z
Q
X
R
S | —-Tarnss.
QF Tuble37. Steel
o soft l'cohTableao' 2dof

F1a. 17.—Viscous deformation of steel annealed at 4500, compared with soft steel.

28. Quadrifilar arrangement.—Table 37 contains results for a quad-
rifilar as explained below. The small differences of viscosity in question
are scarcely sufficient to give character to the motion when the stress
given is applied to such thin wires. Further experiments were not
made.
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TABLE 37.—ApraraTUS III.

Quadrifilar suspension ; 1=27ew; B=370cm. Rods: No.58, soft; T;= (4 180°) 4+ 90°; No. 57, annealed
at 4500; T,=(—180°) 4 90°; No. 60, soft; T3=(+ 0°) —90°; No. 59, apnealed at 450°; 7= (— 0°)
—90°, p=10-082cm,

Date. hoO\NXI8) Ry | OE0X Date. ho|Nx108| n | GEIX
Sept. 10, 36 45m [ 000 |........ 000 |.ecneenee. Sept.13,100 20m | 66:58| 0856 | 72:02|  0-058

403 | 030 0906 030| 0000 9 12 | 7745| 0848

b 00 | 425) 0906 425/ 0000 T4, 0% 00= | 89°25| 0846 | 9436 |  0-060
11, 0° 007 | 1726 | 0898 | 1725|  0'008 7 14 | 8048|0846

755 | 2817 | 087l 2817 0035 15, 95 00™ | 11325 | 0866 | 11326 0-040
12, 05 457 | 4200 | 0866 | 4646 0038

6 41 | 5093 | 0871

29. Tubular apparatus.—Table 38 and 39 contain our results with the
tubular apparatus. p, is the inner radius, p, the outer radius of the
tube. @ and ¢ denote the right sections of brass tube and steel wire
respectively. Of course sections of metallic surface are meant, The
inclosed wire is twisted alternately in opposite directions as is indicated
by the sign of . Theresultis similarly indicated by the sign of (p—¢’).
Subseripts s and b refer to steel and brass respectively. Table 38 con-
tains results for a thick tube, Table 39 for a thin tube. Hard or soft
rods are inserted, as indicated.

TABLE 38.—~APPARATUS (tubular) 11.

R=1360", [=22m, TRods: No. ¢, brass, gz;—:gégg: No. 89, steel, glasshard, 2p=0'127m;

Q=00532; g=0-0127"2; Q/q<4'5.

Date. NX10% ko (p—’) X103 Date. N+103 ho (p—9') X103

July 1, 52)" i]g“’ 0308 *0-00 40002 || July 14, 8h 57= 0-248 *0-00 +0°000
1

0-390 3-22 —0080 10 27 0-248 150 +0°000

5 18 0420 827 —0110 12 45 0248 3'80 +0-000

8, 0% 10w | (460 |© 2428 —0°'150 4 45 0250 780 +0-002

12 48 0465 2777 ~0°155 15, 10b 46m 0250 2582 +0-002

5 50 0476 3280 —0166 15, 107 46 |.....-.... 000 |ooooneonon.s

9, 8:30m| 0500 | 4747 | —0190 12 35 0310 182 —0-005

9, & 53'" 07456 to-gg ——8v05(3’s 4 27 0306 568 —0009
121 0237 3 006 § o : 2

HE e S iy 16, 98 20m ] 0-299 2257 0-016

10, ]gn ggm géﬁ% gggg Tg%’ég Original hard steel rod, No. 39, again inserted.

b 18 0191 )  8247) +020 16, o5m| 0048 000 0-032

10, §° %0% | 0160 4850 40240 "11 2 1:009 2:02 +oor

11 35 0-151 5075 +0°249 145 1:028 433 —0048

4 15 0142 5542 40258 5 58 1:052 855 —0072

11, 4h 15w 0540 | " *0-00 0060 17, 8 50m 1093 2342 —0118

4 45 0575 0°50 +0025 . 12 55 1102 2750 —0-122

5 23 0597 113 +0:003 6 04 1125 3265 —0°145

7 00 0-630 275 | —0030 T8, 8v 27m| 1151 | @03 |  —0T7L

12, Th3gmy 0718 1540 —0-118 2 28 1160 5305 —0-180

520 || 03} 233| —0143 1, 9 4m| 118 | 2| —0205

13, 8h 30m 0779 4025 | —0°'179 12 20 1'186 74'92 —0°206

PRSI, — d 5 16 1-186 7983 —0-200

asy-hard rod replaced by a soft steel ro 20, 8" 28w 1207 9506 —02%7

No. 40, annealed, 4500, 14, 2p =0127¢m, 50, 100 50 0-458 1000 0062

"11 18 0416 047 —0-020

13, 100 04m 0876 #0007 40004 11 50 0396 1°00 £0°000

12 30 0-886 2:43 —0-004 1 53 0354 305 +0°042

5 05 9:890 702 —0010 3 44 0330 4:90 0066

14, & 55" 0-894 2285 0014 6 35 0-303 776 +0-093

21, 100 02= 07247 2320 40149

12 18 0-239 2547 +0°157

* Total twist Ts — (— 1) =180°, twist of steel T, positive,
t Total twist —Ts + (— Tb) =180°, twist of steel, positive.
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INTERPRETATION OF (@—¢').

TABLE 39.—APPARATUS (tubular) V.

R=260e"; 1=2%m, Rods: No. f, brass tube, {

20, =0
oy 024,

1gem,

39

No. 41, steel, annealed at 4509, 1h,

2=20-082m, @ =0-01552; ¢=000542; Q/g>2'5,
Date. NX103 | - Ry [(p=—9’) X103 Date. NX108 hy  |(d—¢') X108
July 22, 3b38m|.o........ 1000 teeeeennnnans July 28, 9b 32m 1476 | 12014 0302

3 48 3-602 017 | 40032 X 118 1:498

5 39 3:541 2:02 —0029 4 26 1'502
713 3:518 3:68 —0-053 20, 9F 04= T511 | 14386 07417

23, 76 64w | 3465 | {1627 —0'105 12 48 1'518

12 02 | 8435 2040 —0135 4 33 1521
23, 125 6= 1026 #0-00 0074 30, 9° 01m | 1651 | *167°90 0'533

3 87 1'147 2:67 40047 115 1+654

24, O° 28% 1289 20°52 0-169 4 16 1660
103 1:300 24°10 0200 31, Ob 6dm | 1671 | 19104 0572

423 1307 2743 0:207 12 44 1:672

26, 94 08 1-398 6818 0-298 4 03 1-672
12 17 1409 71.33 0:309 | Aug. 2, 98 04w 1680 |~ 23005 0502

3 58 14417 75'02 0317 12 1692

97, 95 0gm | 1433 95771 0337 411 1-695
12 38 1437 6, 18 425 | 1727 | 33863 07627

413 14441 5 927 1727

* Adjusted anew.

t Total twist —Zs 4 (4 Ib) =180°, twist of steel negative.

