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PART I

TEMPER-BRITTLENESS.




INTRODUCT ICN

Temper-brittleness is the name which has been applied to
one of the most puzzling phenomena found in special or alloy
steels. It appears to have been first known in pre-war days
at Krupp's Works in Essen, Germany, where it was observed that
armour-plates were liable to develop brittleness in a manner
which was not understood. The name of Krupp-Krankheit was
consequently commonly applied to this mysterious phenomenon at
that time. During the war it became a troublesome problem in
connection with the greatly increased production of armaments
in Great Britain, and, as a result, a good deal of researcn
has been carried out on the problem. The earliest investiga-
tions (1,2,3,4,5,6,7,) established the fact that if a piece of
steel which was susceptible to this trouble was cooled
sufficiently quickly, as by quenching in water, from the tem-
pering temperature, it did not develop brittleness and that it
was only when a slow rate of cooling was used that a notable
degree of brittleness appeared.

A large amount of work has been done by the method of
heat-treatment of test-bars followed by mechanical testing.
The most important researches in this connection are those of

8,9
(8,9) These investigators have shown

Greaves and Jones.
very clearly that whereas the rate of cooling exercises a very
pronounced effect on the notched-bar impact value of a
"susceptible" steel, yet no change takes place in any other

mechanical property, wlth the possible exception of a small



4]
el

change in the elastic limit. A large number of nickel-
chromium steels (steels containing both nickel and chromium
have been shown to be, in many cases, particularly susceptible
to temper-brittleness) were used in their investigations and
of these the majority, but not all, were found to have an
elastie 1imit in the brittle condition about 3 tons per square
inch higher than the same steels in the water-quenched tough
condition. When, however, moderate rates of cooling were
adopted or when the quenched steels were subjected to low
temperature annealing (neither of which treatments produced
brittleness in the steels), the elastic limit of the two con-
ditions was equalised. They consequently concluded that the
difference In elastic limit was due to a condition of strain
produced by water-quenching and not to the difference between
the brittle and the tough conditions.

As a result of the work carried out by Greaves and Joaes
and by other investigators the effects of variation of heat-
treatment on the notched-bar impact value have now been
exhaustively investigated. The most important facts which
have been established in these researches are as follows:-

(1) The degree of brittleness produced is roughly pro-
portional to the rate of cooling. The slower the cooling rate
the lower is the impact value obtalned on a test-piece.

(2) There appears to be a temperature range of brittle-
ness. This varies in different steels but 1s, as a rule, from
about 5009C up to the highest tempering temperature, usually
about 6509C. If a steel is quenched or quickly cooled from a

tempering temperature in this range it is relatively tough,
i.e., it gives a high impact value. If it is cooled slowly it

is relatively brittle i.e. it gives a low impact value.



The effect of composition on the susceptibility of a steel
to brittleness has also been the subject of a2 good deal of
investigation. Steels containing nickel and steels containing
chromium have been found to be susceptible in varying degree
to brittleness and when both tnese elements are present in any
quantity in the same steel, the susceptibility, as a rule, 1is
high. In regard to other elements, Greaves and Jones (10)
have found that manganese and phosphorus increase susceptibility,
especially when present in any amount beyond a small percentage,
that silicon and vanadium have only a slight effect and tungsten
no appreciable effect, and that molybdenum, on the other hand,
has a very pronounced effect in reducing susceptibility.

(11)

Andrew and Green have shown that in nickel steels increase
of phosphorus increases proportionately the susceptibility to
brittleness, and Griffiths (12) has found that a carbon steel
impregnated with nitrogen (as iron nitride) shows susceptibility
similar to that found in the alloy steels mentioned above.

Up to the present time the problem of temper-brittleness
has been dealt with largely from what may be called tne engineer-
ing standpoint. The effect of heat-treatment and of composition
on the notched-bar impact value of steels has received a great
deal of attention. A certain number of investigators (whose
work will be dealt with in the next section below) have attempted
to find a physical change accompanying the change in impact
value, but, relatively to the large amount of work which has beseu

carried out by mechanical testing,the problem has recelvz"



scanty attention from the standpoint of pure science. The
conclusions of those who have published the results of physical
determinations have resulted in the general acceptance of tne
conclusion that no physical change accompanies the change from
the tough to the brittle condition. Changes in some meagnetic
properties are sometimes quoted as being an exception to the
above general conclusion, but, as will be shown below, the
evidence of changes in magnetic properties is at present very
meagre.

It is consequently not surprising that no satisfactory
explanation of temper-brittleness has been put forward. Indeed
very few workers have felt themselves in a position to advance
any explanation whatever. Examination of the microstructure
has not been found, up to the present, to give any assistance
in this direction. Philpot(ls) showed ciearly that the fracture
of brittle speclmens appeared to follow the erystal boundaries
whereas the tough specimens showed a ragged transcrystalline
fracture, but, although in some cases a corresponding difference
was obtained in the microstructure, in general no difference
whatever was detectible between the structures of tough and
brittle specimens. Many other observers have come to the same
conclusion.

In consequence of the apparent absence of any change in
microstructure or in physical properties in any way commensurate
with the great change indicated by the arbitrary notched-bar

impact tests, the value of all or any of the modificatinns -



these tests as a measure of the real toughness or brittleness

of a material has naturally been questioned. From the work
published up to the present it is easy to ccanclude that a minute
and almost negligible change in the condition of a steel is
magnified out of all proportion by a notched-bar impact test.

It was evident that the whole subject could never be placed
on a satisfactory basis until the physical changes which produce
the alteration in impact value could be laid bare. In spite
of the negative results published by previous workers, it was
believed that definite and detectible physical changes must
take place in the transition from the tough to the brittle con-
dition and 1t was in order to elucidate these that the pfesent
investigation was carried out. Success in this direction
would lead to the true explanation of the phenomenon and, among
practical applicatiocns which might be expected to result ul-
timately from this work, it will be sufficient tc indicate here
the possibility of devising a physical method for determinining
the toughness of a material without havlng to resort, as at
present, to the fracture of a separate test-piece, which is not
necessarily in the same condition as the material which is tc

be used in practice.
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PHYSICAL DETERMINATIONS by other INVESTIGATORS

Greaves and Jones (9) have compared the specific gravity,
hardness, and specific resistance of tough and brittle specimens
in which tempering effects were equalised. They found that thne
specific gravity of water-cooled tough steel was from 0-.0004 to
0+0010 less than that of the same steel in the brittle condition,
but that when the tough steel was reheated to 200°C this
difference was greatly reduced. This rise in specific gravity
on low-temperature annealing they attributed to the removal of
a condition of straln in the water-quenched steel, and they
concluded that "the difference in density due solely to the
condition of toughness or brittleness appears to be at the most
1 part in 20,000".

From Brinell hardaess determinations cn water-quenched
and slowly cooled specimens they conclude: "These results show
that when unequal tempering effects are eliminated in producing
tough and brittle material, there is no appreciable difference
in the hardness of the two varieties".

From determinations of specific resistance on similarly
treated specimens they conclude that: "the resistivity at 0°c
of tough and brittle material was identical within the ex-
perimental error".

