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1.

The following thesis is an account of researches which
have been carried out during the past four years in the
Physical Institute of Glasgow University. These researches
511 deal with the general subject of the magnetisation of
iron and various steels, but the following special branches
of the subject have been particularly investigated:-

(a) The influence of temperature on the magnetic properties
of a graded series of carbon steels. |

(b) The effect of thermal treatment and the effect of
longitudinal strain in inducing a sensitive state in
certain magnetic materials.

(c) The magnetic properties of a graded series of chrome
steels at ordinary and low temperatures, and

(d) The permanent magnetism of chrome steels.

Under thess four headings therefore, I shall describe

the work.



2.

(a) On the Influence of Temperature upon the Magnetic
Properties of a Graded Series of Carbon Steels and the
Presence of a Transformation Point in the Neighbourhood
of 200° C.

The magnetic properties of iron, steel, nickel and
cobalt, at moderate and high temperatures have been investi-
gated by numerous experimenters, perhaps thg most notable
work being that carried out b%?ﬁopkinsoﬁ*;‘ﬂl Curie+; and
D.K. Morris:. Hopkinson emplbyed the ring method of Rowland,
insulating the windings from each other by means of asbestos,
and deducing the temperature from the electric resistance
of a platinum wire wound upon the specimen. He obtained
magnetisation curves, at temperatures lying between ordinary |
room température and the critical temperature of the material,
for soft iron, mild steel, hard steel, nickel and cobalt. ’
In the case of soft iron he found that, for low valves of the
magnetising force, the effect of increasing the temperature
was to bring about an increase in the permeability, and as the
temperaturse approached the critical temperature of the
material this increase became very large. For a value of the
magnetising force of 0.3 c.g.s. units the permeability was
about 400 at room temperature; as the temperature was raised
the permeability steadily increased, and at 600°C had attained
a value of 900. From this point on, the increase in permeabil-

ity with temperature became more rapid; at 700°C. the

* Phil.Trans.Roy.Soc.,1889,A,p.443. V' Journ.de Phys.Vol.V.
p.289, 1895.

+
+Phil .Mag.Vol.XLIV.p.213,1897.
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permeability was about 1900, at 750°C, it had the value 4000,
and at 775° it reached the maximum value of 11,000. Further
heating brought about a very rapid loss of magnetic quality,
and at the temperaturs of 790¢the iron had become practically
non-magnetic. At this temperature its permeability was about
unity.
For large fields the permeability remained practically constant
until a temperature of 600°C was reached; there was then a
steady falling off in magnetic quality as the temperature rose.
to 790°C., when the iron became practically non-magnetic.
Specimens of mild and hard steel exhibited much the same general
behaviour, increase of temperature increasing the permeability
for low fields and diminishing it for high fields.
In 1895 an important paper on the magnetic properties of irom,
nickel and cobalt at different temperatures was published by
M. Curie”™ who employed fields up to 1350 g.g.s. units and
temperatures extending from room temperature to 1400°C. He found

the critical temperature of iron to be 760°C which is somewhat
lower than Hopkinson's value, and he showed also that as the
temperature is further increased the permeability remains
practically zero up to 1300°C. when there is an abrupt increase
in magnetic quality, indicating the existence of a further |

transformation point.

X Journ. de Phys. Vol.V. p.289, 1895,
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In Hopkinson's work, and in that of many of his successors
the procedure adopted was as follows:- The ring specimen was
first heated up above the critical temperature, and allowed to
cool to the temperature at which it was desired to Earry out a
test; the cooling was then arrested, and the test carried out
by the method of reversals. The specimen was next submitted
to the action of an alternating magnetic field of gradually
diminishing strength, and thus, the initial value of this field
being great and the final value zero, the specimen was left
devoid of residual magnetism and magnetic history. The specimen
was now allowed to cool by a sultable amount, when the ccoling
was again arrested and a further test carried out; and so on.

In this way a series of magnetisation curves corresponding to
various temperatures was obtained, and from these permeability -
temperature curves corresponding to different fieldg strengths
were deduced.

It is to be carefully noticed in connection with what follows
thatLFhe sp;é{m;ﬁ“was[;u%Qiitad to the action of the alternating
magnetic field (in what follows I shall refer to this process,
by means of which the specimen is rendered neutral, as a

"process of reversals") after and not before each test with its

preliminary thermal change. Thus a change in temperature

intervened between each test and the previous application of the
process of reversals.

Now it is not generally known that purely thermal
treatment, no matter what temperature is reached in the process,

develops in the specimen a peculiar state which renders additional
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precautions mecessary. The bearing of this fact upon magnetic
testing has been investigated by Dr. J.G. Gray*eand Mr. A.D.
Ross who have shown that,in order that a magnetisation curve
yielded by a specimen at a particular temperature (fo11owing
upon a temperature change) should be characteristic of the
material at the new temperature , it is necessary that the
specimen should,before being tested be submitted to a process
of reversals at the new temperaturs.
The importance of attending to this point will be evident from
the following results, which were obtained on testing a specimen
of hard steel by the magnetometer method. The specimen was
first tested at room temperature after having been rendered

neutral, when the following readings were obtained:-

Magnetising current In amperes | 0.2 | 0.4 | 0.6 [ 0.8 TI.0 JI.5|

Magnetometer deflection 32 73 | 117 | 167 %221 365

The specimen was now submitted to a process of reversals at
15°C.; the temperature was then raised to 105°C., and a further
test carried out with the following results:-

Magnetising current in amperes | 0.2 |0.4 |0.6 |0.8 Tl.O }1.5
Magnetometer deflection ‘| 40 |88 |[139 {195 [253 f410

Finally the specimen was submitted to a process of reversals

at 105°C., and retested at that temperature, and the results

* "On Magnetic Testing," Phil. Mag., Jan.1911.
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now obtained were as follows:-—

Magnetising current in amperes 0.2}10.4]1 0.6{0.8]1.0 1.4
Magnetometer deflection 361 791 127 | 183 | 240 59A

It will be seen that a magnetisation curve yielded by the specimen
at 105°C. following upon the application of the process of rever-
sals at 105°C. lies everywhere below the curve yielded by the
specimen at 105°C. following upon the application of the process
of reversals at 15°C. The former curve is the true magnetisation
curve of the material corresponding to 105°C. If the latter
curve is taken, the errors introduced into the results are very
considerable,

If the temperature of a test-specimen is changed and a test
carried out without first applying the process of reversals at

the new temperature, the magnetisation curve obtained depends

not only on the new temperature, but also on the thermal change
effected. The magnetisation curve yielded by a test following
upon a process of reversals carried out at the new temperature
depends only on the temperature of the specimen.

In 1897 D.K. Morris*repeated Hopkinson's work for Swedish
soft iron. His experiments differed from those of Hopkinson
mainly in the fact that previous to the carrying-out of a test
at a particular temperature, the specimen was submitted to a
prbcess of reversals at that temperature. The magnetisation
curves employed by Morris in constructing his permeability-tempera-
ture curves are therefore the true magnetisation curves for the

X Phil. Mag. Vol. XLIV. p.213, 1897.




7.
material at the various temperatures, but he does not point out
in his paper that it is essential that the process of Teversals
should be carried out at the particular temperature at which it
is desired to test the specimen. Morris's work agreed with that
of Hopkinson in showing that,for small or moderate magnetising
forces,heating the specimen resulted in a general improvement of
the magnetic quality. His experiments also showed however that
for small field strengths the permeability-temperature curve
passed through several maximum and minimum points before the
critical temperature was reached, and he verified the existence,
first pointed out by,éﬁ Curie, of a transformation point at a
temperature considerably above the critical temperature. The fact
that turning points occur in the permeability-temperature curves
indicates that as the temperature is increased the crystalline
structure undergoes modificétiona;and Morris' work showed that
for iron, in addition to the main critical point, there are at
least three further such points lying between room temperature
and the critical temperaturs.

In view of the above facts then, it seemed of importance
to repeat Hopkinson's work on steels (1) in order to obtain the
true magnetisation curves for the material at the various tempera-
tures, and (2) to find whether there is any indication in steels
of the presence of such transformation points as Morris found in
iron.

Accordingly a series of specimens containing varying amounts of
carbon was obtained from Messrs Armstrong,Whitworth & Co.Ltd.,

together with specimens of very pure soft iron for comparison.
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These steels form a suitably graded series extending from mild
steel, through medium carbon steel, to high carbon steel and

cast-iron. The following table gives their compositions:-

Table I.
Composition of Steels tested

Description of Material Percentage Composition,
c. up, | si. ' . 8.
Cast Iron 3.15 | 0.15 0.13 ; - | -
High Carbon Steel 1.64 0.13 0.85 ; 0.02 0,02
Medium Carbon Steel 0.80 0,20 0.075 0,012 0,02
Low Carbon Steel 0.30 0.60 Trace| 0.025 0,03
Soft Iron 0.06 | 0.10 - -

The s$pecimens were supplied in the form of cylinders 20 cms. in
length and 0.9 cms. in diameter. Previous to being tested each
specimen was carefully annealed from ¥900°C. in a Fletcher gas
furnace, precautions being taken to prevent oxidation. For the
magnetic tests a Gray~Ross magnetometer"provided with the newest
type of electric furnacérwas employed. The furnace was contained
within the magnetising coil of the magnetometer, and by its means
the specimen could be brought to any desired temperature while
under the influence of the magnetising helix. The furnace was
eir-tight, and consequently there was no possibility of the carbon
teing burnt out of the specimen.

>Proc Roy.Soc.Edin. Vol., XXIX. p. 182, 1909.