The results of Tables 38, 39
are given graphically in Fig. 18,
oD a scale ten timesas large as
in the earlier figures. The fig-
ure shows the gradual reduction
of viscous motion in the consec-
utive alternate twists.

We have not yet made the
tubular apparatus as sensitive
in itsindications as is the bifilar.
To obtain the full benefit of this
adjustmentlong tubes and wires
should beused. Theresultsare
nevertheless sufficiently \sharp
and pronounced and are cited
here for their importantbearing
in the inferences to be drawn
for steel. Tine glass tube is to
be preferred to brass.

DISCUSSION.

30. Interpretation of (p—g').
Before proceeding further it is
necessary to give the quantity
(p—@') a more specific inter-
pretation than appears from a
persual of theabove paragraphs.

t Total twist T — (T) =180, twist of steel positive.
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Since the wires are 30m long Fie. 18.—Results obtained with tho tubular apparatus.
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" and but .08 in diameter, the considerations are much simplified by
conceiving the twist helix of each wire to be

2 developed, or rolled out on a plane surface.
Fig. 19 indicates the result in a diagram-
matic way, Here ab and bd are the de-
veloped position of two corresponding fibers
(helices) of the countertwisted wires 4 and

A’, df and ag being the lengths, ! and bfand

bg the cylindrical semicircumferences of the
two wires, respectively. For in the usnal

. cases above bf=T=0bg=180°, Hence dfis
usually more than 100 times as long as bf,
and the same ratio holds for ag and gb.
Hence also the angle dbf expresses the rate

27

g . of twist; and for want of data indicating
the precise relation between the rigidities

/’,a of steel of different tempers, the angles dbf

Fie. 19.—Diagram, - and abg must throughout the present vol-

ume be regarded equal. :

Suppose now that at any section of the wires, and at a distance x and
a' respectively above the lower end, viscous sliding takes place, on
both the plane surfaces of an elementary cylinder, of the length dz and
dx’ respectively. Now it is clear from the equality of couples, that the
sliding on the two plane faces of the cylinder dx will be equal, and op-
posite in direction, The same is true of the sliding on the two ends of
dx’. 1t is also clear that throughout this sliding the elastic equilibrium
of the system of two wires is continually being disturbed. Therefore
the viscous motion must be accompanied by purely elastic motion of
the whole system, such that throughout every stage of viscous defor-
mation the rate of twist is kept constant. IFrom these conditions it
follows that after a very short time d¢, the originally straight fibers db
and be will make up a broken line dnmh and hm'n‘a; that furthermore
dn and hm must be parallel, im’ and »‘a be also parallel, and that the
angles mhf and m’hg are equal, Clearly kb corresponds to the motion
observed at the movable mirror of the bifilar suspension (Fig. 1), and
may therefore easily be interpreted.

Prolong the lines db and mh till they meet at k. The triangles pbh
and hbk are equal in all their parts. Hence pb=0bk=y.

Let 2¢ be the amount of viscous angular motion of any section of the
wire 4, relative to another section at a unit distance from it, under the
given conditions of adjustment. Let 2¢’ have the same signification for
A'. Then since the same couple acts throughout the length of either
wire, mn=2@dz and m'n’=2¢’dz’, no matter what be the value of z or 2.
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Let dip be the angular motion at the mirror, so that dyp=~Ahd. Then for
an inspection of the figure it follows that

2q@dr 1 2@'dy’ UV
W:y-{-l and —W':F— .

whence by elimination, since
=V, y=y, do=da', dp=(p—g@')dz'y, . . . . (1)

and by integration
P—@'=p/l « « v v . o .. (2
31. The quantity @p—¢’ défined by equation (2) is clearly identical
with the (p—¢’) of the above tables. The signification of the symbol
is therefore evident, In case of any stated twist stored between the
two bifilar wires, the two end sections of the unit of length of one wire
slide viscously 2¢ radians relative to each other, whereas the end sec-
tions of the other wire slide 2¢' radians relative to each other.

VISCOSITY AND TEMPER.
’
32. Graphic digest.—The results of Tables 1 to 21 may be discussed

in two ways: We may either accept some definite and applicable law
like that of Weber or that of Kohlrausch, and calculate the mean con-
stants for each set of results, or we may construct them graphically
and then calculate the coordinates of the mean curve for each set. The
latter is decidedly the better way, because it is less arbitrary and more
convenient. In Table 40 the mean results in question are thus sum-
marized. The first two columns indicate the tables from which in each
case the selections are made, and the tempers of the rods selected.
The remaining columns contain the differences of viscous detorsion,
(p—9'), in radians per centimeter of length of the bifilar, one of the
wires of which is invariably glass-hard, the other annealed as stated.
(@—¢') is arbitrarily fixed at zero, for one hour after a twist of 7'4-180°
and 7—180° has been imparted to the soft and hard wire, respectively.

Instead of making all references to glass-hard wires, it would have
been more in keeping with the purposes of the work to make such ref-
erences to soft wire; but at the outset of the work, the high viscosity
of annealed steel, as compared with hard steel, was not known, nor
even conjectured.

In the tables and figures the data are positive in the direction of in-
creasing viscosity.
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TABLE 40.—4 digest of mean results, Tables 1 {o 26.

Angular motion (¢—¢’) in radians.
Table [Annealed

No. at
50b 100k 150b 2000 2500 3008 350h 4000
1..... 200 013 019 0°26 034
2..... 200 0-02 003 003 004 |.
Mean .|.ccee.....| 008 011 015 0419
1000, 10t 050 0-81 1:06 1:26
do....| 044 075 1:08 1:41
do ...l 062 1-00 185 1-70
Jdo....| o8 1-28 1-66 195
do....| 059 096 141 1:58
9..... 1909, 1k 107 1°52 1-88 2:20
12.....]...do ....] 134 1-79 216 2'51
veerteendo .| 156 218 255 2:89
..do....| 166 206 250 2491
..do..... 138 1-89 2-27 2:63
13.....| 3609, 1t 1'70 2+54 3-12 356 3-86 415 442 470
.. ... wdo .| 180 268 315 351 382 414 442 | 470
Mean.|...do....[ 180 2:61 313 353 384 414 4:42 470
16..... 4500, 1p 203, 274 320 357 391 423 4-52 4:80
15..... ...do ... 1-98 2'78 342 302 4:37 475 508 534
Mean .|...do....| 201 276 331 375 414 4-49 4:80 507

1:36 2'06 2:64 312 355 393 420 f........
1-78 2:50 310 362 407 445 472 (........
194 274 332 3-8L 4-20 447 469 ........
1-95 276 336 390 435 474 505 |........

176 2'51 310 361 404 440 467 ...

All radii identically 2p =0-082». Like signs of ($—¢’) and of N refer to the same angular direction.

The results of Table 40 are graphically constructed in Fig. 20, time
in hours as abscissa, difference of angular detorsion (@— ¢'), in radians,
as ordinate.