Rogers (14)

published a large number cf results which
showed that slowly cooled steels in the brittle condition were

softer than the same steels in the quenched tough condition,



but he made no attempt in his experiments to differentiate
between the effect of "extra-tempering" in the slowly cooled
specimens and the effect of the change to the brittle condition.
A steel which is cooled slowly from the tempering temperature
is actually tempered for a longer period than a steel quenched
after retaining at the tempering temperature for the same time,
and would naturally be expected to be softer. Greaves and
Jones, as already stated, produced evidence to show that when
tempering effects are equalised there is no softening in tne
brittle state. I

Thermal curves, taken by the differential method, have been

published by Rogers (14) and by Greaves and Jones'(g).

No
very definite conclusion could be drawn from these curves but
they appeared to point to the possibility of an absorption of
heat on heating and an evolution on coollng through the
"brittleness range".

Guillet (15) has more recently carried out work on dilatation

and thermo-electric power. His conclusions are as follows:-

"Dilatation experiments did not furnish any information,"
and "Thermo-electric tests gave equally no indication".

The magnetic properties of tough and brittle steel appear
to have been compared in only one case, by Kayser.(la) He
gave figures showing that the remanence of one steel, which was
susceptible to brittleness, increased 40 per cent on slow. cooling.

(17) of magnetic tests on a nickel

Figures given by Gebert
and on a nickel-chromium steel, quenched and tempered at various

temperatures, followed by air-cooling, showed that the residual



indueticn in both steels increased very considerabliy after
tempering at 425°C and above. He believed that this change
was connected with temper-brittleness but he did not ccumpare
specimens in the tough and in the brittle condition.

Similar experiments by Dowdell (18) cn a number cf carbon
and specizl steels showed a similar rise in residual inducticn
to that observed by Gebert, but only in a few steels was the
rise at all proncunced, and the change was much greater in all
his carben steels (0+7 to 1.2 per cent carben) than in any cof
the special steels examined. He did not ccmpare brittie and
tough steels.

It is evident from the work of Dowdell thet the rise in
residval induction after tempering to 40C° C or 500°C is very
marked in steels which are not susceptitble to femper brittleress.

C [
(19,20,21) support this view.

Results published by cther workers
It seems that this particular magnetic change cannot be taken
as 8 sign of susceptibility to temper-brittlerness, but it dces
nct necessarily follow that it is entirely unccnnected with
that phenomenon.

It is thus clear that all the evidence published up to
the present time points to the absence of any substantisl

physical change accompanying the transition from the tough to

the brittle condition.
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EXPERIMENTAL METHCD for SPECIFIC VOLUME and

BRINELL HARDNESS DETERMINATICNS.

Thé main experimental method used in the first part of
this investigation was that of heat treatment of suitable
specimens in vacuo followed by determinations of the specific
volume and the Brinell hardness.

Specimens about 25 grammes in weight were heat-treated
in a wire-wound electric furnace, the tube of which was of
transpareut fused silica. A high vacuum was maintained by
means of a Toepler mercury pump of large capacity. It was
found possible to heat-treat polished specimens at high
temperatures for long pericds without producing more than a
slight tinting of the surfaces of the specimens, due to oxida-
tion. Later it is shown experimentally that no alteration
took place in the compositicn of the specimens even after many
long heaé—treatments.

The specimens were thoroughly ground all over and finished
on 1G French paper before the determinaticn of the specific
volume. The Brinell marks were completely removed between each
treatment, but it may be said that Brinell marks produced no
appreciable difference in the specific volume in a number of
determinaticns which were made on specimens befcre and after
Brinelling.

The specific volume was determined by comparison with a
standard specimen of known specific volume by weighing in

paraffin. By means of taking scrupulous care with every detwuil
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of the process of determination, the method has been developed
into one of great sensitivity and accuracy.

A first-class balance was used, giving very accurate
welghings to the fourth place of decimals (1/10,0C0 gm.)

The weights used were carefully standardised before the research
was commenced and this was repeated from time to time throughout.

A standard specimen had first of all to be prepared and its
absclute specific gravity determined. For this purpose a pilece
of annealed 0°48% carbon steel, weighing about 15 grammes, was
taken. Its true specific gravity was determined as fcllows:-

(1) The specific gravity of the oil used was determined
by means of a 100 c.c. specific gravity bottle at 15°C, the
temperature being accurately measured by a Beckmann thermometer.

(2) The specific gravity of the standard specimen was
then determined in the oil at exactly the same temperature of
15°C measured by the Beckmann thermcmeter.

The true specific gravity of the standard specimen having
been determined the specific gravity of the experimental speci-
mens was determined in the follcwing manner.

The specimens, after preparaticn as already described,
were placed in a desiccator for at least half-an-hour. Each
specimen was then welghed lying on the balance pan. The zerc
of the balance was checked before and after each reading and
any necessary correction made. The specimens were then immersed
in paraffin (which was first filtered to remove any suspended
matter) and left for over half-an-hour to allow the temperature
tec stabilise. A beaker of the same paraffin was used in which
to weigh the specimens, these being suspended in the liquid by

means of a cage made cof platinum wire. The cage by itsell was
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first weighed. The standard specimen was then placed in the
cage and weighed. Each specimen was weighed in the same manrer,
the standard specimen being weighed before and after each ex-
perimental specimen. If the standard varied in weight by more
than 0+0002 gramme the readings were discarded and the weighings
repeated. This trouble, due to variation of temperature of the
oil, could usually be avcided by taking care in moving the
beaker to avoid the heat of the hand altering the temperature of
the oil, by takirg precauticns to aveid draughts altering the
temperature of the rocm and by carrying out the weighings as
quickly as possible consistent with absolute accuracy. The
zero of the balance was checked throughout the weighings in
paraffin, but it did not vary as in the case of the weighings

in air.

By means of the precauticns 1indicated it was fcund
possible to reduce the experimental errcr to a very low figure.
In many cases the specific volume determinaticns were repeated
by re-weighing, particularly when what appeared to be unusual
or particularly important results had been cbtained and fre-
quently the repéat determinaticn was obtalned identical or
almcst identical tc the origiral in the sixth decimal place of
the specific volume. In other cases the difference was greater
but was never in any case (except in the case of an obviocus
errcr, which was occasicnally cbtained due to small bubbles
having remaired undetected on the foot of the specimen cor on

the cage) more than_i:O'OOOOl in the specific vclume. This is



consequently given as the maximum experimental errcr.
Variaticns, due to heterogeneity cf a steel obvicusly
cannot be eliminated by this or any other method but these were
largely obviated in this research by the use cof the same
specimens throughout a series of experiments.
From the data which was cbtained as detailed above the

specific volume was calculated as follows:-

Let weight of specimen in air = Wy
weight of specimen in oil = Wy
weight of standard in air = Wg
weight of standard in oil = W4
specifie gravity of oil = Dl

true specific gravity of
standard = Dg
apparent specific gravity

of standard = D3z
Wl X D1
Then, specific gravity of specimen = ——
w. - W
1 2
D
where D; = 2
D3
LE
Thus, specific gravity of Wi X Dg x (Wz - W)
specimen = -
(Wl - Wz) X WS
and, specific volume = 1

specific gravity

Seven figure logarithms were used in the calculaticns.
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The Brinell hardness numbers were determined by an oil-pressure
Brinell machine. A load of 1500 Kilogrammes was generzlly used
as the more usual lcad of 3000 Kilcgrammes made too large an
impression and necessitasted too great a loss in volume on grind-
ing ¢ff the Brinell marks. In cases where the 1500 lcad d4did
not produce a sufficlently large impressicn for accurate read-
ings the larger load was used. A new Brinell ball was cbtaired
at the commencement of the work. This was exactly 1C m.m. in
diameter and remained completely spherical and unaltered in
diameter throughout the entire research.