1t Proc.Roy.Phil.Soc.Glasg., Vol. XII, 1910.
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The measurement of the temperature of the test-piece in the
furnace was at first carried out by means of a platinum
platinum-iridium pyrometer,which was placed in the furnace along
with the specimen,and was connected up in series with a galvanom-
eter and resistance box. This pyrometer was standardised by
comparison with a standard Cambridge pyrometer marked to read
temperatures in degrees Centigrade, but a later comparison was
found to give rather different results - the same galvanometer
deflection corresponding to temperatures differing in some cases
by nearly 20°C. The galvanometer method was therefore abandoned,
and the standard Cambridge pyrometer itself was used to determine
the temperatures. To limit as far as possible any error in read-
ing the temperatures, the readings of this pyrometer were checked
by inserting it successively in steam, in melting lead, and in
melting aluminium, and comparing its readings with these known
fixed temperature points. The pyrometer readings were found to
be a 1little lower than the true values, and corrections were
accordingly made.
After the specimen had been annealed as described above, the
procedure was as follows. The magnetometer having been adjusted,
the test-bar was placed along with the pyrometer, in position
within the electric furnace in the solenoid. By means of the
furnace the specimen was brought to the desired temperature, and
was then submitted to the process of reversals and tested, the
temperature being maintained constant throughout the operations.
The temperature was then changed to a new value and the procedure

repeated. In this way a series of magnetisation curves was
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obtained, characteristic of the specimen at various temperatures
intermediate between room temperature and the critical temperature
of the material under examination. From these curves susceptibil-
ity-temperature curves were then constructed corresponding to
various definite values of the magnetising force. In deducing
the effective field strengths from the applied.field strengths

*

the demagnetising factors investigated by Du Bois were employed.

Discussion of results obtained.
Cast Iron - Table 2 below gives the results obtained orn test-
ing a specimen of cast iron at various temperatures between room
temperature and the critical temperature, and the corresponding

curves are shown in fig.i.

Table 2. Fig.i.
Cast Iron. Data for I-H Curves.
iTemp. of test. 15%c.| 15490, |3320¢.| a600¢|6160¢ |6830C 729°cIr1§§3_q.
H. I. I. I. I. I. | I. I. I.
2.5 13.2 | 18.4 15.2 | 19.2| 38 |52 |52 |6.4
5 32.6 | 48.2 38.2 | 50.2| 84.5|99.5 |76.4 h8.4
7.5 .60 100 69 89 |120.2i121.6 |87.8 |19
10 94 162.2 101.4121.8 |142.6 1346 |95.8 | 24.8
12.5 135 |228.2 | 130 [145 |157.6 145.6[102.8 |30.5
15 180.5|307 152.21162.8 |168.4 1546 5108.4 35.2
| f; 4

As the temperature increases up to about 150°C there is a very

marked improvement in magnetic quality for all fields within the

range examined, but by the time the temperature has reached 330°C
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a remarkable falling off in quality has taken place. With
further increase of temperature however an improvement again
takes place, and continues for very low fields until a tempera-
ture of 730°C is reached - a maximum for higher fields being
reached at correspondingly lower temperatures. Any increase
in temperature above that point results in a rapid falling off
in quality for all fields,and by the time a temperature of 790°C
is reached the intensity of magnetisation is practically zero.
From the curves of fig.i only a rough approximation to the
susceptibilitgwtemperature curves could be obtained owing to the
intervalugllowedwtgngigpgs\between the temperatures at which
tests were made, and accordingly,to determine the form of the
latter curves in the neighbourhood of the drop,a further series
of tests 355@ made at intervals of about 500C., until a tempera~-
ture of %5000. was reached, by which time the behaviour of the
specimen was again normal. From the curves obtained from this
series of tests and the curves of fig.i., the susceptibility
(k = é) at various temperatures was calculated for different
values of H. The results obtained are shown in Table 3 and also
graphically in fig.ii. |

Table 3. Fig.ii./



12.
Table 3. Fig.ii,

Cast I;gg. Date for K -t Curves
Field 2 5 . 8 10 12 14
Temp . K K K K K K
15°C| 5.2 | 6.5 8.4 9.4 10.5 11.6
154°C| 7.1 ] 9.6 14.1 16.2 17.8 19.8
206°C| 6.7 | 9.1 |16.5 17.2 17.2 16.9
2579C| 5.4 | 6.9 8.6 10.3 11.5 11.7
283°C| 5.6 | 7.0 8.7 9.6 10.0 10.3
6400C | 15.5 |18.1 16.1 14.3 12.8 11
730°C | 21.6 |15.3 11.2 9.6 8.5 7.6
766°C | 2.6 | 2.5 2.4 2.4 2.3 2.2

As the temperature increases from 15°C to 180°C,the suscept-
ibility of the material for field strengths extending from

2 to 14 c.g.s. units steadily increases. At the latter
temperature the slope of the curve diminishes rapidly; a
maximum value is reached in the neighbourhood of 190°C., and
the effect of further heating is to bring about an abrupt
diminution in magnetic quality. The susceptibility arrives
at a minimum value between 240°C and 270°C, the exact tempera~
ture differing with different field strengths, and after that
point the curve again slopes steadily upwards until the
temperature reaches 600°C., when a gradual decay of susceptibil-
ity for higher fields sets in. For lower fields however the
susceptibility continues to increase,till the temperature is

over 700°C. when a sudden fall takes place,and when the
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temperature reaches 790°C,the susceptibility is practically

zero for all fields.

It will thus be seen that for cast iron there is a transforma-

tion point in the neighbourhood of 200°C.

Further an inspection of fig.ii shows that,while the maximum

on the susceptibility curve in the neighbourhood of the critical

temperature is more marked for low fields than for high ones

(as is usually the case), the maximum in the neighbourhood of

200°C is more marked for high fields than for low ones.

High Carbon Steel. — The results yielded by the specimen of

high carbon steel are shown in Table 4 and Fig.iii.

The

behaviour under test of this specimen appeared at first sight to

present some marked contrasts to that of cast ironm.

The I

-H

curves (Fig.iii) obtained at temperature intervals of about

150°C are almost normal in appearance,

Table 4. Pig.iii.
High Carbon Steel. Data for I-H curves.
[Temp.of test. 150C.| 195°C| 360°C{ 514°C|.6010C{683°C|7120(1.745°C.
H I I I I I 1 I
5 73.8 [113 |137.8 | 200 p26 |251 |272 |40.4
10 99 361 |[385 448 ¥66.4 |456.8/420 | 71.2
15 36.8 . 538.2 |532.6 |549.8 B32.8 [514 [451 | 99.6
20 6.8 616.6 |591.6 |[595 69.8 [537.2|469 [126.5
25 28.2 658.2 |632 627 99 556 |486 [152
30 68 686.2 |657.2 |647.2 %17.4 572.6 [496.4 173.8

that is to say, while the

saturation value of the intensity at




14.
first increases (for fields not greater than 40 c.g.s.
units) as the temperature rises to about 2000C., succeeding
rises in temperature result in lower saturation values,
while at the same time the magnetic quality for low fields
is improved. The only irregularity is in the curve for
360° which, while both starting and ending, as it normally
would, between that for 195°C. and that for 514°C., lies,
at the crossing of these curves, below them both instead
of, as might be expected, above them. In the neighbourhood
of the crossing then, i.e., for fields of 15 to 20 c.g.s.
units,there is a drop in susceptibility about a temperature
of 360°. An examination of the figures in Table 4 shows
this irregularity very clearly, the intensity of magnetisa~-
tion for fields 15 and 20 c.g.s. units being less at d
temperature of 360°C than at either 195°C or 514°C. The
presence of this slight irregularity, together with the
behaviour of the cast iron specimen,and of some other
specimens subsequently examined, suggested the advisability
of a repetition of the tests for low temperatures at smaller
intervals, and it was found that,as in the case of cast iron,
a falling-off in magnetic quality,and therefore a drop in
susceptibility,occurs between 200°C. and 300°C.
As the values of the susceptibility given in Table 5 and the

Table 5. Fig.IV./
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Table 5. Fig.IV.

High Carbon Steel. Data for K-t curve
Field 1 5 10 15 20 30
Temp. K K K K K K
150C 14.7 | 19.9 22.5 | 22.8 18.9
2120C 12.6 23.3| 37.7 « 36.3 | 31.3 23.1
240°C 12.5 23.7 | 38.2 34.8 | 29.3 21.4
2720C 11 22.3 | 34.7 34.4 | 28.8 21.6
6000C 26.9 45 46.6 35.6 | 28.6 20.7
712°C 62 54.4 | 42 30.1 | 23.5 16.6
745°C 10 8.1 7.1 ) 6.6 6.2 5.8

corresponding curves (Fig.IV) show, the maximum occurs for
all fields in the neighbourhood of 210°-230°C., and the

minimum between 250°C. and 270°C., the drop being covered

by a smaller range of temperature than in the previous case,

and also being much less marked.

Beyond 300°C. the curves

are perfectly normal, and illustrate well the great improvement

in magnetic quality which takes place for low fields before

the final drop.

For a value of the magnetising force of

5 c.g.s. units for instance,the magnetic quality at first

steadily increases with the temperature to a maximum of about

23 c.g.s. units in the neighbourhood of 230°C.; from 230°C. to

270°C it diminishes and, from this point on, it steadily

increases reaching a second maximum of 55 c.g.s. units at

about 730°C.; further increase of temperature brings about a

rapid diminution in susceptibility,and the material becomes
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non-magnetic at about 770°C. For H = 30 c;g.s} units again,
the curve slopes upward until the temperature becomes 220°0C.
after which there is an abrupt falling-off in magnetic quality
succeeded by an abrupt increase, and a second maximum is arrived

at when the temperature reaches 300°C. From 300°C. to 500°C
the susceptibility remains practically constant; from 5000C to
700°C there is a gradual falling-off in magnetic quality, and
finally the susceptibility becomes zero at 770°C.

It will be seen that the susceptibility-temperature curves for
this high carbon steel present precisely the same general
features as those which characterise the specimen of cast iron.

Medium Carbon Steel. Medium carbon steel, with which also

two .sets of tests were made,shows similar properties. Some of
the results for this specimen are shown in Table 6 and the
corresponding curves in Fig.V. As the temperature rises to
150°C an improvement in magnetic quality takes place; and this
is followed by a falling off,and then a further improvement as
the rise in temperature is continued. The improVement in

quality for low fields continues till a temperature of 700°C is

Table 6. Fig. V. /
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Table 6., Fig, V.