338. Immediate results.—Table 40 and Fig. 20 lead to this curiously re-
markable result: If we abstract for the moment from the states of
temper extreme hard and extreme soft, the viscosity of steel decreases in
proportion as the hardness of the metal increases. We call to mind here
that the torsion imparted was not sufficiently large to produce marked
permanent set (cf. Chapter III). If we express its intensity by

4 .
(0~4E)12% T, and introduce the constants of the apparatus
A T=mn, =20, 2p=0082°m,
we find that the moment of the applied torsion couple did not exceed

0'5 kg. on centimeter of arm. (Cf. remark on stress value, p. 48.) If,
tfollowing Sir William Thomson,! we agree that ¢ the molecular friction

1 Thomson: loc. cit., or Thomson and Tait, Natural Philos., 1883, vol. 2, p. 303, Qur present con-
ception of the viscosity of liquids, as well as the hypotheticated proportionality of frictional resistance
and velocity were introduced by Newton (Principia, Liber 2, sect. 9, ‘‘resistentia quee oritur ex
defectu lubricitatis ). -
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in elastic solids may properly be called viscosity of solids,” then our de-
duction may be stated, the molecular friction in case of steel is greater in
proportion as the metal is softer.! Examples of such relations in divers
substances are not unknown. Hard steel as regards viscosity and bard-
ness may be typified by sealing-wax; soft steel by tallow.? Neverthe-
less the continuous variations of these properties exhibited by steel is
as unique as it is striking. Indeed we felt diffidence in reporting this
result and have taken pains to substantiate it. '
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F1a. 20.—Viscous deformation of steel, as related to temper.

1 Degrees of thermo-electric hardness are here speciaily in place. Cf.Bull. U. 8. Geol. Survey, No. 14,
p. 65.
2'These examples (tallow, sealing wax) are given by Maxwell: Heat, Appleton, New York, 1883, p. 208,
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34. The motion ot the bifilar body of the above apparatus can be in-
terpreted from two standpoints: Either it is due to the torsional couple
and the result of viscous yielding of the harder wire relatively to the
softer; or it may be due to the bifilar and flexural couple and is then
the result of viscous yielding of the softer wire relatively to the harder
(page 29). But the bifilar and flexural couples have been proved to
be zero and to produce a zero effect. Hence the inference above itali-
cized is alone admissible. Again, in the bifilar apparatus where steel
is twisted against glass (Table 23) the soft steel is demonstrably more
viscous than glass. Hard steel, as shown by its behavior with the same
fiber, is less viscous than soft steel. We do not wish to say that it is
less viscous than glass because the sectional area of the latter fiber is
~ larger. Again, in Table 38, which contains the data obtained with the
tubular apparatus, soft steel yields viscously at about the same rate as
the brass tube of more than four times the sectional area of the steel
wire. Hard steel under the same clrcumstances yields at a very much
greater rate than brass.

35. Our results for degrees of hardness higher than “Annealed at
100°, 10”7 are to be regarded incomplete because of the magnetic impor-
tance of those degrees. As steel passes in hardness from ‘“Annealed
at 45097 to ““Annealed at 1000°” (soft), it probably marches through
maximum viscosity. This result is pretty clearly indicated by Table 40
and Fig. 20. Here also the results are to be regarded incomplete be-
cause of the magnetic importance of the (soft) degrees of hardness in
question., Our methods of annealing between 500° and 1000° are not
as yet satisfactory. It will be shown below that all remarks here made
refer to intensities of stress less than the value (0-5 kg., cm.) given at
the outset of this seetion. (Cf. Chapter II.)

38. Viscosity and electrics of steel.—If we compare the results of Table
40 or of Fig. 20 with the known thermo-electric behavior! of steel wires,
we detect a very striking similarity in contour and position of cor-
responding members of the viscous and thermo-electric families of
curves. Both phenomena practically subside in the first phase of
annealing ; the effect of temperature becomes rapidly less as higher
degrees are approached. The same relations hold between v1$cosxty
and electrical resistance of steel.

87. Viscosity and hardness.—The relations between hardness and vis-
cosity here encountered may perhaps be conceived somewhat as follows:
Suppose stress to be so distributed in a solid that its application at any
interface is nowhere sufficient to produce rupture. Then that property
of a solid in virtue of which it resists very small forces (zero-forces)
acting through very great intervals of time ( «-times) may be termed
the viscosity of the solid. That property in virtue of which it resists
the action of very large forces ( co-forces relatively) acting through zero-
time may be termed the hardness of the solid. Since the application of

1T. 8. Geol, Survey, Bull. 14, pp. 54, 55,
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forces in such a way as accurately to meet either of these cases is rare,
we have in most practical instances mixtures of viscous resistances and
hardness to encounter. We may reasonably conceive that in the case
of viscous motion the molecules slide into each other or even partially
through each other by interchange of atoms, so that the molecular con-
figuration is being continually reconstructed; that in the other case
(hardness) the molecules are urged over and across each other and that
therefore the intensity of cohesion is in this case more or less thoroughly
impaired. Inmostcasesof scratching, the action isindeed accompanied
by physical discontinuity of the parts tangentially strained. The inter-
penetration of the molecules of a viscous substance is necessarily favored
by temperature. Hence we infer the experimental result that the vis-
cous influence of temperature is marked. If Clausiug’s theory of elec-
trolysis be correct, then a certain instability or imperfect uniformity in
the molecular structure of solids follows at once from the fact that many
solids, notably glass,! may be electrolyzed even at moderately high tem-
peratures (300°). The important bearing of all these remarks on Max-
well’s theory of viscosity of solids will be given in Chapter III.

38. Residual phenomenon.—The stored torsional stress imparts a strain
" to the solid. Viscous detorsion therefore is accompained by a residual
phenomenon. The observed deformation will continue until the applied
tendency to change of form is reduced in value to the evoked and increas-
ing tendency against change of form. If the applied stress be removed,
the reciprocating stress becomes apparent and produces viscous effects
of its own kind, as Kohlrausch has shown. The result has many mag-
netic and eleetrical analogies, among which the phenomenon of residual
static charge is most obvious. In the tubular apparatus (Table 38), the
residual deformation of the preceding twist may be superimposed on the
deformation immediately in progress. Whether the two residual phe-
nomena here annul each other so that the primary detorsion only is
exhibited remains to be seen.

In liquids there is no such reaction unless it be the reciprocating
force of galvanic polarization. In polarization, however, the mechanism
is of an obviously chemical kind. In solids it is believed to be not
chemieal.

SECTIONAL AREAS OF BIFILAR WIRES,

89. The essential peculiarity of the bifilar apparatus is this, that the
two wires are twisted by identical couples.? The absolute value of these
couples during the experiment remains constant to 2 or 3 per cent. If
the sectional areas of the wires be identical our apparatus leads to re-

} Warburg: Wied. Ann., vol. 21, 1884, p. 622. Literary notes are therve given. Warburg is able to
replace § of the sodium of glass by sodium of the anode.