A platinum platinum-iridium couple was used throughout,
standardized against steam and the melting points of pure tin,
lead, 2zinc, aluminium, scdium chloride and copper. The
standardization was checked several times but no alteraticn of
the couple was found to have taken place. The couple was used

in conjunction with a Siemens Temperature Indicator.
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FIRST SERIES COF EXPERIMENTS

ANALYSIS OF STEELS

Steel C. Mn. Si. P. S. Ni. Cr.
% % % % % 4 % Descripticn
A 22 048 0.18 0.11 low low Nil Nil Plain carbon

NP1 0.31 0.75 0.112° 0.018 0.029 3.64 Nil Nickel, low
phosphorus
NP5 0.33 0.70 0.065 0.098 1lcw 5.66 Nil Nickel,high
phcspherus
AW22 0.33 0.52 0.177 0.018 0.014 3.48 0.76)
g Nickel-
AW 23 0.37 0.54 0.149 0.013 0.0l2 4.55 1l.14 chromium

NPland NP5 are two of the steels used by Andrew and

(11)

Green in thelir work on the effect of phesphorus on the
notched-bar impact valve. NP1 has a very low susceptibility
to temper~brittleness, whereas NPS5has a high susceptibility.
AW 22 and AWR23 were available in very small quantity only, and
impact tests could not be carried out cn these steels. They
were both assumed to be susceptible in greater cr lesser degree
to temper-brittleness. The plain carbon steel was included for
purposes of comparison.

Two sets of specific volume specimens of the above five
steels were treated as follows:-

First_Set. O0Oil-quenched from 850°C and tempered for three
hours at various temperatures from 45©°C upwards and quenched

in water.

Second_Set. The same treatment, except that temperirng was

follcwed by slow cocling at a rete of 2°C per minute instead of
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water-quenching. This rate of cooling was adopted in crder to
have this préliminary series cf experiments completed within

a reasonable time. It was thought to be sufficiently slow tc
produce scme change in the steels, although a slower rate of
cooling would probably be necessary to produce the maximum
degree of brittleness.

Quenching in oil from 850°C preceded each tempering
treatment.

The specific volume and Brinell hardness results after
each treatment are shown in Table I and in Gggghﬁ 1,2,3,4, and
5.

Steel A W23 (Gggfh 5) which contains the most nickel and
chromium, shows a very pronounced and consistent change from
550°C upwards in both hardness and specific volume, but in the
other steels no notable difference is apparent between the
quenched and the slowly ccoled specimens, except possibly in the
other nickel-chromium steel, AW 22 ( s 4), which shows in-
dicaticns of a change in specific volume cnly, similar to the
larger change observed in Steel AW 23. No change is evident
between the quenched and slowly cocled specimens of Steel NP 5,
which has been shown to be highly susceptible to temper-brittle-
ness. The microstructures of the specimens of Steel AWR23 were
examined after the treatments in the brittleness range in which
the large change 1in hardness and specific volume was observed.
Etcned in 1% nitric acid in alcohol the slow-cooled specimen
appeared to have a finer general structure than the cuenched

specimen and this 4i“ference was made more apparent after



electrolytic etching in 5% hydrochloric acid. The type cf
structure and the apparent distribution of the carbide were,
however, identical. Attempts to etch the specimens in boiling
scdium picrate, in order to show up the distributicn cf the
carbide, were unsuccessful.

It is evident from the curves obtained for the carbon and
the nickel steels (GQQ%ES 1, 2 and 3) that quenching from the
tempering temperature up to about 880°C has no appreciable
effect on the hardness or on the specific velume. The
possibility that a strain effect induced by quenching is alone
responsible for the very marked changes in Steel AW23 is com-
pletely discountenanced by the entire absence of any such
change in tne carbon steel or in the nickel steels, as well as
by the magnitude of the change 1n Steel AW23 itself and by the
manner in which the changes become apparent suddenly between
5009C and 550°C.

In order to find whether the extra heating received by the
slowly cooled specimens had produced any relative differeunce
between them and the guenched specimens, the ten specimens were
resubjected, at the end of the .seriss of experiments, to the
original tempering treatment of three hours at 450°C. The
figures for all the treatments at 450°C are given in Table 2.

The two specimens of Steel AW23 were also resubjected to &
six-nours treatment at A70°C, both specimens being quenched
from the tempering temperature. These results are also snown
in Table 2. They clearly prove taat nc appreciable alteration

in composition nad taken place in any of tne specimens, and
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ineidentally show the excellence of the method of neat treatment
in an efficient vacuum.

The extra three hours' tempering at 670°C given to the
specimens of Steel AWR3 shcws that tne effect of extra-tempering

orn slow cooling must be very small. Three hours' extra-

tempering at the high temperature has given only a drop of
8 Brinell and 0°000022 in the specific volume.

It is also shown in the Second Series of Experiments,
described below, taat extra tempering could not be made to
éxplain the pronounced difference obtained on slow-cooling Steel
LVR23. The conciusion that tanis difference in specific volume
and in hardness is due to & radical physical change which takes
place during cooling was thus well substantiated.

This contracticn and softening of the steel in slow cooling
is what would be expected to result from the separation of a
sclute which had been in solution at the tempering temperature
and which is retained in the latter condition on queunching the
steel in water. This will be more fully discussed later after
further experiments have been described.

At the time when these experimental results were first
obtained it was thought that Steel AW23 must possess an un-
usually high susceptibility toc brittleness or rather that tae
physical change which produces temper-brittleness wmust be
particularly large in this steel, and that in Steel AWRZ the
change producing brittleness was so small as to be difficult of
detection. The apparent absence of a physical change in

Steel NP5 which has a high susceptibility to brittieness wss
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not thought to be surprising, since it has always been consider=d
possible that brittleness induced by phosphorus may be of a
different nature to that ordinarily found in low phosphorus
special steels.

One or two other points in connection with the results of
this First Series of Experiments call for mention at this stage.
It will be noticed that the specific volume of the nickel steels
(G;gghs 2 and 3) falls very considerably as the tempering tem-
perature is raised and that this fall increases rapidly at tae
higner tempering temperatures. In comparison the hardness
changes at the higher tempering temperatures are insignificant.
Benedicks (22) has given figures to show that troostite and
pearlite have the same specific volume, but the results at
present referred to, together with many other results obtained
in the course of this research, make it appear certain that the
state of division of the carbide has a considerable effect on
the specific volume. Micro-examinaticon has shown that in the
nickel steels globularisation of the carbide is exceeding rapid
as compared with carbon steels, and the effect of aggregation
of the carbide particles into globules leads evidently to the
closest packing arrangement of the mixture of carbide dndiron.
Any solubility of the carbide in £L-iron would certainly increase
with temperature, and would oppose the observed fall in specific
volume, so that the latter seems to be due entirely to alteration
of the state of aggregation of the carbide. The rapid change

in rate of globularisation with slight varistion in tempering
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temperature above 600°C is probabiy responsible for the
variable impact figures obtained in nickel steels whiceh has been

(12) In tne nickel-chromium steels (Graphs

noted by Griffitas.
4 and 5) an exactly similar effect to that observed in the
nickel steels is apparent but it is not nearly so pronounced.
This difference can be attributed to the difference in composi-
tion and in nature of the carbides present in the two types of
steels. In steels containing nickel only, that element appears
to be present entirely in solid sclution, the carbide remaining
as pure iron carbide, but when chromium is present it combines
with some of the carbon, with the result that double carbides

of iron and chromium exist in the steel.