Medigg Carbon Steel. Data for I-H curves.
emp.of testi 14°C| 152°C.| 300°C| 485°C. 597°C.| 682°C.] 708°C.| 741°C}|
H I I I I I I I I
2.5 20 27 23 | 31.3 | 49 61 44.5 | 12.5
5 51.5 | 71.5 | 65 | 83 122.5 {162 74.5 | 23.5
7.5 101 {141 126 [166 211 |242.5 |105.5 | 32.5
10 171 [220.5 |190 |[238 283.5 293 |134 41
12.5 257  |306 259  [301 335.5 |324.5 | 161 49.5
15 348  |380 322 346 361 |342 186 59

reached, while for higher fields the maximum is attained earlier.

As the temperature is further increased the fall becomes very rapid,
and the specimen becomes practically non-magnetic at a temperature
of about 760°C.

The values of the susceptibility obtained from the curves of Pig.V
and others are shown in Table 7, and the susceptibility-temperature
curves for the particular fields chosen are given in Fig.VI. These
curves show, for all the fields considered, a drop in susceptibility
of about the same magnitude as that shown for high carbon steel.

The maximum in this case occurs about 180°C. and the mimimum about
220°C., the bend in the curve thus occurring at a lower temperature
than in the cases of the specimens of cast iron and high carbon
steel. For H= 2 c.g.s. units the susceptibility first increases

till a value of 10.8 c.g.s. units is reached, then decreases to
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7.9 c.g.8. units and after that increases again to a second

Table 7. Fig.VI.

Medium Carbon Steel. Bfiac§%$ee.

Field 2 6 10 14
Temp. K K K K

15°C 7.4 11.6 17.1 22.5

1720C 10.8 16.5 22.4 25.7

212°C 8.8 14.2 17.6 20.5

3000C 8.7 14.8 19 21.2

680°C 23.1 33.4 29.3 24

704°C | 34.6 17.2 15.2 13.6

740°C 5 4.6 4.4 4.2

maximum of about 35 c.g.s. units. When H =14 c.g.s. units, the
susceptibility attains a maximum value of 25.7 c.g.s. units,after
which it falls off to 20.2 c.g.8. units, and then increases again,
this time however only to rise to 25.6 c.g.s. units. Thus we 8ee
again that while the maximum in the neighbourhood of the critical
temperature is better defined for low fields than for high ones,
exactly th;‘reverse is the case for the maximum earlier in the

temperature rangs.
Low Carbon Steel. A similar examination of a specimen of low

carbon steel gave results, some of which are shown in Table 8.
The values of the susceptibility for various fields and tempera—

tures, derived from these and other readings, are given in Table 9.
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Table 8.
Low Carbon Steel. Data for I-H curves.
Memp.of test.| 15°C.|1670C, 327°C.} 471°C.| 6020C .| 702°¢ .| 738°C.| 780°C|
H I I I I I I I I
2 57 71 77.6 | 86.2 | 100 |132 |137 | 8.4
4 161.2| 180.5 193 208.5 ! 228.5| 260 | 185.8 [15.8
7 326 | 368 |38 |392 408.6|446 |238.4 | 26
Table 9. FigM.
Low Carbon Steel. gf%acggges
_Field 2 4 7
Temp. K K K
150G 28.5 40.4 46.6
100°C 35.3 45.2 52.5
140°C 34.4 44 .4 52.4
602°C 49.4 57.1 58.3
702°C 65.8 64.7 63.7
7380C 68.6 46.6 34.5 3
773°C 7.5 7.0 6.6 ;
|

An examination of these tables,and also of the susceptibility-

temperature curves in Fig.VII, shows that ,while a drop in

susceptibility again appears,it is much less marked than before,

and also occurs at a lower temperature, and within a smaller

range, — the maximum in this case occurring at a temperature of

about 110°C. and the minimum in the neighbourhood of 140°C.

For
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temperaturet higher than this the behaviour of the specimen is
normal, the improvement in magnetic quality continuing for moderate
fields until a temperature of 740°C is reached ,when there is a
decided drop in intenwity for fields above 2 c.g.s. units, though a
continued improvement for lower fields. At a temperature of 770°C
the fall is marked for all fields,and at 780°C the critical tempera-
ture is practically reached.

Soft Iron. - The next specimen examined, a bar of soft iron,

appears, as the figures in Table 10,and the other tests carried out

show, t0 be normal in its behavour, each I-H curve as the temperature

Table 10.
Soft Iron. Data for I-H curves.
ITemp .of test.] 18°C.f 170°C.| 349°¢C.| 505°C.| 639°C.| 6900C.| 761°C.
H I I I I I I I
4 175 | 205 219 | 225 |242 |277 266
8 416 456 467 {473 494 | 526 323
12 661 697 705 |710 |702 |694 341
16 815 829 814 |797 |779 763 358
20 go1 880 | 858 |840 830 |809 373
Mo e R T T T T T T g

.

; [ S X st . -
o ga P £ - . ; Loe g
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is raised’étérfiné'éboVé énd enéing beidw fhe.pfé;idﬁé one; the
maximum intensity being reached for low fields at a temperature of
about 740°C and for higher fields at lower temperatures. At 760°C
the magnetic quality has fallen off considerably for all fields and
at 785°C the specimen is practically non-magnetic. The values of

the susceptibility given in Table 11 show no indication of a set-back

e
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Table 11, Pig. VIII.

Soft Iron. Data for K-t curves.

Field 4 7 10 12 15 20
Temp. K K K K K K
18°C. 43.8 50 54.4 55.1 52.2 44.6
170°C. 51.5 55.1 58.6 58.1 53.6 44
349°C. 55 57.4 | 59.7 58.8 52.9 42.8
5050C. 56.3 58.3 60.8 59.2 52.0 42
639°C. 60.3 61.4 62 58.5 50.8 41.5
690°C. 69.3 | 66.1 63.9 57.8 49.8 40.4
761°C. 66.3 | 45.1 33.4 28.3 23.6 18.7
785°C. 2.4 2.4 2.4 2.4 2.4 2.4

in the susceptibility before the final drop near the critical
temperature, and readings taken at much closer intervals only
serve to show that the behaviour of this specimen differs in this
respect from the rest of the series examined. The susceptibility—
temperature curves are shown in Fig. VIII,and it is to be noted at
this point that no attempt has been made to obtain results for
very low fields,below say 1 or 2 c.g.8. units. What is the case
for the fields examined is therefore not necessarily true for very
low fields, and the contradiction between the results for soft
iron given above and those previously mentioned as obtained by
Morris is only an apparent one, the permeability-temperature
curves found by him to have several turning points between room
temperature and the critical temperature being the curves belonging

to values of the magnetising force less than 2 c.g.s. units.
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In the following table, Table 12, the most important of the
preceding results are collected together for the sake of comparison.
In the table, T1 is the temperature at which the first maximum
appears in the susceptibility-temperature curve,and Tg is the

temperature at which the first minimum appears.

Table 12.
e ot | tremmese| n "2
Cast Iron 3.15 180°C-200°C. | 240°C-270°C.
High Carbon 1.64 210°C-230°C. | 250°C-270°C.
Medium Carbon 0.8 180°C 220°C.
Low Carbon 0.3 110°¢C 140°C.
Soft Iron 0.06 - -

Comparing first the temperatures of minimum susceptibility,we see
that, while that for cast iron and that for high carbon steel are
almost the same, that for medium carbon steel is lower than either,
and that for low carbon steel is lower still. Also, the range
of temperature within which the bend takes place, which varies from
about 65°C in the case of cast iron to 30°C in the case of low carbon
steel, tends to become smaller as the percentage of carbon diminishes.
Again,comparing the magnitude of the drop in the various cases in
the neighbourhood of 200°C., we see from the figures showing the
susceptibility-temperature curves that that for high carbon steel

is much less marked than that for cast iron. The drop for medium
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carbon steel is practically the same as that for high carbon steel,
but that for low carbon steel is less marked still. For soft iron
there is no bend in the curve at all for fields above 2 c.g.s.units.
In general then,it would appear that,as the percentage of

carbon in a carbon-steel diminishes, the drop in susceptibility in the
" neighbourhood of 200°C becomes less marked, occurs within a smaller
range, and is over at a lower temperature, and when the percentage

of carbon is as low as 0.06% the drop is no longer perceptible.

In order to determine whether this transformation point is a peculiar-
ity of carbon steels or not, two other specimens were submitted to
tests in exactly the same way as those already discussed, namely,

an aluminium steel containing 2.3% of aluminium, and a tungsten steel
containing 4% of tungsten.

Aluminium Steel. - In the behaviour of the specimen of aluminium
steel, which was examined only for fairly low fields up to about 8 c.g.s
units, (see Table 13), there is the same peculiarity as that exhibited
by those first described. An improvement in magnetic quality as the
temperature is raised to 150°C is followed by a drop at a temperature

Table 13. |

Aluminium Steel Data for I-H curves.
Temp.of test.| 17°C.|1559C| 331°C| 464°C.| 586°C} 636°C.| 683°C.| 719°C.

H I L I I I I I I
2 66 66 60.5 | 77 104.5}113.5 59 11
4 157 160 |151.5 |180 218.5 |239 101 22
7 297 319 312 346 409 K33.5 (158.5 | 38.5
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of 330°C,after which an improvement again sets in, which continues
for moderate fields until a temperature of about 670°C. is reached.
As the temperature is raised above that point the intemsity of
magnetisation begins to fall off, and becomes zero at about 770°C.
The susceptibility, as the results contained in Table 14 and the
corresponding susceptibility-temperature curves in Fig.IX show,
reaches a maximum value in the neighbourhood of 160°C, and falls
to a minimum at about 270°C, the bend in the curve thus covering

a fairly long'range, though the total drop in susceptibility is small.