2 Many years ago we compared the Jongitudinal resilience of hard and soft steel by fastening one
end of thin wires in a vise and bending them with a weight applied at the other. We found but
insignificant differences. Hence the stored torsions of two steel wires, hard and soft, produced by
equal couples are cateris paribus of equal angular value,
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sults which come very close to Newton’s definition of viscosity. New-
ton suggested that the internal friction of liquids is cateris paribus
directly proportional to the difference of velocity between nearly con-
tiguous surfaces. tn the bifilar apparatus the torsional viscosities of
two substances are equal if for identical strains and equal sectional
areas torsional change of form occurs at like rates per unit of length-
This is the condition of rest or zero-motion of the suspended body.
Such inferences as are here given must, however, be drawn with ex-
treme caution., There are certain cardinal differences between solid
and fluid viscosity, which will be indicated in Chapter III and which
must first be decided upon as prerequisites to conclusions like the
present. It is doubtful whether Thomson and Tait’s definition of solid
viscosity can be at once accepted.

We do not at present wish to do more than advert to an important
deduction here; it is obvious that if the sections of the wires be so
chosen that the motion of the bifilar body is zero, the viscosity of the
wires must be inversely related to those sections. This prineiple ap-
parently enables us to arrange solids in a scale of viscosity. We may
formulate it approximately thus:

Consider an elementary ring of either wire, whose height is dz and
whose right sectional area is 2zrdr. Let df be the amount of tangen-
tial force uniformly distribated over this area. At the time ¢ let the
velocity of the upper surface relatively to the lower be ¢r, where ¢ is a
time-function and cewteris paribus a characteristic of the viscosity of
the wire. Then if u, be the coefficient of viscosity at the time ¢ we have

cr2mrdr or?
.df_,u, T =2nu ‘Tdr

If we multiply by r and then integrate between zero and p (thick-
ness = 2p), the numerical result is the part of the impressed torsional
couple which corresponds to the length dz. A similar integral holds
for the other wire, to distinguish which it is merely necessary to ac-
centuatef, u, ¢, v, p. Thesum of the two integralsis zero. If,-moreover,
we put ¢=¢ in view of the state of rest of the bifilar body, we find that
the viscosities (yu, u',) of the two substances (wires) are to each other
inversely as the squares of the respective sectional areas by which the
motion of the bifilar suspension is annulled.

40. Unfortunately the problem is much more complex than it here
appears. The dependence of torsional deformation on time in case of a
single wire is obviously related to the character of the molecule. When
two different substances in wire form are twisted bifilarly against each
other, the effect will rarely be. such that the torsional yieldings con-
tinually equalize each other, no matter what relations of section may

be chosen. The motion-curve of the bifilar-suspension will show maxima
" or even points of circumflexion, such as have been actually encountered
in Tables 23, 24, 25, etc., and the definition.of relative viscosities of the
two wires will become correspondmgly involved. Apart from these
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complications which are inherent in solid structare, a modification of the
apparatus such as is given in Chapter LI, or the present tubular appa-
ratus, may easily subserve the purpose of classification by initial tan-
gents. .

41. Again, y, for solids is not merely a function of time but very essen-
tially a function of stress. Above we show (page 12) how by simply
adjusting the lengths of the bifilar wires, viscosities may be compared
at a given temperature, as time-functions with identical values of the
parameters stress, strain (sectional area). We do not believe that vis-
cous detorsion in this full relation has ever been rigidly investigated.
The results would lead to families of curves.

Given a quadrifilar arrangement of four viscously identical wires.
Let the twist T}; be stored between any two of them and then let the
twist Ty be additionally stored between these two as one, and the
third and fourth wire as one. Such a device enables us in the above
way to study viscosity in its simple dependence on strain, for all values

of stress. )
. VISCOSITY AND STRAIN.,

42. Steel and glass.—When we commenced the present research a
comparison of the viscosity of glass and steel appeared desirable. In
Tables 22, 23, such comparisons have been attempted, though we regret
that the limitations of our available time have restricted our pursuit of
them. In Table 22, the sectional area of glass fiber is less than that of
steel wire; nevertheless the viscous yielding of the fiber is so much
more rapid than that of the wire, that we may reasonably infer degrees
of viscosity of the same order in the two substances. In Table 23, the
sectional area of glass exceeds that of steel. -Hence these data prove
that the torsional viscosity of annealed steel is greater than that of
glass. The viscosity of hard steel during the first ten hours of detor-
sion iy certainly very much greater than that of glass. During the
remainder of the time it is decidedly less. The curve passes through
a maximum for which point the rates of viscous detorsion of glass and
of glags-hard steel exactly coincide. Since the sectional area of glass is
greater, we safely infer that the viscosity of glass is not uniformly
greater than that of glasshard steel. It is well to call to mind, how-
ever, that the sum of the torsions is here only 7,4+ 1,=90°. Moreover,
since for equal couples and dimensions E,T,=E,T,, where ./ is Young’s
modulus! of resilience for glass and for steel respectively and 7 the cor-
responding torsion; and since E, /FE,=1 /3 approximately, it appears
that T,=3T, nearly. Hence for equal stresses, strains are thoroughly
unequal, and in the same measure are these comparisons not thoroughly
just.

43. Steel and iron.—A similarly important desideratum is the com-
parison of the viscosities of steel and of iron. In Tables 24, 25, 26,

1 To obtain an estimate it is sufficient to accept the same ratio of modulus of torsion to modulus of
longitudinal resilience for each case. Poisson’s ratios for glass and steel are about as 26 to 30.
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ete., such comparisons are made, though further results are not super-
fluous. It appears distinctly that during the first five or ten hours of
detorsion the viscosity of iron is in a strikingly pronounced manner
less than that of steel. As detorsion continues the viscosity of soft iron
continually remains below that of steel, whereas the viscosity of drawn
iron grows temporarily greater than steel but finally reaches the same
value. In this case the motion-curve passes through an exceedingly
sharp maximum, at which the viscous yielding of iron and of steel oc-
curs at like rates. Having exhibited greater viscosity in drawn iron
it finally, by circumflexion, merges info a horizontal asymptote, which
probably indicates subsidence of motion in each wire. These unex-
pected results show that the viscosity of steel is not uniformly greater
than that of iron. Obviously glass-hard steel for the given stress is
very much less viscous than iron.

The sum of the twists is here nominally 7,— —(—1T,)=360°. Particu-
larly in the case of soft iron its efficient value is very decidedly less,
however. The applied torsion carries the iron wire much beyond the
limits of elasticity; and so much of the stress vanishes instanter that
the ¢“after-action” subsides within relatively small limits. The vis-
cosity of (soft) iron is either less or greater than that of hard steel
according as the applied torsional stress surpasses or falls below a cer-
tain critical value. This result again shows the importance of stress-
measurement, as a means of coordinating the lingering of purely viscous
deformation and the instantaneous (%) deformation.

In the above results the curvature of the (absolute) motion curve for
a single wire increases uniformly from hard steel to soft steel; increases,
moreover, from soft steel to iron. Curvature is greater in the glass
curve than in hard steel curves. So far as we have observed (steel,
iron, glass) viscous deformation occurs more nearly at uniform rates
(linearly) in proportion as hardness is greater. Cf. Chapter I1I, where
similar results are given under ‘accommodation.” Curvatures for
early time are meant, the later parts of curves being asymptotes.