It will be seen from-G;;gée 2, 3, 4, and 5 that the effect
of globularisation is so great in the nickel and in the nickel-
chromium steels at high temperatures that even where slight
solution of carbide in ¥-iron at 680°C or 690°C leads to an
increase of hardness dn quenching, the specific volume still
falls.

This series of experiments was continued to higher

.temperatures in connection with work whieh is deséribed in

Part II of this Thesis. The results in the Ac; critical range
will not be specially dealt with at present. It may be pointed
out, however, that the results for Steel AW23 in the critical
range show that, even when considerable solution in ¥ -irom

is induced at the tempering temperature, slow cocling through
the brittleness range still gives a large fall in specific
volume and in hardness, similar to that obtained at lower

temperatures.
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SECOND SERIES CF EXPERIMENTS

In order to be able to differentlate clearly between
changes in specific velume and in hardness due to the effects
of tempering alcne and those due to the transiticn from the
tough to the brittle conditicn this series of experiments was
carried out. Greaves and Jones, as has been previcusly noted,
equalised thé tempering effects in a number of their experi-
ments by using double heat treatments,i.e. they first treated
two specimens, which they wished to compare, to obtzin cne in
the tough condition and the other in the brittle; they then
retreated the specimens, the tough being made brittle and the
brittle one tougn. This 1s a perfectly sound method but has
the great disadvantage of making the heat treatment doubly
laborious. If the double heat treatment were adopted in every
case when one was dealing with the present methods cf obtaining
specific volume determinations it would result in making an
already slow process intolerably protracted, when dealing with
a large number of experiments. Also when various different
rates of cooling are used in makiﬁg physical comparisons, as in
a number of experiments to be described later, it is practically
impossible to apply the method of double heat treatment.

Apart from these experimental consideratiocns it was desirable
to obtain data in regard to the effect of extra-tempering of

nickel chromium steels.



The following

steels

were taken:-

Analysis
Steel C. Mn. Si. P. S. Ni. Cr.
% % % % % % %
AH 0-31 0+47 0-310 0-015 0-021 4-46 1-41
NC 0-31 057 04145 0-026 0-029 320 0-83
NR3 0-3 0+34 0-275 0-016 0-021 190 1-15
AW22 0-33 0-52 0-177 04016 0-014 3-48 0-+76 As in
‘ First
AWRS 0+37 0-+54 0+149 0-013 0+012 4-55 1-14 Series

The three new nickel-chromium steels, AH, NC,and NR3
were obtained, through the kindness of Dr. McCance, of the
Clyde Alloy Steel Co., Motherwell, in sufficient guantity tc
allow of impact testing to correiate with the physical
determinations.

Specimens of these steels were tempered (after oil-
guenching from 850°C) at 650°C'for two hours and quenched in
water. They were then retempered at 650°C for additional
periods of six hours each and quenched in water after each
treatment.

The specific volume and the hardness were

determined after each treatment, and the results are given in
Fi
Table 3, and Geapk 6.
The fall in specific volume and in hardness is small in

all the steels for snort periods of extra tempering. Six
hours of extra-tempering at 850°C produce only a difference of

approximately 20 Brineil and C+00004 in the specific vclume.



From the results of tempering experiments already discus;ed
(see GQE%he 4 and 5) it is certain that the effect of extra-
tempering is much greater at 650°C than at lower temperatures
during slow-cooling, and thus it is apparent that any pronounced
contraction or softening which is observed in slowly-cooled
nickel-chromium steels cannot be attributed to extra-tempering.
The curve for Steel AWR23 shows conclusively that the change
observed on slow cooling in the First Series of Experiments
(G;;%B-S) is not due to the effect of extra tempering but to a
physical change which takes place during cooling.

This series of experiments was carried much further than
originally intended, owing to an apparent very slight rise in
specific volume after some of the specimens had begen subjected
to the first few treatments. After this rise was first noticed
each succeeding treatment merely seemed to accentuate it,
except in Steel N C,which shows a rise in one treatment only.
The hardness dropped slightly but continuocusly in all the steels
until the last treatment, when a very slight rise was observed
in each case. The hardness results show that the rise in
specific volume is not due tc graphitisation of the carbide
which would have produced much greater effects. It will be
noticed that Steel AH shows the rise in specific volume more
clearly and consistently than the other steels. It will be
shown later that this same steel shows another similar change
in a more pronounced degree than the other four steels. The
evidence is at g¢resent probably too meagre to justify any

definite explanation of tnis observed effect but it is consistent
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with the idea that solubility of carbide in «L-iron, or rather
in f£errite containing nickel and other elements in solid
solution, can be increased by prolonged soaking at high

tempering temperatures.

THIRD SERIES OF EXPERIMENTS

As the nickel-chromium steels AH, N C,and NR3 were now
available in sufficient dquantity for impact tests, experimehts
were carried out to find the susceptibility of these steels to
temper-brittleness. At the same time the opportunity was taken
tq find the effect on tne impact properties of tempering at
temperaturés above those generally used. Treatments at
ﬁemperatures close to the Acj range have naturally been avolded
by previous workers, but in the present investigation into the
physical properties it was advisable to have impact results for
comparison with physical determinations made after heat-treatment
at these high tempering temperatures.

Bars of the steels AH,NC,and NR 3 were first oil-
quenched from 900°C and then tempered for two hours at 650°C.
The same oil-quenching and tempering treatments were carried out
on other bars of the same steels at 670°C, 680°C, and 690°C.

The treatments were carrled out in a large electric tube furnace
which had an effective heating length of about 2 feet. The
tube was wound "differentially", i.e. the wire was spaced closer
at the ends than in the centre in order to give as even a

temperature as possible from end to end. The five-inch bars
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which were placed in the centre of the furnace, were thus very
evenly heated throughout their length, and tests showed that

the variation in temperature did not exceed a few degrees.

Bars of each steel were quenchea from each tempering temperature,
and other bars were cooled at a very slow rate (0*3°C. per
minute) in order to produce the maximum brittleness. Standard
Izod test-pieces were then machined from the bars, impact tests
carried out, and the Brinell hardness taken at each fracture

end on the impact pieces.

The mean results are given in Table 4, and plotted in
graghs 7,8 and 9.