Table 14, Pig, IX,

Alumi Steel.Data for K-t curve
—_Field | 2 _
Temp., K K K
15°C. 33 39 .4 42.4
155°C. 33 39.4 45.6
275°C. 28.9 36.4 43.3
331°C. 30.3 38 44,4
636°C. 56.9 59.6 62
' 683°C. 29.8 25.3 22.6
720°C. 5.6 5.5 5.4

Tungsten Steel- The results obtained on testing the specimen of

tungsten steel are shown in Tables 15 and 16 below, =and in the
susceptibility-temperature curves of Fig.X.

Pable 15./
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" critical temperature.

‘f;These results show no indication of a

Table 15.
— sten Steel. Data for I-H curves.
|Temp.of test.| 14°C. 155003 332°C.] 471°C.[616°C.| 672°C, {704°¢C {737°C,
H. I I I I I I I I
2 9 14 22 33 50.5 | 70 70 9
5 47 69.5 | 100 |127.5 [184.5 {219 130 | 23
8 118|171 |216 |254.5 |320 (324 66 |37
Table 16. Fig.X.
Tungsten Steel. thé;zgges.
Field 5 8
Temp . K K K
15°C 4.6 9.4 14.7
165°C 6.9 13.8 21.4
.3320C 11 19.9 27
672°¢C 35 43.8 43
704°C 34.8 26 20.8
7370C 4.5 4.5 4.5

set-back in magnetic quality

by . * M
{ early. in the range, the susceptibility increasing to a maximum as

' Kthe temperature is raised, and then falling off rapidly near the
i

The intensity of magnetisation continues to

improve for moderate fields till a temperature of nearly 700°0C is

reached when it begins to fall off.

At a temperature of 740°C the
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intensity is small, and the specimen becomes practically non-magnetic
at a temperature of 785°C.
No further steels were examined in this connection as the results
obtained from these two, the aluminium and the tungsten, were
sufficient to show (1) that a transformation point below the critical
temperature of the material is not a peculiarity of carbon steels,
the presence of one being indicated in the aluminium steel also,
and (2) that, as the behaviour of the tungsten steel shows, such a
transformation point does not appear to be present in all steels.

In concluding my account of this part of my work I would remark
that I have not detected any indication of the presence of a
transformation point for steel in the neighbourhood of 200°C. in the
curves obtained by previous workers in magnetism. It may appear at
first sight rather remarkable that these bends in the curves apparent-
ly so definite have not been previously noted, but, when the fairly
narrow limits within which the bend takes place are considered, it
is perhaps not surprising that it should have been overlooked by
workers whose attention was after all concentrated rather on the
effects of the higher temperatures nearer the critical temperature.
In the work of HOpkinson’ealready referred to)for instance,no tests
were made between room temperature and 300°C, and in the case of
hard steel the lowest temperature above room temperature at which
a test was made was 511°C. When this work was begun by the present
writer too, and curves were taken at temperature intervals of about

1500¢, it was only in the case of two of the steels that there was

X Phil. Trans. Roy.Soc., 1889, A p.443.
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any definite indication of the existence of a bend, and it was only
when the work was repeated at temperature intervals of about 50°C.
that it was found to be present in nearly every case.
It also appeared to be possible that another reason for the detection
of the bends in this case might be found in the cdnditions under
which the work was done,- namely, the careful removing,before each
test was made,of the peculiar condition of sensitiveness to magnetis-
ation, which has been already discussed, and which is brought about
by change of témperature, and accordingly it was decided to make an
extensive investigation into the amount of sensitive state induced
by different thermal treatment, especially that produced by rises
of temperature in the neighbourhood of the bend. If the sensitive
state in the neighbourhood of the minimum point was found to be very
much more marked than at other parts of the curve, it could be assumed
that in previous work the presence of the sensitive state had been
sufficient to mask the bend in the curve. Before going on to
describe that work however, it may be as well to state here, what I
shall show more fully later, that such was not the case — the presonce;
of sensitive state tending to make the first maximum more pronounced %
rather than the minimum less so. The first suggested explanation |

must then be taken a8 the true one, and it seems to be sufficient to

cover the facts.
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(b) The Effect of Thermal Treatment and the Effect of
Longitudinal strain in inducing a Sensitive State
in certain Magnetic Materials.

In discussing the method of procedure employed in obtaining
I-H curves at various temperatures for a series of carbon steels,

I have mentioned the peculiar state of sensitiveness to magnetism
which is brought about in a specimen when it is heated. So far,
this peculiar condition has been regarded simply as a source of
error, and the only concern with it has been to see to its complete
removal. Circumstances already mentioned owever, pointed to the
desirability of a careful investigation of the phenomenon, and such
an investigation I accordingly decided to undertake.

The presence of this effect was first detected and partially
investigated by Ewingat who found that a specimen of steel freshly
annealed gave, on being submitted to a magnetic test, an I-H curve
which, for low and moderate fields, lay entirely above the normal
curve of the specimen; and further that a hysteresis curve taken
with the specimen in the freshly annealed condition did not form a

closed loop, and was moreover not symmetrical. .

In Ewing's experiments, and in those of Searle and Bedford”, who
have also investigated the effect to some extent, the specimens in

the form of long wires were annealed by passage through a bunsen

* Phil. Trans. Roy.Soc., 1885, p.570.
i‘Phi.ll.. Trans. Roy.Soc., 1902, p.70.




29.

flame, and thus only a rough estimate can be formed of the temperature
to which the specimen was raised. Thistemperature has since been
shown by Gray and Ross’i'who have done a great deal of work in this
connection, to be a very important factor in the case. These
experimenqg have also shown that even a small change of temperature
is sufficient to induce this "sensitive state", as they have called
it, and that the effect is produced By change of temperature only,
not by prolonged =2xposure to any temperature, high or low. It has
also been shown by Gray and Ross that, when once the sensitive state _ -
has been induced in a specimen, it cannot be completely got rid of,
except by submitting it to a demagnetising process, though,as the
full curve &f Fig.XI., reproduced from one of their papersf shows,

even one reversal of the field may very considerably diminish it. |
This curve O A B C D E is the hysteresis curve obtained on testing a |
specimen of hard steel which has been annealed from 900°C, the field
employed being gradually increased from O to 9 c.g.8. units, then
gradually diminished from 9 c.g.s. units to - 9 c.g.s. units, and
finally increased again to 9 c.g.s. units. The point E,it will be
seen is considerably below the point A,and the vertical distance of ;
A above O is much greater than that of C below O. The dotted
curve O A'B'C'D'E' is the curve obtained when the process was repeat-

ed after the specimen had been thoroughly demagnetised. It is

important to notice that we have now & symmetrical closed curve, E'

coinciding with A'. 0 A' and not O A is the true magnetisation

curve of the specimen in the annealed condition.

* Proc. Roy.Soc. Edin., XXVIII. pp. 239 and 615 (1908.)
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Though much has been done by previous experimenters then, there
still remains a ﬁide field for further investigation, and, at the
suggestion of Dr. J.G; Gray, I began in January 1911 a detailed
examination of a number of stesls, with a view to finding how they
compared with one another when subjected to similar thermal treat-
ment, and how differing thermal treatment affected the same speci-
men.
After considerable progress had been made in this research, it
was suggested by Dr. Gray, with a view to obtaining further
information about the nature of the "sensitive state", that the
effect of strain in inducing it should also be investigated.
That the "sensitive state" could be induced by application or
removal of longitudinal stress had already been pointed out by
Ewing*; but no attempt had been made to compare the magnitude of
the sensitive state induced under different circumstances and in
different materials.
This research was accordingly undertaken in conjunction with that
previously begun, the general aim of the work being to ascertain
to what extent the two treatments, the thermal treatment and the
strain treatment, produced similar effects.
A description of the work therefore falls into two parts:-
I. An account of the effect of thermal treatment in inducing
sensitive state in five different specimens, and a comparison

of the results obtained for the different specimens.

x Trans. Roy. Soc. CLXXVI. p. 580 et seq.
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II. An account of the effect of longitudinal strain in inducing
sensitive state in five different specimens, and a comparison of

these results among themselves, and with the results given in
Part I.

I. BEffect of Thermal Treatment in inducing Sensitive State.

The specimens used in this investigation were with one
exception in the form of cylinders 20 cms. in length, and about

0.9 cm. in diameter, the exception being a piece of steel wire of

Table 17.
Description of Percentage Composition.
Tung-
Material C. {Mn,. Si. P. S. |Isten.
Medium Carbon Steell 0.80 |0.20 | 0.075| 0.012{0.02| -
Hard Stesl 1.321) 0.339| 0.143 | 2.745{0.024 -
Steel Wire 0.755|0.660| 0.066 | 0.027|0.017 -
Cast Iron 3.15 10.15 | 0.13 - - -
Tungsten Steel 0.51 |0.13 | 0.19 - - | 4.01

the sams length, but only 0.2 cm. in diameter.
Table 17 above gives the composition of the specimens. Previous

to being tested, each specimen was carefully annealed from 900°C
in a Fletcher gas furnace, care being taken to exclude air from

contact with the specimen during the process. For the magnetic

tests a Gray - Ross magnetometer ™ provided with an electric furnace®

was employed, and in the case of each specimen the procedure was

as follows. -

* Proc. Roy.Soc.Edin., vol.XXIX p.182,1909.
+ Proc. Roy.Phil.Soc.Glasg. vol.XII, 1910.
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The specimen was first carefully dsmagnetised by the
process of reversals - that is to say, it was submitted to the
action of an alternating magnetic field of gradually diminishing
strength; the initial value of this field being great and the
final value zsro, the specimen was left devoid of magnetism and
magnetic history.

The specimen was then, while in its position in the solenoid,
raised by means of the electric furnace to a temperature of about
500C., put through a magnetic test, demagnetised by reversals to
remove the sensitive state, and tested again. The difference
between the first and second readings is a measure for any field
~ strength of the sensitive state induced by the previous thermal
treatment. The specimen was then demagnetised once more, and the
temperature raised another 50°C., and the process repeated, and
this continued till a temperature of about 600°C. was reached.
This enables the amount of sensitive state induced by a rise of
about 50°C. at different parts of the temperature scale to be
determined.