44. Effect of quenching.—The remarks just made on the viscosities of
glass and iron suggest this plausible inference: if glass and steel be
alike subjected to a stated process of quenching, and if after the oper-
ation has been performed glass be found to have retained a very high
intensity of strain (Rupert’s drop), then, a fortiori, steel, the substance
of greater viscosity, must have retained a similarly high intensity of
strain. This reasoning, however, is incomplete and must be approached
with caution. We pointed out! that the low degrees of thermal con-
ductivity possessed by glass were favorable to the retention of strain.
‘We also remarked? that the occurrence of Gore’s phenomenon of sudden
expansion at red heat distinguished iron and steel from all other metals,
and that in spite of relatively good thermal conductivity, iron and steel

1 Am, Jour. Sci. (IIT), 1886, vol. 31, p. 451.
3 Bull. U. S. Geol. Survey, No. 14, p. 99.
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possessed virtually all the favorable conditions of glass for retaining
strain. Whether differences of viscosity are sufficient to account for
the unlikeness of behavior during quenching we are unable to say. It
will be necessary to compare iron and steel at higher than ordinary
temperature and also under greater values of applied stress than was
easily feasible in the above experiments. In other words, iron and soft
steel are nearly equally viscous for small values of stress. After stress
exceeds a certain intensity, the permanent set suddenly imparted to
iron is enormously great as compared with steel. Similar relations are
true for soft steel when compared with hard steel. It is this class of
“sudden”-phenomena which come into play during quenching. The
primary effect of quenching steel is chemical hardness. Strains are
retained in the steel so modified, just as they are in glass; whereas in
soft steel or soft iron the result would be permanent set. In Chapters
II and III, a more complete explanation than is here possible will be
given, so that further consideration may be waived for the present.

The occurrence of sudden and gradual deformation in a single sub-
stance suggests that ordinary static friction is probably a viscous phe-
nomenon,

45. We add in passing that the observed inefficiency of temperatures
less than 2000 in producing marked viscous deformation in a Rupert’s
drop proves that mere interference of thermal expansion with the con-
ditions of strain cannot be the primary cause of its variations; that
strain variations essentially depend on diminished viscosity.

46, Steel and cast-iron.—~We also add in passing that the importance
of strain as associated with glasshardness is emphasized by the mass-
constants of the cast-irons. The densities of these metals! range be-
tween the maximum of ca. 7+6 for white cast-iron and the minimum of
ca. 69 for gray cast-iron. Hence density increases in marked degree
in proportion as total carbon is more and more nearly combined. Quite
the reverse of this is true for steel where density decidedly decreases as
total carbon is more and more nearly combined. This discrepancy we
interpreted as a strain of dilitation and carefully compared it with the
analogous behavior of glass in our earlier papers.

47. Stress intensity estimated.—We add finally the following data from
the elastics of glass and of steel. The @eolotropic expansion produced
by quenching glass or steel we showed elsewhere? to amount to 0.005.
The volume resilience of glass and of steel, according to Professor Eve-
rett’s measurements,® is 4x 10" and 2 x 10" respectively. Hence if per
square centimeter p be the stress-value for the given expansion, we find
approximately p=10x10° dynes for steel and 2x10° dynes for glass.
Now per square centimeter the tenacity of steel is 8x 10° dynes; the
tenacity of glass 0:6x10° dynes. The approximate ratio of stress to

1 Cf. Bloxham's Chemistry, Lea, Philad., 1873, p. 342. Bull. U. S. Genl. Survey, No. 14, pp. 76, 77.

2 Am. Jour. Seci.(ILT), 1866, vol. 32, pp. 190, 191. By walootropic expansion we refer to the part of the
total expansion which produces explosiveness and the polariscopic phenomenon.

8 Everett: Phil. Trans., 1866, p.369. The above numbers“ate rounded from Everett’s values.
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tenacity is therefore estimated at 1-3 for steel and 3-3 for glass. This
shows that in both cases stress and tenacity are of the same order; that
stress is in excess; that but for the peculiarly favorable, symmetrically
arched structure of the quenched globule, rupture would ensue in glass
certainly; probably also in steel. This accords with the explosive
tendency of a Prince Rupert’s drop and with the less pronounced lia-
bility of steel to crack on quenching.! If therefore quenched glass and
quenched steel are under mean stress intensities of several thousand
atmospheres, then in discussing the corresponding viscous properties
they must be brought into relation with these high values of peculiar

stress.
MAGNETIC RELATIONS.

48, Viscosity and magnetic intensity.—If again we abstract from the
extreme states of hardness, we find that both the viscosity and the mo-
ment of linear magnetization per unit of mass, of a permanently satu-
rated steel rod, increase in marked degree from hard to soft. This is a
singularly striking result, inasmuch as the conditions of magnetic sta-
bility (following Hopkinson we shall call them coercive force), conditions
which at first sight we would be inclined to associate with viscosity,
decrease as viscosity increases. Hence permanently saturated linear
magnetic intensity and viscosity on the one hand, magnetic stability. or
coercive force and hardness on the other, seem to belong together.

49, Magnetic and viscous maxima in steel.—The minimum of permanent
linear intensity ot saturated steel rods has no viscous equivalent; but
we have not yet studied the viscosity of,extremes of hard steel mi-
nutely, nor have we as yet sufficiently sharp data for the magnetization
of very long rods (length /diameter >>100) in its relation to temper. In
the extreme soft region, on the other hand, the occurrence of a unique
maximum of magnetization seems to be coincident with the occurrence
of maximum viscosity, The magnetic maximum so far as our results
go is apparently much more clearly pronounced than the viscous maxi-
mum. We remark in general that as the ratio of length to diameter
increases, the minimum of permanent magnetization shows a tendency
to move from soft to hard. Furthermore, it is proved that the perma-
nent magnetization of soft rods is greater in proportion as they are
more and more nearly linear.? Hence as our march approaches the
linear limit we observe an unmistakable tendency toward more detailed
similarity between the variations of .the magnetic and the viscous prop-
erties of steel. i

Mr, Hopkinson?® in his memoir on the magnetization of iron introduces
a detinition of coercive force, defining it as ‘that reversed magnetic
force which just suffices to reduce the induction to nothing after the

1 Mr. J. M. Batchelder has just communicated to us his interesting results (Jour. Franklin Inst. (3),
1844, vol. 8, p. 133), in which of twelve massive pieces of quenched steel, eight subsequently cracked
and one actually exploded.