It will be seen that each of the steels has a high
susceptibility to temper-brittleness. The most interesting
feature of the resulits is the rise in impact value of the bars
water-quenched above 850°C in Steels NC and NR3 (Steel AH
falls at 670°C., but might be expected to rise in the same way

between 650°C and 670°C) This rise in impsct value is

accompanied by a fall in hardness due to the increased tempering
effect as the temperature is raised. These experiments show
that tae higher the tempering temperature (provided the start

of the Ac; critical range is not reached), the higher the

impact value of the tough steel. Whenever the start of the
allotropie change is reached, however, the impact figure falls
again, and this fall is accompanied by a rise in hardness,
showing that some solution cf carbide in ¥-iron had taken

place at the tempering temperature, with subseguent fermation

of some martensite on quenching.



FOURTH SERIZS OF EXPERIMENTS

Now that a definite physical change had been shown to
take place in one nickel-chromium steel (Steel AW23) togetaer
with indications of a small similar change in another (Steel
AW22), the next stage was to attempt to produce the maximnum
physical change in these steels and in others. For this pur-
pose ten steels of widely varying composition were taken, as
follows:-

Five nickel-chromium, AH,NC,NR3, AW 22, AW23

One plain carbon A 22

Two nickel, low and high phosphorus, NP1, and NP5.

The full analysis of the above steels has already
been given.

One chromium, A A X (C,0+-32; Mn,0-91; Si, 0-145; P,0-026;

5,0+027; Cr, 0+97 per cent)

One high carbon, nickel-chromium, G2 (C,1-50; ¥n,0+26;

Ni, 3+46; Cr, 1-80 per cent)

Specimens of these steels were treated with a view tc
producing the maximum amount of brittleness in order to obtain
the maximum physical change. The results of various
experiments are shown in Table 5, in which figures for all the
steels (except G 2) in the quenched tough condition are also
given for compérison (Treatment 1) . Steel G2 was quenched
in oil from 1100°C and the others from 850°C before each
treatment.

The steels were first treated in the generally accepted



manner for the production of maximum brittleness, being
tempered for two hours at 650°C and slowly cooled at 0-3°C per
minute. The results (Treatment 2, Table 5) all of which were
thoroughly checked, were very disappointing as no great change
appeared to have taken place in any of the steels with the
excepfion of a decided fall in hardness in Steel AW23 and a
fall in specific volume in Steel NPS5. The specific volume of
Steel AWZ23 was very little altered and did not show a change
in any way apprcaching the large change previcusly observed
in this steel in the First Series of Experiments (the change
in hardness was also not nearly so large).

The specimens from Treatment 2 were retained and fresh
specimens were subjected té a tempering of two and a half hours
at 670°C and slowly cooled at 0°+3°C per minute. The increase
6f toughness after tempering at this temperature found in the
Third Series of Experiments pointed to the possibility that
"increase in the amount of the tough condition at this temperature
would lead to a larger physical change on slow cooling. This
experiment (Treatment 3, Table 5) did not, however, produce
results any more satisfactory than had been obtalned in the
treatment at 650°C. With one or two minor exceptions none of
the steels even showed signs of the contraction and softening
which was looked for.

In order to increase, if possible, the condition of
brittleness in the specimens from Treatment 5, they were re-
treated at 550°C for three hours and slowly cocoled at 0.3°C. per

minute. The results (Treatment 4, Table 5) again showed nc
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pronounced change in any of the steels. The results of these
three treatments compared with the results of Treatment 1,

Table 5 would inevitably lead to the conclusion that no physical
change - observable at least in hardness or in specific volume -
had taken place in slow cooling. The absence of a change in
Steel AWR3 was particularly puzzling as the previcus change
cbserved in this steel appeared to have been very thorocughly
substantisted. Consideraticn of the results after the above
failures to produce a physical change on very slow cocling led

to the entlrely novel conclusicn that an intermediate rate cf

¢ooling would show up a change whereas very slow rates wovld
nct. The rate of cooling in the First Series of Experiments
had been 2°0°C. per minute which is six times as quick as the
rate used in the experiments Jjust described.

Another experiment was consequently carried out with fresh
specimens of the ten steels of the present series, tempering
at 670°C. for three hours tc produce the maximum amount of the
tough conditior at the high temperature, and cooling at 2-0°0C.
per nminute. The results are shown in Table 5 (Treatment 5);
This experiment was very successful, a pronounced change beirg
produced in all the nickel-chromium steels. Three specinmers
of Steel AWS3 were used in this experiment and the results cof the
three agree remarkably. Two of these three specimens were the
identical cnes used in the First Serles of Experiments, sc
that the importance of the rate cf cooling in revealing the

physical change was particulerly well corrcborated. The



hardress of these specimens of Steel AWZ23 dces not show a
change lerger than in those of Treatments 2,3, and 4. This
must be due tc¢ slight sclution of carbide having tsken plzce in
¥ -iron at the scaking temperature, resulting in the production
of a littie martensite cn sloW—cocling. Later it will be

shown that in Steel AH which is of eimiler cocmposition tc Steel
AW23 a very'low peint is obtained in a cocling curve after
heating at €70°C. This results, of ccurse, in a relstive

harderning of the steel. From the results in this part of the

Thesis and from cthers which will be discussed in Part I1 it
seems very clear thet to produce the meximum change cn sicw
cooling it wculd be necessary to trest each steel individually
by first finding the exuact temperature at which the Acj range
comaences and thern tempering the oil-hardened steel just belcow
that temperature, befcre slow-ccoling was ccmmenced.

It shculd be peinted out that if any sclution of carbide in

Y -ircn had tsaken place at the tempering temperature in any cf

the steels it would tend to produce an expansion and hardering

in the steel cn slow-ccoling regardless cof whether the Arg
pdint on cooling was low encugh tc produce mértensite or
whether it was at a temperature high enough to allcw of deposi-
tion of carbide out of sclution. There is consequently nc
questiocn of effects which had taken place in the Acy range in
any of these steels having produced a contracticn or scftening
in the moderately cocled specimens since any such effects wculd

produce an opposing expansicn and hardening.




It is not propesed at present to draw any conclusions from
the results of the other steels in this series of experiments,
since less is known of the effects of extrs tempering in these
steels, but it is interesting to note the very decided fall in
hardness in the high carbon, nickel-chromium steel, G 2, sfter
Treatment 5, which produced such & large change in the low
carbon,'nickel—chromium steels.

It is not surprising that the alterations in specific
volume with varying rates cf cooling had not been observeé in
previcus work, since this method had hardiy ever bteen applied,
but it seemed remarkable that the changes in hardness had nct
been previously noticed. A search of the work published wp
to the present, however, showed that no hardness determinstiouns
had been made in experiments in which the effect of varying rates
of cooling on the impact figure had been carried cut. Later
it was found that the changes in hardness are somewhst masked,
in many cases, by the effects cof extrs-tempering when the usual
tempering temperatures of 650°C or lower are used.

In view of the well estsbiished fact that the amcunt of
brittleness is more or less directly proporticral to the rate
of cooling, it has previously been assumed that the physical
change which produces the change in impact value wculd alsc he
proportional to the rate of cooling. It is now evident from
the present work that two changes giving opposite effects,
depending on the rate cf cooling, may take place in slowly

cooled steels,
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Alsc the fact that no appreciazble change is revealed in
density or in hardness when the tcugh state is compared with
the fully brittie has led, natmrally enough, to the false
assumption that no change would be observable when intermediate
rates of cooling were used. )

The present work makes it apparent that the similarity in
density and in hardness of the tough and brittlie states is
merely accidental, and that in fact a considersble transforme-
tion takes place in the physical conditicn of the steels con
slow ccoling.