The same process was then repeated at intervals of 100°C. instead
of 500C., and tests were also made to determine the effect of a
rise of temperature from room temperature to about 100°, 200°,
3000, 4000, 500°, and 600°C., the effect of fall of temperature
from these temperatures to room temperaturs, and also the effect
of rise and fall of temperature without intermediate demagnetis-

ation.

The values of the sensitive state are expressed in the usual
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manner as the percentage by which the magnetic intensitykfor the
specimen in the sensitive condition exceeds the normal value, and
the figures for each specimen are taken for the particular field
for which, for that specimen, the effect is about a maximum.

The effects produced by successive rises of 50°C. and 100°C. are
shown graphically by ordinates erected at the temperature points
~at which readings are taken. This method was adopted as showing
more clearly than a continuous curve could do exactly what measure-
ments were obtained, and also because the successive rises were not
in every case exactly the same,‘and therefore the process could
hardly be described as a continuous one.

The other effects however — of rise of temperature, of fall of
temperature, and of rise and fall of temperature — are all shown
graphically in curve form with the temperatures as abscissés and -

the percentage sensitive state as ordinates.
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Discussion of Results.

Medium Carbon Steel —- A complete set of readings for the

determination of the sensitive state induced by various thermal
processes, together with the values of the sensitive state deduced
from them, is contained in Tables 18 to 22, and the various results
are collected and shown in graphical form in Figs. XII, XI)I and
XIV. As the sensitive state is required to be expressed only in
the form of a percentage, and values of the intensity are therefore
not required, the readings are not reduced to absolute measure, the
actual magnetometer deflection corresponding to various currents
being given. Slight differences in readings in certain of the normal
curves, which should be the same, are due to the fact that the
specimen was frequently removed from the solenoid in order that the
magnetometer zero might be tested, and was not always returned to
precisely the same position. As however the specimen was never
removed during the course of a double test, le., the taking of &
sensitive and corresponding normal curve at any temperature, these
differences do not affect the values of the percentage sensitive

state, or the correctness of the general results.

Table 16 /
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Table 18.
Medium Carbon Steel.
emp. of demagl] 150 529 52° 1100|1100 1580 158° 2040 |204° 2580
Temp. of test. 520 52001100 1100} 1580 15802040 2040 2522 258
b Q CY <X "
Q " (s} N ‘\\5( .
Intermediate N (E 3 N j N vé °4
thermal process % P q§ N Eﬁ § vé
¢ D% Y D 2 2 vy
o2 61 56|61 54 | 67 47 | 47 38 K
o
o4 134 126 143 128 {157 121 (117 88 3
s
o6 222 211 p42 224 |256 206 (194 155 E
o8 321 308 347 327 |364 308 [280 235 @
‘ >
1.0 423 411 |54 433 |469 416 |370 326 8
(&)
1.2 530 517 B62 542 579 525 468 425
e — e———— p———— N ™
Percentage Sen-
itive State for
ield (H=8 €=,33) 9 14 38 30.5 0
Temp. of demag. | 258° 318°|318° 3820|3820 44094400 50595059 5600
Temp. of Test. | 3189 3180|3820 3820(4400 44095050 50595600 5600
GE F& —5§ , Mé a )
Intermediate o g r§ ot i ’x § o sé § E’
thermal process < 3 - __c3 3 g <
c 2 2012 21 e vl
.2 3 ,g 27 22164 59|63 60
.4 % o 115 109 143 137 |47 143
| g
.6 5 s 214 209 [238 230 p44 242
(5] [+
.8 @ @ 1312 307|341 334 p52 350
1.0 E E 417 411|448 441 #62 461
1.2 © © 521 515555 549 p71 571
ve State for .
ield (H=8 C=,33) 0 0 7 S 71 3:9
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r Table 19.
‘ Medium Carbon Steelv.
emp. of Demag.| 150 1140| 1140 2120|2120 3110 [3110 3940|3940 5180|5180 6250
emp. of test. fl}io 1140J2%§o 2120 3{19 3110 33:0 3940 §i?o 5180 gzso 6250|
> 21 2% Dy 22 2D D |
.2 63 50| 44 34 | 46 45 63 s8 |72 68|
4 151 126 {115 82 [101 99 % 146 134 |167 160 {
.6 247 220 195 148 [177 173 .§ 242 229 [268 261 |
.8 350 322 |286 230 |266 262 - 345 336 |381 374
1.0 461 429 |377 320 |367 362 E 453 446 499 494
1.2 570 539 la72 416 lees a6a | & 560 552 |608 603
N Eapr—” e s
@::2;.3"331;%;] 20 41 2.5 0 8.5 6.5
Ve Table 20
— Medium Carbon Steel.
Temp. of demag.| 150 1100 150 2110| 1859 3110| 150 4189 150 5050 150 6120]
Temp. of test. [1100 110°[2110 2110|3110 3110|4180 4189 505° 5050|6120 6129 *

5= 1
So

Co 04 9 ao 0w LIS . ° i
IAtermed. ther=- o 3 o fl § g? § oj; g oy J\% 0\3 §

- Bal process __ 2 3 = 2 S ]
mq‘&

o t N 2l vl e 2
| .2 63 50 | 50 37 | 53 44 |59 52| 78 72| 96 89
4 152 126 [126 90 |134 104 [147 123 |173 156 [199 182
.6 245 218 [208 156 |224 182 [243 208 [272 250 |304 283
.8 352 321 97 239 [322 276 [247 310 {380 354 [418 397
1.0 459 420 [391 330 [421 375 |455 416 [489 462 [530 513 ||
—_ 1.2 566 539 K90 430 |s23 479 ls60_ 524 le01 576 lear 626 | |

R e
?rcenta e Sensitive ~
Et_ate(ﬂsg 0-533)‘ 20 38.5 24 20 12 9.5
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> |
Medium Carben Steel.
femp. of demag. | 1140 1150|2110 1503110 150/4180 150{5050 150
emp. of test. 150 150) 150 150] 150 150| 150 150| 150 150
o g % % % oY
nter. thermal oy c§ 2 ;§ N (E o Tg » E
rocess. N LS S £__ 0% g <
C 2 041 9 Tl 212 2 2 D |
.2 56 47 | 56 48 |58 47 | 62 49| 70 56| 70 56|
4 141 118 [147 119 [144 118 [145 122] 161 133|158 132
.6 230 204 (242 205 [238 204 |238 208 252 216 | 250 214{/
.8 329 302 |344 305 [338 300 341 304| 351 313 | 351 313
1.0 430 403 |448 408 [442 402 [443 406| 451 414 | 452 414]
1.2 537_ 512 |553 512|549 508 |549 510] 557 516 |5
orgontage fensitive o) 25 24 21.5 23 20
7 Table 22.
Medium Carbon Steel.
Tomp. of demag. | 150 1501 150 150} 15° 1500 159 150]15% 150( 150
Temp. of test 150 __150] 150 1500 150 1501 150 1501150 150] 150 1t
Inter. thermal % g 5 § 2 g :\% § = § i §
Emcess. th o s = had e
c 2 200 v vl el vio
.2 49 43|60 49 |57 47 |66 48 |61 53 | 59 49w
4 126 118 |146 124 [140 118 (141 121 D42 128 138 119
.6 214 204 |239 211 [230 205 {230 207 [233 215 |229 zozi
.8 311 302 345 312 |332 304 (332 306 [330 308 (327 300
1.0 410 403 |445 411 |434 407 |434 407 430 406 |430 401},
|
—1.2 514 510 |545 517 |538 511 |538 509 533 508 [530 504}
. ~— |~ H
eércentage Sensitive
H=8 C=,33) | 8 18.5
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In the tables the changes of temperature from tj to to, fxom,///
15°C to t, from t to 15°C, and from 159C to t and back to 15°C are
indicated thus, - t1-tp, 159C-t, t-15°C and 150C-t-15°C.

The first figure of this series, Fig. XII, shows the effect of
successive rises of temperature of about 50°C, (see Table 18) and
illustrates very clearly how greatly the effect of a certain rise of
temperature depends on its position in the temperature scale, for
whils a rise from 100°C to 150°C induces a sensitive state of nearly
40%, a rise from 200°C to 2500C has an entirely negligible effect.

The most susceptible part of the temperature sczle is from 0°C to
200°C, especially about 150°C; after that further rises of 500C induce
no sensitive state till a temperature of 4000C is reached, after which
successive rises of 50°C induce a sensitive state of about 5%.

The next figure, Fig. XIII, showing the effect of successive

rises of 100°C,gives exactly the same division of the scale into
susceptible and non-susceptible parts ~ the greatest effect being
produced in the interval 1000-200°C, which gives a sensitive state of f
over 40%. Fig. XIV shows curves (a), (b), and (c¢), -~ (a) showing |
sensitive state due to rise of temperature, (b) sensitive state due
to fall of temperature and (c) sensitive state due to rise and fall
of temperature.

(a) shows a marked maximum about the region of 200°C, and 1lies
above both (b) and (c) until a temperature of 300°C is reached, when
it crosses (b) and finally lies below (c¢) also: (b) remains pretty
steadily between 20% and 25% for all temperatures, and (c), which is
below (b) for all temperatures, rises rapidly at first, then slowly,
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till a temperature of 400°C is reached, when it falls somewhat,then
rises once more.
Hard Steel. -- In describing the results obtained on testing this
and other specimens, I shall not give a complete set of readings for
the determination of the sensitive state, but shall simply show the
values of the percentage sensitive state deduced from them, and the
corresponding curves which show the results at a glance.

The results obtained on testing the specimen of hard steel
appear in Tables 23 to 27 and in Figs. XV, XVI and XVII.

Table 23. Fig. XV.

Hard Steel.

Percentage Sensitive State due to successive rises

of temperature of about 50°C.

Temp. Sensitive|| Temp. [Sensitive Temp , Sensitive
change. 3tate. change. State. change. State.
150-550C | 4%  ||2000-2540C|  4.5% [{4050-4480C 7.9%
550-1070C] 8.8% [|2540-3040C] 2.7% |/4480-5030C 3.3%
1070-1560C] 23% |[3040-3640C|  2.5% [|5080-553°C 0
560-2000C| 13% _||3640-405°C 0 5530-6030C 0
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Table 25.