2 Bull. 14, U. S. Geol. Survey, pp. 140 to 143,

3 Hopkinson: Phil. Trans., 1885, vol. 2, p: 463.
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material has been subjected temporarily to very great magnetizing
force.” There is a slight objection to this definition, inasmuch as it
introduces a somewhat vaguely complex state of zero-magnetization,!
Wiedemann? in comparing magnetization to and fro with viscous tor-
sional accommodation has been most explicit on these points. But the
feature in question is hard to improve and the definition is valuable.
Mr. Hopkinson’s extensive experiments show that coercive force is,in-
variably increased by hardness. Together with others we have proved
that hard steel is alike well adapted to withstand the influence of per-
cussion. '

50. Steel and iron.—These general relations between viscosity and
maximum permanent linear intensity observed for steel are sustained
by iron. According to data contained in a paper of the lamented Dr.
L. M. Cheesman® the permanent magnetization of drawn iron exceeds
that of soft iron. The magnetic intensity of permanently saturated
drawn iron is comparable with that of soft steel and quite equal to that
of hard steel. More recently and even more elaborately Ewing has dis-
cussed the subject. He finds “in the absence of mechanical or other
disturbance, soft iron is far more retentive than either hard iron or
steel,” an exceedingly remarkable result.* Our experiments show that
the intensity of applied stress is an important factor in determining the
viscous behavior of iron ;-that for moderate stress values it ultimately
approaches very closely or even exceeds the maximum viscosity of steel;
that it is much greater than the viscosity of hard steel.

REMARKS.

51. Among the results of this paper is the light thrown on the crucial
importance of the physical changes which steel undergoes during anneal-
ing at high temperatures, i. e., when-subjected to the action of temper-
atures between 5000 and 10000, Prof. W. F. Barrett,” who made val-
uable researches on this subject, pointed out the more important coinci-
dences (elongation, crepitation and ticking, recalescence, magnetic and
thermo-electric anomalies). In our our earlier work we unfortunately
overlooked these papers. Tait, however, had before this connected his
peculiar iron line (thermo-electrics) with Gore’s phenomena. The occur-
rences in question may now be summarized as follows: Gore’s® sudden

1 The unmagnetic state, though dependent on the details of the process of tempering, is a distinct
magnetic state. Similarly we may regard the saturated magnetio state, though allowance must here
be made for the occurrence of cyclic magnetization, a phenomenon suggested by Fromme (Wied. Ann.,
1878, vol. 4, p. 89) and (Wied. Ann., 1881, vol. 14, p. 308), concisely, interpreted by Warburg (Wied. Ann.,
1881, vol. 13, p. 141) and which Ewing (Phil. Trans., 1885, vol. 2, p. 545) has recently discussed generically
under the name of *‘ hysteresis.”

2 Wiedemann: Wied. Ann., 1879, vi, p. 512.

8 Cheesman: Am.Jour. Sei. (IIT), 1882, vol. 24, p. 183. Lengths 100 diameters and less.

4 Ewing: op. cit., p. 541.

6 W. F. Barrett: Journal London Inst., July, 1873; Rept. Brit. Assoc., 1875, vol. 45, pp. 259-60; Phil.
Mag. (5), December, 1873; ibid, January, 1874; Proc. Royal Dub. Soc., 1886; Am. Jour. Seci. (II1), 1887,
v0l. 33, p.308. For recent work on recalescence see Hopkinson: Proc. Roy. Soc., 1889, vol. 45, p. 453,

8Gore: Proc. Roy. Sue., 1869, vol. 17, p. 260.
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volume expansion; Tait’s! sinuously broken thermo-electric diagram-
line; Barrett’s (loc. cit.) recalescence, crepitation, and elongation phe-
nomena; Barrett’s behavior of manganese steel; Gore-Baur’s? sudden
disappearance of magnetic quality ; the passage of carbon from uncom-
bined to combined ; Jeans’s® critical cementation temperature. Further,
Chernoff-Barus’s sudden appearance of hardness in quenched steel,
Fromme’s® maximum density, Chwolson’s® minimum resistance, our own
unique maximum of magnetization” and probable maximum of viscosity,
Howe’s® sudden decrease of rigidity, are all referred to this interval,
approximately to the same temperature. To determine the inter-
dependence of these phenomena it is obviously first necessary to devise
methods of operating on steel adapted to the interval in question. In
other words, our introductory problem is the annealing of steel without
oxidation and without carburation, at measured (high) temperatures,
during stated times. It is in this direction that our investigation will
ultimately proceed. In the present work, however, the thermal rela-
tions of viscosity still command paramount attention; and their impor-
tance gains much when it is called to mind that before a satisfactory
physical theory of viscosity has been formulated, the light which data
like the above throw on ulterior electrical phenomena will not be
searching. '

1 Tait: Trans. Roy.Soc., Edinburgh, 187273, vol. 27, p. 125.

2Gore: Phil. Mag., IV., 1869, vol. 33, p. 59; Baur. Wied. Ann., 1880, vol. 11, p. 408; Ibid., 1870, vol. 40,
p. 170. :

3Jeans: ‘‘Steel, its history, ete.” London, Spon, 1880.

4 Chernoff: Vortrag. geb, in der Russ. techn. Ges., April und May, 1878. Barus: Wied. Ann., 1879,
vol. 7, p. 405.

5 Fromme: Wied. Ann., 1879, vol. 8, p. 354, 'We were unable to find Fromme's maximum: but we will
search again. All these resuits are crucially dependent on the method of annealing, as stated in the
text. N

6Chwolson: Carl's Repertorium, 1878, vol. 14, p. 26.

7 Barus and Strouhal: Bull. U.S. Geol. Survey, No. 14, pp. 145,198,

8 H, M. Howe: Scientific American Supplement, April, 1889, p.11053.



CHAPTER II.

THE VISCOSITY OF STEEL AND ITS RELATIONS TO TEMPERATURE.
INTRODUCTION.

52. This chapter is to be restricted to a discussion of the relation be-
tween torsional viscosity and temperature, as observed with steel in
different states of hardness. Some mention of the effect of stress on
the amount of viscous motions in solids is, however, unavoidable; and
the experiments lead naturally to the investigation of a more general
method, by which the instantaneous deformation and the gradual de-
formation produced by stress may be coordinated. The data already
show that imperceptible gradations lead from the purely viscous defor-
mation which follows strains within the elastic limits, to the sudden,
permanent set which follows strains beyond the elastic limits. As%
whole the data bear directly on the truth of Maxwell’s theory of vis-
cosity. (Cf. Chapter IIL)

METHOD OF MEASUREMENT.

53. Apparatus.—Instead of countertwisting two wires suspended bi-
filarly, as was done in Chapter I, it is for many purposes preferable to
suspend and twist them unifilarly. In this case they may be kept at
different temperatures throughout different parts of their lengths, and
the adjustment therefore has special advantages for the class of experi-
ments indicated in the present chapter.