It 1s now clear that many of the results which have been
previously attributed to the softening effect of extra-tempering
must have been due, in part at least, to the change taking
place with intermediste rates of cooling. For example,
Rogers,(l4) using a rate cf cooling of 1°c per minute, obtained
a softening in all his steels, 1n some cases the softening being
considerably more than could be attributed to extra-tempering.
The experience cof other workers at that time led tc doubt being
openly cast on the accuracy of his results in the discussicn
which followed his paper. Gresves and Jones, (2) using a rate
of cooling of 0-3°¢. per minute and equalising tempering effects,
found no difference in hardness between the water-quenched and
the fully brittle condition. These results, which have pre-
viously been regarded as incompatible with each other, are ncw
shown to be due tc the difference in the rate of cocoling em-

ployed, as the rste used by Reogers will te, for many steels at

least, an intermediate rate. The experimentsl results of
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these investigators agree completely with the cbservaticns

made in the present investigatiocn.

FIFTH SERIES OF EXPERIMENTS

As a result of the discovery that the rate of cooling has
an important bearing on the produceticn of changes in specific
volume and in hardness, the present series of experiments was
‘carried out in order to find the effects produced by varicus
cooling rates. |

The following seven steels were taken:-

Three nickel-chromium, AH, NC, and NR 3

One plain carbon, A22.

Twe nickel, low and high phosphorus, N3 (C,0°29; Mn,C-85;

Si, 0-113; P,0-036; S5,0.032; Ni,3.22 per cent) and
NP5.

One chromium A AX.

The analysis of the steels, with the exception of N &, has
been given in previous series.'

Several of the steels which were used in the first part of

this research were originally available in very small quantity,
only a few inches of bar being available in some cases.
Steel AWZ23 had unfortunately to be omitted from this series,
together with AW22 and NP1, as sufficient of the steel was not
available for all the experiments. NP1, was replaced by a
fairly low phosphorus nickel steel, N 5.

Five sets of these seven steels were treated, after a

breliminary cil quenching from 850°C, as follows:-
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First Set - Tempered for twc hours at €50°C and quenched in water

Second " - n " " noon " " slowly cooled at
30C per minute

Th i I'd W - " n " n f " " i " n
29¢ per minute

Fourth " - n 4] i n n n n n ] 1"
: 1°C per minute

F i fth n - n " " n n " n A " i

0-6°C per minute

All the steels exceﬁt N & had been treated in the Fourth
Series of Experiments at a cooling rate of 0°3°C per minute
(Table 5, Treatment 2). The results for all the varicus rates
of cooling are given in Table 6, and piotted in<G£§$bs 10 to
16 inclusive.

The carbcn steel provides a very useful compariscn for the
others. Rate of cooling has no effect whatscever on its
specific volume, while the hardness falls slightly and practi-
cally continucusly due to extra—tempering.

The changes in the special steels are seen to be con-
paratively small and somewhat erratic but that they are ncne
the less real is seen by the consistent absence of any changes
in the carbon steel. It is apparent from the results cf the
nickel—chromium steels that the previcus cdnclvsicn that the
changes after tempering above 650°C are sccentuated is fully
borne out. Some of the results of the treatments at 670°C
in the Fourth Series of Experiments sre included in-G£2§Es 11,
12, and 123 tc illustrate this point.

The effects of extra tempering have somewhat confused the
changes due to brittleness. As the cooling rate becomes slower
the amount of extra-tempering becomes greater especislliy in

the twc or three slowest treatments, in which the amount o



extra-heating at temperatures above 600°C becomes great.

This resultsin a contracticn and softening which opposes the
expansion and hardening which evidently takes place in the pro-
duction of the fulily brittle state. When this is kept in mind
it is seen that the previcus conclusions in regard to the effect
of varying cooling rate are well confirmed.

It can be easily seen from the small changes in hardness
hcw these have remained undetected by previcus workers, sirnce
the tempering temperatures usually employed were either 650°C
or lower.

The most interesting and significant result of this series
of experiments is the revelaticn in the nickel steels and in
the chromium steel of changes similar to thcse fcund in the
nickel-chromium steels. The high phosphorus nickel steel,
NP5, has been shown (11) to have a high susceptibility to
temper-brittleness, and it shcws changes bcth in specific voliume
and in hardness (Ggg%h 15) .Steel N 3 (Gggﬁh 14) shows a slight
change in hardness only. Its susceptibility is not known, but
is probably low. The chromium steel is known to be susceptible
to brittleness, and it shows decided changes in hardness
(Ggg%h 18). Extra-tempering may have masked a probable
accompanying change in specific volume.

That changes of exactly the same physical nature are
involved in all these steels of widely varying compositicn is an
inevitable conclusion from these results, and that these are
the physical changes invcived in temper-trittleness 1s scarcely

open to doubt. It is now clear that a considerable



transformetion must take plece in the physieal econditicn of
steels which are susceptible to brittleness when they are slowly
cooled from the tempering temperature.

It may alsc be saidﬁnerethat the conditicn of high hard-
ness and high specific volume in water-quenched steels, as
compared with the condition of low hardness and low specific
volume in steels cooled at a moderate rate, is not evidently
essentisl to reasonable toughness in the steels. The mecderste
rates of cooling which produce a considerable contracticn and
softening in the steels may produce cnly a slight fall in the
impact value. It is probable then that the toughness cf &
steel is ndt dependent nearly so much on any special conditicn
of the steel which, in itself, gives tcughness, as on the
absence of the brittle condition which is induced by very
slow cooling rates. The toughness is, of course, dependent,
as has been previously shown,to a relatively small extent
on a special condition giving added toughness to a steel by

water-quenching.

SIXTH SERIES OF EXPERIMENIS

The five nickel-chromium steels A H, N C, NR3,AWRE and
AW23, were used in this series of experiments to find
the effect of tempering temperature on the specific vclume
and hardness.

Specimens of the steels were first cil-guenched frcm
85000. and then tempered for six hours at 300°9C. and cquenched
in water. The specific vclume and the hardress were deter-

mined and the tempering repeated (without intervening
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oil-quenching) at 4009°C. The experimehts were ccntinued
at various temperatures up to 67C°C., six hours soaking being
given at each temperature, except at 67OOC., where three
hours soaking was given in each of two successive treatments.
The specimens were water-quenched after each treatment at the
tempering temperature, but no intervening oil-quenching was
carried out; the specimens were thus continucusly tempered
at a series of progressively rising temperatures.

The results are given in Tablie 7, and Figs. 17 and 18.

With the excepticn of steel A H no outstanding change
is shown in any of the curves. It had been thought that s
slight rise in specific volume might be observed as the
temperature was raised through the brittleness range. No
rise has, however, taken place, but it is evident from some
of the curves, notably steel A H, that, whereas the hardness
falls continuously, there are "halts" on the specific volume
curves. The hardness falls continucusly and evenly in all
the steels, but the "specific volume does not. From 4500C to
650°C in Steel A Hthe specific volume is almcst unaltered in
spite of a softening of 100 Brinell. A slight similar halt
is seen in the other steels at about 600°C to 650°C.