Table 24. Fig. XVI,
. Hard Steel.

Fig. XVII (a)

Hard Steel.

Percentage Sensitive State due to
successive rises of temperature

Percentage Sensitive State due
to rise of temperature from

of about_100°C 15°C

Temp. change Sensitive State. Temp. change | Sensitive State.
159-105°C 10.7% I 150-105°C 10.7%
1059-2200¢C 10.8% 150-2200C 15%
2200-3220C 2.4% ’ 150-3000C 16.3%
322°-412°C 2.4% 150-3980C 21%
412°-504°C 14 15°-506°C 8.6%

504 ~601 C 0 15°-600°C 3.9%

Table 26. Fig. XVII (b).

Table 27. Fig. XVII (c).

Hard Steel.

Hard Steel.

fifall of

Percentage Sensitive State due to
(L* emperature_to_159C.

Percentage Sensitive State due
to rise and fall of temperature

|[femp .. change.

Sensitive State.

Temp. change.

Sensitive State.

2200~159C
3000..150C
3980~150C
5060~15°C
600°-15°¢C

17.1%
19.2%
20%

21.9%
20.3%

159-1000~15°C
150-2000-150°C
150-3000-15°C
150~400°-15°C
159-500°-15°C
15°-600°-15°C

5.6%
17.1%
11.8%
13.2%
11.6%

20%

As the results shown in Table 23 and in Fig. XV show, the effect on hard

steel of a rise of 50°C is, as in the case of the previous specimen,

greater for the rise from 100°C to 150°C than at any other part of the

EScale, though the effect in this case is only about half as great; but

in this specimen, on the other hand, a rise of 50°C. at any part of the

-!
|
|
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temperature scale; except above 500°C. produces some effect. The
effects of rises of 100°C (see Table 24 and Fig. XVI) are somewhat
similar to, but less marked than, those due to rises of 50°C.

Tables 25, 26 and 27 give the results from which the (a), (b)
and (¢) curves shown in Fig. XVII are obtained. These curves for this
specimen are somewhat similar in general form to those of the last,
but the maximum in the (&) curve does not appear till about 400°C and
is much less marked, the maximum value reached being only 21 per cent.
in this case as compared with 38 per cent. in the other. Indeed the
sensitive state induced in this specimen by all varieties of thermal
treatment employed is much less marked than in the case of medium
carbon steel. In this case, except jusi in the neighbourhood of 400°C
where it reaches its maximum value,the (a) curve lies entirely below
the (b) curve, which remains fairly steadily between 16 per cent. and
22 per cent. Except just about 200°C, the (¢) curve lies below both
(a) and (b) till a temperature of between 400°C and 500°C is reached,
when it crosses (a), and, by the time the temperature has reached
600°C, it has risen to meet (b) also.

Steel Wire. —- The results obtained on testing this specimen

appear in Tables 28 to 32 and in Figs. XVIII, XIX, and XX. The
effect of increasing the temperature by 50°C. or 100°C. is still
less marked in this case than before, but the greatest effects still
show at 100°-150°C and 100°-200°C.
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Table 28. Fig. XVIII.

Steel Wire}

Percentage Sensitive State due to successive rises

of temperature of about 50°C.

Temp. change. | Sensitive Stiate. Temp. change. [Sensitive State.
150-57°C 2.6% 3200-3580C 1.1%
57°C-106°C 3.9% 3580-4250C 0
106°-156°C 11.7% 425°-458°C 0
1560-2220C 6.1% 4580-5070C 0
2220-2650C .0 507°-561°C 0
265°-320°C .0 561°-620°C 0

Table 29. Fig.XIX. Table 30. Fig. XX (a)

Steel Wire. Steel Wire.

ercentage Sensitive State due Percentage Sensitive State due

t% succeSsive riseg of temper- toorise of temperature from
ure of about 100C, 159C.

Temp. change. | Sensitive State. Temp . chéggg;_‘Sensitive State#
150-1120C 4.2% 150C-1060C af
1120-2340C 8.3% 150-207°C 10,3%
2340-3200C 0 150-3380C 8.3%
3200-430°C 1.9% 15°-400°C 4.1%
430°-510°C 1.3% 150-5020C 4.3%
510°-620°C 0 150-6099¢C 1,2%

e e




| Table 31, Fig. XX. (b). Table 32. Fig. XX (e).
o Steel Wire. Steel Wire.
oot aporature to 1680™% ' | Tieemuaotalt of temperateres ]
Temp. change. | Sensitive State. Temp. change.|Sensitive statel
106°-15°C 7.1% 15°-105°-15°C 0
2070-15°C 12.8% 159-2020-15°C 5.4%
338°-15°C 14,7% 15°-307°-15°C 4.5%
4000-15°C 12,.4% 15°9-400°-15°C 3.4%
502°-15°C 14.0% 159-502°-15°C 7.1%
6099-159C 10,9% 159-6120-150C 8.0%

1 The (a), (b) and (c) curves which are shown in Fig. XX are again

2 somewhat similar to those already examined, the (b) curve in particular

| having almost exactly the same form,and lying for almost the whole course Y
( of the range between 10 and 15 per cent. The maximum in the (a) curve i
% is much less definite than in the previous cases - so little is it Y
% marked indeed that the (a) curve never rises above the (b) curve. The |

'ﬁ (¢) curve lies below both (a) and (b) till a temperature of about 400°C

E is reached, when it crosses the (a) curve, but remains below the (D)

% curve throughout the range.

? CAST IRON. —— The effect of increasing the temperature by 50°C or

% 100°C. (See Tables 33 and 34 and Figs. XXI and XXII) is in the case of

; cast iron greater than for steel wire, but not so great as for hard

i steel. This specimen, however, shows one point of difference from those
previously examined, - the most effectivg part of the temperature scale

in producing sensitive state being for it 150°-200°C, instead of as in

iy
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Table 33.

Fig.

still the most sensitive interval for rises of 100°C,

XXI.

all the other cases 100°-150°C. As might be expected 1000-200° C is

Cast Iron.

0

Temp. change.

Sensitive State.

Percentage Sensitive State due to successive rises

f temperature of about 50°0C.

Temp._change.

| Sensitive State,

| 15°-56°C. 3.5% 3120-378°C. 2.5%

| 56°-107°C 6 % 3780°-416°C 1.5%
1079-1550C 6.5% 4160-4600C 0
1550-2080C 17 .5% 4600-5100C 3%
208°-258°C 2 % 5100-5580C 0
2589-312°C 4 % 556°-610°C 0

Table 34, Fig., XXII.

Table 35. Fig. XXI1I (a)

Cast Iron.

Cast_Iron.

). Percentage Sensitive State due to
puccessive rises of temperature

Percentage Sensitive State due
to rise of temperature from

bf about 100°C. 15°C.
Temp. change. Sensitive State. Temp. change. [Sensitive State.

g 150-116°C 9.5% 150-116°C 8.5%
! 1169-217°C 11.0% 159-206°C 13.5%
& 217°-310°C 2.0% 15°-300°C 9.5%
| 3100-4120C 4.5% 150~4000C 6.0%
4120-5120C 0 150-5000C 3.5%
5120-604°C 0 15°-603°C 2.5%
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Table 36, Fig., XXIII (b). Table 37. Fig. XXIII (¢)
éast Iron. Cast Iron.
Percentage Sensitive State due to Percentage Sensitive State due
fall of temperature to 15°C. to rise and fall of temperatum
Temp. change.| Sensitive State. Temp . change.|Sensitive Statq
1160-159C 10% 150-1160-150C 2%
2060~-150C 12% 150-2069-150C 5%
3000-150C 17.5% ! 15°-3000-150°C 10,5%
400°-15°C 21% 15°-404°-15°C 9,.5%
5000-150C 15.5% 159-500°-15°C 8.5%
603°-159C 20 5% 150-601°-150C 13,.5%

While the (a) curve for this specimen (Table 35, Fig. XXIII)
strongly resembles in form the corresponding curve for medium carbon
steel,rising to a maximum value (of only 13 per cent however,) in the
neighbourhood of 200°C, and then falling off steadily, the (b) curve
(Table 36, Fig. XXIII) differs considerably, as, instead of main-
taining a fairly steady value, it rises from 10 per cent at 100°C
to a maximum of over 20 per cent at 400°C, then falls off, and later
rises once more. The (c) curve,the figures for which are given in
Table 37, lies entirely below the (b) curve, and is similar to it

in form.

Tungsten Steel. —— This specimen, with which we leave the carbon

series, displays some very decided differences in behaviour from
those previously exemined. Tables 38 to 42 and Figs. XXIV, XXV, and
XXVI, give the results obtained when it was tested for sensitive
state. It is to be noticed, first of all, that this specimen shows
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much less sensitive state than any of the others; and that the moét

susceptible part of the scale is now about 300°C - from 3000C to

350°C for rises of 50°C, and from 200°C to 300°C for rises of 100°C.
Table 38, Fig., XXIV.

Tungsten Steel.

——

Percentage Sensitive State due to successive rises

of temperature of about 500C.

Temp. change. | Sensitive State Temp. change.| Sensitive Stat
15°-56°C 0 3040-3600C. 1.5%
56°-112°C 0 360°-414°C 0.6%

1120-1600C 0 4140-464°C 0
160°-212°C 0 464952200 0
2120-2660C 0 5220-568°C 0
266°-304°C 0.9% 568°-624°C 0

Table 39, Pig. XXV.

Table 40, Fig. XXVI (&)

Tungsten Steel.

_Tungsten Steel.

Percentage Sensitive State due to
successive rises of temperature

Pei_ahgnL_LQ0°C-

ercentage Sensitive State due
{gogise of temperature from

Temp. change. | Sensitive State.|| Temp. change.| Sensitive State
15°-105°C ! 0 15°-105°¢C 0
1050-2160C | 1.2% 150~203°C 0.6%
216°-321°C 1.7% 159-3030°C 1.2%
321°-4040C 1.1% 159-4200C 1.7%
4040-5050C 0.8% 150-5040C 1.1%
__505°-615°¢C 0.8% 1509-598°C 1.3%
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Table 41. Fig. XXVI (b)

Table 42. Fig, XXVI (c).