In the actual work it is expedient to compare two identical wires,
one of which is kept hot, the other cold. These wires are shown in the
annexed diagram (Pl. 1) at ab and ¢d. The ends, having been bent
loop-shaped, are screwed near the imiddle of the apparatus to a cross-
piece of iron carrying the adjustable mirror M. 'This is the index re-
ferred toin the preceding paragraph, and angular deviations are read
off by Gauss’s method. To deaden lateral vibrations the mirror is also
provided with a cross-vane, mm, dipping appropriately into a fixed dish
of water. In later experiments this dish was replaced by an annular
vessel surrounding the wire. The upper end of the system of wires is
screwed to a round steel rod, af, which fits snugly in the perforation of
the massive fixed piece of brass gh. A steel pin, p, passing through
both brass and steel rod, secures the latter to the former. The lower

end of the wires is similarly fastened to the steel rod dk and the fixed
63
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piece of brass %l. To keep the wires tense they are stretched by a
weight, RQ; and a part of the lower fixed brass %l has therefore been
cut away in such a manner that the lower pin ¢ may slide along a plane.
The system of wires is therefore free to expand.

To heat the upper wire, a given part of it was surrounded by a special
form of vapor bath, without being pecessarily in contact with it. This
has been described elsewhere.! Steam (100°), aniline vapor (190°), and
mercury vapor (360°) were consecutively introduced, and errors due to
radiation were carefully avoided by appropriate screens.

The vapor bath mentioned is seen in the figure at #¢t, being a boiling
tobe containing the liquid whose boiling point is to be utilized and
surrounded at its lower end by the ring burner rr. The asbestus screen
ss protects the upper end of the tube from direct radiation. It is de-
sirable to bring as much of the wire within the central tube wu as
possible. If necessary the upper end of this tube may be loosely closed
with asbestus to obviate currents of air. By carefully regulating the
ring burner there is no difficulty in maintaining ebullition for hours.

By removing and then re-inserting the pin ¢, the wires may be twisted
in multiples of 90° for each length, or in multiples of rate of twist (z)
‘of 30 for each wire. For the given dimensions this is the effect of a
couple of 250 g. on one centimeter, for each 3° of rate of twist. Inlater
forms of this apparatus a divided circle was attached to the lower piece
dh, thus enabling the observer to vary the value of 7 and to measure the
amount of permanent set at the end of the experiment. '

54. A few critical remarks on the efficiency of the apparatus are in
place. In most of the experiments made the torsional deformation is so
great that special fiducial marks to register the possible motion of the
fixed pieces gh and kI are superfluous. Indeed, for angles as large as
those observed, Gauss’s method of angular measurement is no longer
conveniently applicable, because of the number of corrections which be-
come essential, and in future measurements it will be expedient to use
other methods. The large deflections, however, made it possible to use
the Gauss method even when the apparatusis thrown into unavoida-
" ble vibration ; for instance, when the upper wire is surrounded by boil-
ing mercury. In the present work it did not seem necessary to take
special precautions for jacketing the lower wire. Its temperature is
that of the surrounding air, very nearly, and it is not heated by radia-
tion. In the case of steam and of aniline vapor, the length of the hot
part of the upper wire is sharply measurable, but in the present work
this could not be so satisfactorily done for mercury vapor. Regarding
the mode of heating, there are two methods available: the wire may
either be heated and the twist then applied, or the wire may be twisted to-
the desired amount before heating. The former of these methods elim-
inates the time error, but it is difficult to obtain an accurate reading
for the zero-point, i. e., the scale reading for the twisted system before

1Bull. U. 8. Geol. Survey No. 54, p. 86 et esq., where tile form of boiling tube used is fully given.
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heat is applied. Hence the other method was adopted, in which the
invariability of the zero referred to can be satisfactorily tested before
each experiment. The error is the time consumed in heating the wire,
and in the second part of the observation, the time consumed in cooling
the wire after heating. Special means for cooling were not applied.
When the motion is great, it is desirable to have the index-mirror ad-
justment light, though the device used was not perhaps objectionably
heavy. ”

The immediate effect of heating the upper wire is an expansion of the
system. Hence if the part of the lower fixed brass cylinder %l, along
which the pin ¢ is free to slide, be not plane and true, there will be a
tendency to rotate the system. If, however, the twist be alternately
applied positively and negatively, this expansion error is eliminated by
commutation. This safeguard was invariably applied. 'When the twist °
stored amounts to 1800 for each wire, its sign may often be reversed and
readings may be made without necessarily readjusting the mirror.
For smaller twists the mirror must be readjusted. Larger twists were
not applied because of liability to permanent set of the wire so twisted.

55. The wires used are Stubs’s best steel, hardened and tempered
electrically, as described elsewhere.!

A few words relative to the technical terms used to desxgna,te the
temper of steel may here find place.  Prof. Roberts-Austen? has endea-
vored to give definiteness to the notation by proposing that the opera-
tion by which steel is made as soft as possible (heating to redness with
very slow cooling) be termed ‘annealing”; whereas operations by
which any other degree of hardness between extreme hard and extreme
soft is imparted to steel, be termed ¢tempering”. Trom a physical
point of view I see little importance in such a distinction, except per-
haps that under annealing exceptionally slow cooling is implied—i. e., to
anneal steel, it is essential to cool the hot metal much more slowly,
than is usually necessary in tempering. Otherwise an extreme of soft
state will not be obtained. In general, however, since in any case of
tempering it is necessary to act on a rod of a higher degree of hardness
than the one to be produced, it makes little difference whether the rod
be described as having been tempered at a temperature «, during a
time y, or annealed at a temperature x, during a time y. Sufficiently
slow cooling after the heating is evidently and always understood. In
short the whole process is continuous in character, and a rod tempered
at red heat is virtually annealed. Hence in the present work I have
not thought it needful to discriminate between annealing and temper-
ing, and I use the words interchangeably.

.86. Theory of the apparatus.—In a general way the theory of this ap.
paratus is similar to that given in Chapter I, § 31. There are special
points however to which it is necessary to call attention specifically. In

1Cf, above, Chapter I, § 8 et seq. Also Bull. U. 8. Geol. Survey, No. 14, 1885, p. 29.
2 Nature, vol. 41, 1889, pp. 11, 42, .
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the bifilar suspension the twist helices of the two wires were right handed
and left handed respectively. In the present instance the sign of the
twist is the same throughout its length. Given a continuous straight
steel wire of length L, to which a convenient rate of twist, z, has been
imparted. Consider two right sections whose distance apart is the unit
of length, and let 2¢ be the amount of viscous angular motion of the
first relative to the second, during the given small time ¢, for the stated
rate of twist z. To fix the ideas, let the wire be adjusted vertically, and
provided with an index to register angular motion at a distance I’ above
the lower end. At every section the viscous motion is such, that if the
contiguous parts immediately below the section slide in a given direc-
tion, the parts immediately above it slide, in equal amount, in the oppo-
site direction. -Again, of the two equal and opposite viscous motions
which take place on any section, only the part nearest the index will
influence it. Finally throughout the whole viscous detorsion the twist
is kept constant thronghout the wire in virtue of its elasticity.