It has been previcusly noticed that Steel A H showed a
more marked expansicn on prolonged tempering at 650°C (Fig.6,
Second Series of Experiments) than was shown by the other
nickel-chromium steels. @imilarly in the present series this
steel shows a more proncunced balt than the others. It 1is

thus probable that this steel develcps the physical change
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which is connected with temper-brittieness tc a grester depree
than the others. Increase in the amcunt of the tough state as
the temperature 1s raised through the brittleness range would
account for the effect observed in Steel A H, where the specific
volume, while it does not rise, opposes the ccntracticn which
one would expect from the extra-temperirng received by the steel.
The steels, in genersl, show a larger fall in specific
volume between 650°C and 670°C than between any cf the
immediately preceding tempersture intervais. This effect must
be due to glcbularisaticn at high temperatures and is further
proof that the state of division exerts a decided effect cn
the specific veolume of a steel.
| The curves also give further procf of the comparatively
small effects of extra-tempering in nickel-chromium steels at
high tempering temperatures. It will be noticed that the
extra three hours' heating at 870°C gave a very small fall ian

all the steels.

SEVENTH SERIES OF EXPERIMENTO

The detection of the physical changes in specific volume
and in hardness which has now been fully described did not
immediately render the ¢ause of temper-brittleness cbvicus.

No similar changes had ever been previcusly observed in
metallurgy or in any branch cf physical science, as far as the
present author was aware. Consequently it was not péssible

tc state the cause since there was no scientific data wnich
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would explain the observed effects. The author feit, howevsr,
that the changes could be explained in a certain manner whican will
be discussed later, and the present series cf experiments wss
carried out with a view to establishing an analogy to the elfects
observed in the brittleness range.

In connection with some experiments which will be fully
deseribed in Part II of this Theslis, a result was cbtained in
a nickel steel which, it was thought, might throw light on the
matter.

The nickel steel concerned was Steel N 3, which has been
used in the Fifta Series of Experiments. Bars of this steel
had been heated at 895°C until complete solution of carbide in
¥ -iron had taken place. Certain bars were quenched in watsr
after this treatment and others were slowly cooled at 0.3°C. narw
minute to 400°C. Tensile and Izod test-pieces were machined
from the bars and mechanical tests carried out. Examination
of a micro-specimen, which had been placed in the furnsce along
with the bars to follow the heat treatment, showed that a large
proportion of the carbide of the siowly cooled steel had
Separated out in a remarkably complete film round the grain
boundaries. A micrograph of this is shown in Fig 20
(considerable difficulty was found in obtailning anythihg like a
good photograph of this structure owing to the glare of light
from the surface of the polished specimen) It was noticed
also that the hardness of the micro-specimen was unusually high -
considerably higher than would be expected in an annealed steel

of this composition.




>

When tae lzod impact test-piece, which had been subjected
to the same treatment as the micro-specimen, was broken, it
was found that the impact value varied in a manner not obtained
in any of the many otner bars subjectsd to other treatments.
When tne hardaness at the fracture faces was taken it was found
to vary also from one end of tane bar to tae other, and to be
higher at all points than what was expected in the annealed
state.

It was thnought tnat the effect of variation in physical
properties of this steel might provide the desired analogy
to the behaviour of special steels in the brittleness range.
The test-bar and the micro-specimen were consequently subjected
to a number of experiments.

A diagrammatic sketech of the Izod impact test-piece
referred to is shown in Fig 19. The manner in which the impsct
value and the hardness varied froae one end of the bar to the
other (and inversely tc each other) is clearly seen.

The following experiments were carried out:-

(a) Microsections were prepared at each of the fracture
faces, and the polished sections were boiled in an alkaline
solution of sodium picrate to etch up the carbide. It was
found that the amount of carbide round the grains varied alcng
the length of the bar in a similar manner to the impact figure
and the hardness. As the impact value decreased and the
hardness increased the boundary became more apparent. The
original micro-specimen, whieca had a higher hardness than any
part of the test-piece, had a more complete boundary film taun

any part of the latter. This variation of the amcunt and
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completeness of the boundary in the different specimens wes
clearly beyond doubt. This observation was confirmed by
an independent cobserver, who placed the specimens in the same
crder as the author.

The grain-size of each specimen was estimated and found
net tc vary. The possibie influence of variation in grain
size was thus eliminated.

_ (b) Specific volume test-pieces were then taken from
"each fracture end cf the test-bar and from the original micrc-
specimen, and their specific volume determined. The results
are given in Table 8, Experiment (b). It will be seen that
the specific vclume was alsc much higher than would be expected
in the annealed state. Except in Specimen 2 it varies with
the hardness.

(¢) The four specimens were then tempered at 650°C for
fifteen minutes and cooled quickly in the furnace. The
specific volume and the hardness after this treatment (Tabie 8
Experiment (¢) ) were beth greatly lowered, and micrc-examina-

ticn showed that the grain-boundary was largely broken up into

small globules. This was the cnly apparent change in structure

and the difference in properties seemed to be attributabie cnly
to tﬁe difference in state of distributicn cf the carbide.

(d) The specimens were re-tempered at 650°C.for cne hour,
and this treatment resulted in a further decrease in specific
volume and in hardness (Table 8, Experiment (d) ) and the grain-

boundary was éompletely destrcyed. The arrargement cf the

lerger globules which had been formed <y globularisaticn froo
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the carbide of the boundary indicated faintly in parts the
original granular structure.

(e) Three of the specimens were then quickly annealed
by heating to 760°C. for a few minutes and cooling quickly in
the furnace. The results (Table 8, Experiment (e) ) show that
the specific volume and the hardness are much lower than when
the carbide was obtained at the bcundaries in the same specimens
— Experiment (b). It would be expected that the steel coocled
much more quickly and from a higher temperature above the Ary
point would show a higher hardness and possibly a higher
specific volume. The opposite, however, is obtained in the case
of Experiment (b) and (e) Table 8. The steel ccoled extremely
slowly has much the higher specific volume and hardness, and
the only apparent physical difference between the two structures
‘produced is in the distribution of the carbide round the grain-
boundaries in the slowly-cooled steel and the production cf the
usual mixture of ferrite and pearlite in the other.

A tensile test-bar in which the carbide was distributed as
a network round the grains gave a tensile strength of 56°4 tcns
per square inch and an elongation of 11°0 per cent. The figures
supplied by the makers for this steel were 55 tons per square
inch tensile strength and 20-25 per cent elongation (oil-
hardened 820°C. and water-tempered 620°C). The existence of
the carbide grain-boundary has produced little or no difference
in the tensile strengtn. The elongation is lowered by half,

but the difference in Izod values is much greater. The
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average lzod value for the grain-boundary bar was 9.8 Tcct-
pounds, whereas in the oil-hardened and water-tempered condition
it was given as 60 foot-pounds. There is thus the strong
indication that the distribution of the carbide at the grain
boundary has a much greater effect on the impact value than

on the other mechanical properties.

EIGHTH SERIES OF EXPERIMENTS

While it was felt that the analogy which has been dealt
with in the Seventh Series of Experiments had been apparently
well established, there yet remained a possibility that the
high specific volume and high hardness in the grain boundary
nickel steel might be due to vther causes which were not
apparent. The manner in which the grain boundary of this
steel had been formed was also not entirely clear and the
present Series of Experiments was undertaken in order to
attempt to clear up these points.