Tungsten Steel.

Tungsten Steel.

BT e Ly et g due to | Bemcentage et reporeror.”
&emp. change. Sensitive State.|| Temp. change.| Sensitive State.
106°-15°C 0 15°-108°-15°¢C 0

203°-15°C 1.6% 159-204Q 5°C 0

303°-15°¢C 2.3% 15°-301°-15°C 0

420°-15°C 7 .0% 15°-416°-15°C 3.0%
504°-15°C 7.5% 15°-504°-15°C 2.6%
§98°-15°C 8.2% 159-602°-150°C 3.3%

Also, for low temperatures the specimen is very insensitive,
rises of 50°C having no effect in producing sensitive state below the
300° to 350°C rise while in rises of 100°C., 0° to 100°C. has no effect;
the maximum sensitive state produced in any of these intervals is less
than 2 per cent.

Of the (a), (b) and (¢) curves,the (b) curve shows much the
more important effect, rising from zero for a fall of temperature from
100°C to room temperature, to é)per cent for a fall from 600°C to room
temperature; while the (a) curve, beginning to rise at the same point,
never rises above 2 per cent. The (c) curve, again, only begins to
rise after a rise and fall of temperature of more than 300°C, and it
only rises to between 3 and 4 per cent.

Coming now to compare the results given by these five specimens,
we note first of all the very great difference between the four belong-

ing to the carbon group and the tungsten specimen. Not only is the




sensitive state induced in the latter much less marked, and the
most sensitive part of the temperature scale much higher up, but
rises of temperature at the beginning of the scale have no effect
at all.

Between the different members of the carbon group very strong
resemblances appear. The part of the temperature scale, which is
most pronounced in producing sensitive state, is in each case very
nearly the.samé, being only & very little later in the case of cast
iron. It would appear, then, that the addition of a marked quantity
of carbon tends to raise the temperature of maximum susceptibility,
though the addition of smaller quantities has no appreciable effect.
It may also be noted here, in connection with the work previously
descfibed on the presence of a transformation point in the neighbour-
hood of 200°C, that the maximum sensitive state in the specimens of
medium carbon steel and cast iron occurs in each case about the
temperature of the maximum on the susceptibility - temperature curves
and not in the neighbourhood of the minimum, and therefore omitting
to remove the sensitive state should not mafk the presence of the
bend, and therefore of the transformation point, but should rather
make it more apparent.

Returning now to the comparison of the different members of
the carbon group, we see that, considered generally, the specimen
of the four showing the least sensitive state is the specimen of
steel wire, while that showing must is the specimen of medium carbon
steel. As the percentages of carbor in the two are very nearly the

seme, .755 per cent and .80 per cent, it is probable that the smaller
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sensitive state is connected with the greater percentage of
manganese in the steel wire specimen. The specimen of hard steel
shows the next greatest effect, and cast iron comes third in the
list.

Taking maximum values of sensitive state reached in the
temperature range chosen, we find, for fall of temperature, for
steel wire 15 per cent., for medium carbon steel 25 per cent., for
hard steel 24 per cent., and for cast iron 21 per cent.; while for
rise of temperature, for the same four specimens, we have 10, 38,
22 and 13 per cent. These maximum effects appear of course at
very different temperatures.

Again, looking at the (a), (v), and (c) curves generally, ve
find that as a rule the (b) curve lies above both the (a) and (c¢)
curves, and for lower temperatures the (a) curve lies above the (c)
curve, while for higher temperatures the reverse is the case. That
is to say, if we consider any given temperature, we can generally
induce a greater sensitive state by rendering the specimen neutral
at that temperature, and then allowing it to cool, than by either
heating it up to that temperature, and then testing, or by heating
and then cooling before testing. Of these two methods, the former
is 1ikely to be the more efficacious if the temperature considered
lies below 400°C., the latter if it lies above.
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ITI. Effect of Longitudinal Strain in inducing Sensitive State.

| A Gray - Ross magnetometer was employed in this investiga-
tion also, but, as it was desired to apply longitudinal stress to
the specimen,while it was in such a position that it could be
tested magnetically, a solenoid in a vertical instead of in a
horizontal position was used, and the one-pole method was adopted.
A long narrow solenoid, about 70 cms. in length, was attached
vertically, by means of a framework, to the magnetometer board,
so that one end was about 10 cms. above the level of the magnetometer
needle. An oblong hole in the magnetometer board,and in the table
below it,allowed the solenoid to pass through, and also allowed of
its being moved nearer to or further from the needle as required.
The solenoid carried, in addition to the ordinary coil used for
magnetising the specimen, a second coil through which a small current
could be passed to balance, within the solenoid, the effect of the
earth's vertical field.
In order to fix the specimen in the solenoid in such a way that it
might be readily removed and adjusted, and at the same time bs firmly
enough fixed not to alter its position when subjected to stress, the .
following methods were adopted. Fach specimen, cut to a length of
about 50 cms., was made at each end to screw into shorter lengths
of thicker brass wire. Of these brass wires, one could be clamped
firmly into position just above the upper end of the solenoid, the
clamp being fixed vertically above the centre of the solenoid in a
smaller frame attached to the top of the solenoid frame. To the

other was attached a strong brass hook from which could be hung the
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weights applied, and the specimen, when in
~position in the solenoid hung from the upper

brass wire with its ends about equally distant WL

from the ends of the solenoid. A small brass
nut screwed on to the end of the brass wire

and resting on the clamp prevented any possibil-

ity of the wire slipping even when a large
welght was attached to it. Also, the upper

seluuund-
brass wire could be moved through a small dis-
tance up and down at the clamp, till that
T
position was obtained which brought the pole ,
of the specimen most nearly opposite to the —Htsa i
magnetometer needle. This was done by passing —hah,

a certain current through the solenoid, and
then moving the specimen up and down till the maximum magnetometer
deflection for that current was obtained.

In order to determine the current required to balance the earth's
vertical field in the solenoid, the specimen was placed in position,
and was as far as possible demagnetised by reversals. The earth's

field however prevented its being completely demagnetised, and the
magnetometer needle remained deflected to one side. The balancing
coil was then connected up with a dry cell through a resistance box,
and the specimen was again demagnetised. If the magnetcmeter
needle now took up its zero position, the current produced a field
in the solenoid which exactly balanced the earth's field, and the

required condition was obtained. If however the needle was still
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deflected either to the same or the opposite side, the current
was first reversed if necessary, and then increased or decréased
until demagnetisation by reversals left the specimen devoid of
magnetism.
To apply longitudinal stress to the specimen,a scale-pan was
in the first instance hung on the hook attached to the lower
brass wire and different weights were placed in it. It was
however found that it was very difficult to place many weights
in the scale-pan without jJarring the specimen, and as it has been
shown both by Ewing’and more fully by Gray and Ross;that vibration
greatly diminishes the sensitive state some other method had to
be tried. Accordingly a large can was obtainedﬂcapable of holding
about a cubic foot of water, and fitted with a H; e, and also a
tap near the bottom. This can was hung on the héok attached to
the brass wire, and a gentle stream of water was allowed to flow
intd it, until the desired weight, which was read off on the #%#ge
was obtained. In this way any desired stress could be applied
with an almost entire absence of vibration. To diminish the
weight by any fixed amount,it was only necessary to turn on the
tap near the bottom of the can, and allow the required amount of
water to flow out.
The five specimens tested were all steel wires, 50 cms. in length
and about T% inch in diameter. This thickness of wire, which is
moderately large, was chosen so that the effect of small stresses

per unit of area might be the better examined. A weight of

1 kilogramme applied to such a wire gives a stress of 19.74 kilos
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per square cm. Of the five specimens used, four, supplied by
Messrs W.N. Brunton & Son, form a graded carbon series having

respectively 0.15 per cent, 0.55 per cent, 0.8 per cent, and 1.2

"per cent carbon in their composition. The fifth is interesting

as being a specimen of the same wire as was used in Part I., and
the results obtained by the two methods are therefore for it
directly comparable.

Bach specimen was, before being tested, carefully annealed
from 900°C in a Fletcher gas furnace, and then stretched several
times by the application and renoval of the maximum weight to Dbe
employed. Unless this was done, it was found that the specimen
was not in a stable condition, and that repetition of the same
processes did not produce the same results.

The specimen was then placed in position in the solenoid, carsfully
demagnetised, subjected to a certain strain, by the application of
a weight ﬁ, say, tested, demagnetised, and tested again, and from
the two curves obtained the percentage sensitive state due to an
increase of stress from o to w was determined. The specimen was
then demagnetised again, the strain was removed, and the sensitive
state due to decrease of stress from w to o was obtained, and this
was repeated for various values of w from o up to 20 kilogrammes.
The effect of the cycle o — w — 0 was also determined, and also
the effect of increasing or decreasing the stress by successive
differences of 2.5 and 5 kilos.

In the course of the carrying out of the tests the specimen was
very frequently removed, in order that the zero nmight be tested,

a proceeding which was found to be very necessary, as the small
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changes in the position of the zero which took place in the course
of a test were sometimes found to be large enough to make the
readings for sensitive state quite unreliable, and a large number

of readings had frequently to be taken before agreement could be
obtained.

Before going on to the discussion of the results obtained for the
different specimens, it may be worth while pointing out how very
close is the analogy between the effect of strain,and the effect

of thermal treatment.

Fig. XXVII shows a hysteresis curve for specimen I (0.15 per cent.C.)
taken after the specimen had been demagnetised with a load of 10 Kilos
on, and the load had been removed, that is to say, when the specimen
' gg‘in the sensitive condition due to alteration of stress from

10 kilos to O. As will be seen, the hysteresis curve is not closed,
as it would have been had the specimen been demagnetised after the
removal of the load instead of before it, and the value of tﬁﬁﬂoyei
intensity of magnetisation corresponding to the maximum field, is
distinctly less after even one reversal of the field. Indeed, the
first reversal removes about 50 per cent of the total improvement
produced by the alteration of stress. If we compare with this

curve that already shown in Fig.XI, a reproduction from a paper by
Gray and Ross on the effect of thermal treatment in inducing sensi-
tive state, we see the remarkable similarity of effect produced by
the two methods of treatment.