In Fig. 21 I have developed the conditions which here obtain, on a
plan similar to that described in § 31. The length of the two wires A
and A’,is shown at fd=U and da=l, re-
spectively, so that af=I+UV=L. Again
¢f=Tp, where T'is the twist for the length
L and p the common radius of the wires.
Hence gf is small as compared with af.
The developed position of the twisted fiber
is shown at ag, so that tan gaf is the twist
T=Lz. Virtually af and ag are equal in
td) length and the position of the index is at

d or the corresponding point of junction b.
Consider the viscous sliding which takes
place on the two end faces of the element-
ary cylinders dx and dz/, distant z and 2/
" respectively from the lower end of the
system. Then in a very short time, the
originally straight fiber abg is changed to
a broken line amnh, hm'n’g. Here mn=
2¢dx, m'n'=2¢'dx’, and bh=dp. If k be
the point of intersection of the broken line amnm'n’g and the straight
line ag, let bk=y. Then an inspection of the diagram shows

P

Fig. 21

2@dz_ 14 29'dx’ U—
Z)t/; yand ""w: Y. Ce )
If for y its geometrical value in terms of L, 1, z, «', ete., be inserted,
and if for brevity 2¢pdz=a and 2¢’dx'=a', the following relation results:

a—da'  2(Ltz—2')—Llata') /a
dp — Ltw—o'—lata)/a ° ° ° ° " ° 2
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Unfortunately this is too complicated for use except where L=21=2V,
or where the two wires of the system are qf equal length with an index
at the point of junction. In this case pde—g@'de’'=dyp . . . . . (3)

57. This premised, the conditions of experiment may at once be intro-
duced. Let the parts of the wire below the index, the parts whose
position is 0 to I be kept at a given constant temperature, and be of
the same temper throughout. Also let those parts of the system above
the index be of the same, or any other uniform temper; but suppose
them heated to different constant temperatures. Thus let the viscous
detorsion between =0 and x=I' be 2¢’; between x=Il' and z=/ be
2@;; between 2=/ and r=«a be 2¢; between r=a and z=L be 2¢;.
The differences @i, @, @; are evoked by differences of temperature of
the parts of the wire to which these data refer, whereas ¢’ may ditfer
from all of these by an increment of temper as well as of temperature,
Then the influence of the viscous detorsion in each of the parts in ques-
tion on the index whose position is z=10' will be in the aggregate

p=ps(f=V)+pla—f+ p(L—a)—@V . . . . (4
Equation (4) results at once from a suitable integration of (3).

In the present chapter @;=@=¢’, since the tempers and tempera-

tures of these parts are alike. Hence
p=(p—@)@=h) « « v e . (B)

It will usunally be convenient to put a—gG=a.

68. If a series of detorsions ¢ be observed at 9, and another series,
&, at O°; if p=q@,F(0) and yp=n /2R (Gaunss’s method of angular mea-
surement), then @)(F(O)—F(0))=(N—n) / KL, where R is the distance
between mirror and scale in ¢m and where N and #» are the scale parts
(cm) corresponding to ®° and 60, respectively. Hence the distance of
the individual curves for ©° and 6° apart varies directly as ¢, This
result, though simple enough, has special bearing on the text below.

59. Digression.—In the interest of certain correction to be applied to
some of my early results, I will inquire what correction is to be applied
when the elastic restitution which accompanies viscous motion, is dis-
regarded. In this case the differential equation corresponding to (3)is

Zl
dl/) =5 ¢dﬂ? e s . . . e . o (3/)
and equation (4) is replaced by
L L '
p=U (fpdna +¢ln% +<p3ln27 -—l¢’ln—l7 e e . )
Equation (5) finally by
¢=Z(¢—¢,)ln% ¢« ¢ " & e e o (5 )

Thus to reduce such data as are given in tables 42 to 51, if calculated
by (5) to data calculated by (5), the factor would be 0-66; for tables 52
to 54, the factor would be 0-78, etc., or in general lna /f.
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EXPERIMENTAL RESULTS. v

60. Residual twist.—The following experiments have an introductory
and suggestive character. Two glass-hard wires with their ends bent
loop-shaped are fastened firmly together at one end of each. The other
ends are twisted z© against each other and also fastened. This twisted
system of glass-hard wires, or system in which a rate of twist of 3° or 6°
has been stored, are then annealed at divers temperatures during stated
times as shown in the tables. The amount of twist lost durin g anneal-
ing is measured by determining the angle between the planes of the
upper and lower loops of each wire before and after annealing., A gal-
lows arrangement by which a needle is suspended over a divided circle
by the steel wire itself is used for measurement.

The tables contain the number, length (L) and diameter (2p) of the
glass-hard wires used for each couple; also the temperature and the
time (%) in hours, during which the couples are annealed. They con-
tain, furthermore, the amount of viscous detorsion (4, 4,) or twist lost
during annealing, for each of the times specified, and each of the wires;
finally, the amount of twist stored in each wire of the system. This
amount is equal to the twist nominally applied, minus the angle be-
tween the plane of the loops. Allowance is made for the amount of
permanent set produced by mere manipulatory twisting of the cold
wires. When this exceeds 109, the 4 is discarded. The error of an-
gular measurement is probably not greater than a few degrees,

In the second part of the table the wires § and 7' are soft.

TABLE 41,—RESIDUAL TWIST. Rops GI.ASS-HARD.

]

No. Ann:taled 3 4 A, Twist.
Aand B 1000 000 00 — '1800—7°
L=3Im 1-08 570 —
2p=0"082cm 2:08 64 —_

358 70 -
Cand D 1000 | 000 —_ —0-0 180°—10°
Iy=3]em 0°17 - —36°
2p = 0082 0-67 — —64
200 — —70

Eand F 190° 0-00 —_ —0-00 1800—25°
Li=31em 010 —_ —123°
2p =0-82em 080 - —153
G and H 1900 000 —_ —0.0 180020
L=3]™ 010 — —104°
2p =10-082cm 1:00 — —130
TandJ 1900 0-00 0 [} 90°—10°
L=3]o= 008 |. 390 520
2p=0-082m 1-20 57 69
Kand L 36u° 0°00 0 0 1800—20°
Li=31m 030 1660 1480
2p==0°082cm
Mand N 3600 000 ~ 0 0 180°—10°
L=31m 030 1800 1660
2p==0082cm
Qand P 3600 000 |- 0 0 90°—8°
L==31m 030 770 710
2p =0082em

and R 3600 0:00\ [] 0 180°—8°

=3 030 1560 1650
2p =0043m —_
Sand T 360° 000 v 0 1800—29
L=31om 0-30 480 540
2p=10°043

et
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61, This table contains results which may be expressed as follows:
the viscous detorsion produced by the action of any temperature on a
twisted system of glass-hard steel wires, increases at a rate gradually
diminishing through infinite time, diminishing slowly in case of low
temperatures (<1000), rapidly at first and then again slowly at high tem-
peratures (>200°); so that the residual twist corresponding to any given
temperature is reached asymptotically. Moreover, the strain carried
by the glass-hard twisted system is almost completely annulled when
the temperature at which annealing takes place exceeds 350°. These
results are strikingly similar to the thermoelectric effect’ produced by
annealing glass-hard steel, that the present purely mechanical result
may safely be used to interpret the electrical result: in both experi-
ments we observe strains disappearing under like conditions.

The table contains another important result: by comparing the second
part of the table with the first, it appears that the effect of temperatu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>