Discussion of Results.

Specimen I. (0.15 per cent C.) - The most interesting results

obtained for this specimen are shown in Tables 43,44 and 45, and



55.

the corresponding curves appear in Fig}XXVIII. The values of the
'percentage sensitive state only are shown, and not,as in Tables 18
to 22,8 complete set of figures for the curves from which these
valueskwere obtained, though of course to each sensitive state
value given bslongs a pair of curves from which it was derived.
The three curves shown are lettered as in the previous part of the
paper, the (a) curve showing the effect of increasing the stress
from zero to w, the (b) curve showing the effect of decreasing

the stress from w to zero, and the (c) curve showing the effect

in producing sensitive state of the cycle o — w — o.

As the stress is increased from O to 10 kilos. both (a) and (b)
curves rise rapidly to a maximum. Further increase in the value
of w is followed by a slight drop in the value of the sensitive

state, but a second, though lower, maximum occurs about 15 kilos,

Table 43.Fig .XXVIII (a) Table 44.Fig XXVIII (b).

_Specimen I.(0.15%C). Specimen I.(0.15%C.
Percentage Sensitive State Percentage Sensitive State due
due to application of stress. to removal of stress.

| Stress change.|Sensitive State|| Stress change.| Sensitive state.
0-2.057 Kilos.| 1.7 % 2.057-0 kilos. 5.6 %
0-5.307 " 49 % 5.307-0 " 10.3 %
0-7.5 " 6.3 % 7.5 -0 " 13.4 %
0-10 " 7.5 % 10 -0 " 15.1 %
0-12.5 " 5.7 & 12.5 -0 " 13.5 %
0-15 " 6.8 % 15 -0 " 13.3 %
0-17.5 " 4.4 % 17.5 -0 " 13.0 £
0-20 " 5.7 % "0 -0 " 14.5 %
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Table 45. Fig. XXVIII (c).

Specimen I (0.15%C.)

Percentage Sensitive State due to ﬁpplication and

removal of stress.
Stress change. {Sensitive State. Stress_change. {Sensitive Stgtg
0-2.057-0 kilos. 0 0-12.5-0 kilos. 3.4%
0-5,307-0 " o 0-15-0 " 4,9%
0-7.5-0 " 4.2% 0-17.5-0 " 7.1%
0-10-0 " 4.2% Ji___0-20-0 " 7 .9%

and at the end of the range the curves are rising once more. The
maxima and minima of the two curves occur at almost the same points,
and the (b) curve lies entirely above the (a) curve, the percentage
sensitive state due to decrease of stress being indeed about twice
as great as that due to the corresponding increase. The (c) curve
shows only one maximum and one minimum in the range, and lies below
both (2) and (b), till a stress of 15 kilos is passed, where it
crosses (a), but remains below (b) till the end of the range.

Specimen II (0,55 per cent.C. —- The principal results obtained

on testing this specimen for sensitive state are shown in Tables 46,
47 and 48, and in the curves of Fig. XXIX. Strain treatment applied
to this specimen gives on the whole much higher percéntage values of
sensitive state than in the case of the previous specimen, but the
first maximum appears in the (b) curve only at 12.5 kilos, and in
the (a) curve not till 15 kilos. Both curves show also a minimum

value within the limits of the range, and are rising at the end of
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it; but this time too, the turning-point appears later in the (a)
~curve than in the (b) curve.v In the case of this specimen too, like
that first examined, the (b) curve lies entirely above the (a) curve,
and both of these are above the (e) curve, which does not at any

point of the range rise above a value of four per cernt.

Table 46. Pig XXIX (a). Table 47. Pig. XXIX (b).
Specimen II (0.55% C) H Specimen II (0.55% C).
Percentage Sensitive State due Percentage Sensitive State due

to application of stress. to removal of stress.

Stress charge. | Sensitive State. Stress change.] Sensitive State
0-2,057 Kilos. 1.0% 2.057-0 Kilos. 9.7%
0-5.307 " 1.3% 5.307-0 " 9.9%

0-7.5 " 2.5% 7.5 -0 " 10.1%

0+10 " 6 .4% 10 -0 " 17.1%

0-12.5 " 10.5% 12.5 -0 " 25.0%

0-15 " 13.7% | 15 -0 - 18.7%

0-17,.5 " 11.9% 17.5 -0 " 20.5%

‘o-zo " 14.0% J[ 20 -0 30.1%

Table 48, Fig. XXIX (C).
Specimen II (0.55%C)

Percentage Sensitive State due to application and
removal of stress.

Stress change. | Sensitive State. Stress change. | Sensitive State.

0-2,057~-0 Kilosd 0 0-12.5-0 Kilos. 2.6%
’ O"s 0307-0 " 0.7% 0-15"'0 " 0
0~7,5~0 " 0 0-17.5-0 " 2.5%

0-20--0 " 1 £

10~10-0 " 3,9%
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Specimen III (0.8 per cent. C.) The sensitive state values for

this specimen, the most interesting of which are given in Tables 49,

50 and 51, and in graphical form in Fig. XXX. are, particularly in

Table 49. Fig. XX (a). Table 50. Fig. XXX (b).
Specimen III (0.8%C) Specimer III (0.8%C)
ercentage Sensitive State due to|l Percentage Sensitive State due
pplication of stress. to removal of stress.
Stress change. |{Sensitive State. Stress change.| Sensitive State
|0-2.057 Kilos. 5.9% “ 2.057-0 Kilos. 8.3%
{0-5.307 " 7.1% 5.307-0 " 9.4%
[0-7.5 " '5.8% It 7.5 -0 " 9.0%
<10  * 5.8% + 10 -0 " 8.2%
0-12.5 " 5.7% 12.5 -0 " 8.2%
l0-15 " | 7.1% 15 -0 " 10.8%
0-17.5 " 7.3% 17.5 -0 " 13.9%
-20 " 10.1% 20 -0 " 17.0%

Table 51. Pig. XXX (C).

Specimen III (0.8%C)

Percentage Sensitive State due to application
and removal of stress.

Stress change. |Sensitive State. | Stress change. |Sensitive State.

0-2,057-0 Kilos. 0 0+-12.5-0 Kilos. 0.6%
0-5.307-0 " 0 0-15-0 " 0
0-7 ,5-0 " 1.2% 0-17.5-0 " 0

0-10-~0 " 1.7% 0-20-0 " 4.8%
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the case of the (b) curve, lower than those reached in either of
the previous specimens, so far as the range examined goes, and,
though there is a slight indication of a maximum near the beginning
of the range in both the (a) and (b) curves, the values of the
sensitive state remain in each fairly constant till a stress of
12.5 kilos is reached, after which both curves rise fairly steadily.
Neither has reached a maximum, however, within the limits of the
range. The (c) curve shows only very small values, and lies below
both the others throughout the whole range.

Specimen IV. (1.2 per cent. C.) —- The (a) and (b) curves for

this specimen (see Tables 52 and 53 and Fig. XXXI) show smaller

values of the sensitive state than do any of the others. Both remain

Table 52. Fig. XXXI (a). Table 53. Fig. XXXI (b).
__Specimen IV (1.2%C). Specimen IV. (1.2%C)
|Stress change, [Semsitive State. Stress change. |Sensitive Stat
0-2.057 Kilos. 1.4% 2.057-0 kilos. 2 .8%
0-5.307 " 1.4% 5.307-0 2.8%
0-7.5 " 1.4% 7.5 -0 " 2.8%
b-10 " 1.4% 10 -0 " 2.8%
p-12.5 " 2.1% 12,5 -0 " 3.5%
D-15 " 2.8% | 15 -0 " 4.2%
p-17.5 " 4,2% 17.5 -0 " 4.9%
~20 " 4.9% 20 -0 " 5.6%
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steady for low values of the stress, and only rise very slowly as
the stress is increased, the (b) curve lying entirely above the (a)
curve throughout the whole range. The sensitive state induced by

the stress cycle 0-W-0O is negligible for all values of W from O to

20 kilos.
Table 54. Fig. XXXII (a). Tzble 55. Fig. XXXII (b).
Specimen V. (0.755%C). } Specimen V. (0.755%C.)
Egrcenta e Sensitive State due to Percentage Sensitive State
pplication of stress. due to removal of stress.
Stress change. |Sensitive State. Stress change.| Sensitive State
pD-2,057 Kilos. 0 2.057-0 Kilos. 0
D-5.307 " 1.9% 5.307-0 " 3.4%
D7 .5 " 2, 9% 7.5 -0 " 3.6%
0-10 " 7.9% 10 -0 ™ 8.2%
D-12.5 " 3 % 12.5 -0 " 18.6%
D-15 " 5 % 15 -0 " 13.0%
D-17.5 " 11.9% 17,5 -0 " 15.8%
h-.20 " 12.2% 20 -0 " 19.6%
Table 56. Fig. XXXII (C).
Specimen V. (0.755%C)
Percentage Sensitive State due to application
and removal of stress.
Stress'change. Sensitive State. Stress change. [Sensitive State.
[0-2.057-0 Kilos, 0 0-12.5-0 Kilosl. 1.5%
0-5.307-0 " 0 0-15-0 " 0
0-7.,5-0 " 1.6% 0-20-0 " 1.6%
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Specimen V. (0,755 per cent. C.) -~  This specimen, the results

for which appear in Tables 54, 55 and 56, and the curves of Fig.
XXXII shows on the whole more sensitive state than Specimen III.,
and less than Specimen II., a result quite to be expected if the
sensitive state induced depends on the carbon content of the uwater-
ial. The form of the (b) curve is very similar to that of the (b)
curve of Specimen II., but the (a) curve has its turning-points at
lower instead of at higher stress values as was the case with that
specimen. The (¢) curve lies throughout the