The heat treatment to which the grain boundary nickel steel
»had been subjected, namely, one week's heating in the Ac; range
at 695°C. followed by very slow cooling, was an unusual one.

It was thought that more normal treatments, at temperatures
clearly above the Acjy range, followed by slow cocling, might
be made to produce the grain boundary. Also it was felt that
if this same effect could be produced in a plain carbon steel

it would strengthen the analogy.



The experiments detailed cn Table © were consequently
carried out. The specimens treated,with the varicus heat
treatments, results, and microsccpical observaticns are indicated’
fully on the Table. Full discussicn of these experiments need
not be undertaken here since the results are almost entirely
negative, as far as tine producticn of a grain boundary is
concerned. The treatments used did nct produce z carbide
grain boundary in any c¢f the steels in any way apprcaching that
obtained previcusly in the nickel steel.

These experiments, however, together with others described
in Part II of this Thesis, served to make quite clear the
manner in which tne carbide grain boundary had been formed‘in
the nickel steel Izod bar. It had been thdught that the sliow
cooling used after tempering had been the principal factor in
producing the boundary by expelling the carbide as the grains
were being formed or re-formed on passing through the Arl range.
It now became clear that this was erronecus, and that the chief
factor was the state induced in the steel at the high tempera-
ture before cocling was commenced.

What had taken place in the nickel steel was clearly as
follows:- the treatwent had been carried out at the tempera-
ture at which, in this steel, the formaticn of Y¥-iron
entectoid soluticn on heating is almost complete, i.e. practi-
Cally all the carbide had been brought intc solution in ¥-ircn
and the remainder cf the steel still consisted of «£-iron.

The lcng treatment had caused the grains of «L-iron to grow to
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some extent (but the finsl grain-size wes still quite small,
see Fig.18), and the Y¥-iron entectoid solid solution contsaip-
ing a1l or nearly all of the carbide had become expelled or
segregated round the grains thus really forming the matrix <f
the steel at the scaking tempersture. When cocling took place
at the end of the socaking treatment the carbide separated out
from the boundary of Y¥-iron solid scluticn in the Ary range.
The o« -iron formed in the pearlite would tend to join the main
grains of «-iron, thus keeping the carbide at the boundaries.

It is shown in Part II of this Thesis that Ar; must have
taken pléce at practically the same temperature as would be
obtained in an ordinary annealing trestment from say 850°C.
Thus the possibility that a lowering of the ncrmal Arl had taken
place as a result of the unusual treatment was eliminated.

Arl having takeh place at the normal tempersture the slow rate
of cooling wouid in the ordinary way have produced a softening
in the steel relative to a normalising cr annealing treatment.
This would oppose the expansicn and hardening effect produced
by the grain boundary. When this is considered the results
obtained are all the more significant.

The uncertainty of producticn of a grain boundary is
shown in the way in which the latter varied in amcunt alcng tne
length of the Izod test piece. Other experiments will be
described later in which the effect cf heating within the Acjy
range was to glcbularise the areas of Y¥-iron entectoid solid
soluticn formed at the treatment temperature. When this takes

place the o« -iron remains the matrix and as no ¥ -iron sciid
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solution is at the boundaries of the « -iron grains no carbide
beundary would be formed on slow cocling. The difference in
these two effects of soaking in the Ac; range is not guite clear
and is in any case not a material matter at present, but the
undoubted difference which does exist accounts for the variaticn
in the amount of carbide boundary along the length of the Izod
test-bar.

An interesting point in connection with the properties cf
carbon steels was revealed by this series of experiments.
It will be seen from Experiments 2 and 3, Table 9 that whereas
the relative hardness of the 0:22% carbon. steel and the 0-48%
carbon steel is as would be expected after annealing and tenmper-
ing treatments, yet the values for specific volume are the
reverse of what would be expected. This is a pecullar ancmaly
which is not at present understocd. It may be connected
with the tendency shown by low carbon steels tc expel the carbide,
to some extent to the grain boundaries but, if sc, one would
expect the hardness tc¢ show a change similar to the specific
volume. Thermal curves of these two steels showed that they

were quite normal (Figs. 21 and 22.)



NINTH SERIES CF EXPERIMENTS

Some experiments were carried out on the quenched Izod bsr
of the nickel steel, N 3. This bar had been subjected tc the
same soaking temperature of one week at 695°C but had been
quenched from the témperiﬁg tenmpersture. Specimens were cut
from each fracture end irn the same way as in the grain boundary
bar, Fig.19, and, together with the quenched micro-specimer,
these were subjected to the heat treatments shown cn Table 1C
in whieh the results of specific velume and hardness determira-
tions are given. It will be seen (Experiment 1) that while
the hardness of this bar is considerzbly greater than in the
grain boundary specimen the specific volume is much lower.

This is due to the fact that the trapping of a gocd deal of the
entectoid y-iron solid soclution as austenité nas kept the
speclific volume low but that evidently sufficient martensite was
formed thfoughout the steel to keep the hardness nigh.

This is the only case in which the specific volume of a
sﬁeel quencned from a temperature in the Acy range has been
found to be less than the specimens slowly cooled from the same
temperature. It will be seen from Figs. 1,2,3,4, and 5 tautl a
large number of such treatments have been carried out on carpon,
nickel, and nickel chromium steels and in none of these cases
was the specific volume of thé slow cooled spscimen higher than
that of the quenched.

This gives consequently furtner confirmation of the ex-
pansiocn effect produced by the grain boundary in Stecl I 3.

The results of the other experiments on Table 10 show



practically nothing which throws light cn the points presentliy

at issue. They will not, therefore, be further discussed

here.

SPECIFIC RESISTANCE

TENTH SERIES OF EXPERIMENTS.

The importance of rate of cdoling in showing up changes in
speclifie volume and nardness having been discovered it was
advisable to make determinations of other physical properties
in a similar manner.

Bars of the three nickel-chromium steels AH,NC, and
NR 3, which were available in quantity, and which all showed a
high susceptibility tb temper-brittieness, were used for
resistivity work.

Bars of over 25 cms. in length were necessary for magnetic
determinations (described later) and bars of the necessary
length of the above steels were included in the following heat-
treatments which were given to the resistivity pieces.

As the effect of extra-tempering on the resistance and
magnetic properties of steels was quite unknown it was thouzht
advisable to equalise, as far as possible, the tempering
effects in the heat treatments. When different cooling rates
are used this is impossible witnout using a large number of
bars, but a very good approximation to it can be made when the

method here used is employed.
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The bars were neated in an electric tube furnsce waici: is
deseribed in Part II. Pieces cf bar 9 cms. long were used for
the resistivity work. The required number cof pieces were
treated as follows:-

(i) All bars were oil-hardened from 850°C.

(2) Pieces of each steel were:-

(a) Tempered 2 hours at 660°C and slow cocled at
0+3°C per minute.
(b) Re-tempered 2 hours at 660°C and quenched
in water.
This gave the steels finally in the tough conditica.
(3) Pieces of each steel were:-
(a) Tempered 2 hours at 660°C and quenched
in water.
(b) Re-tempered 2 hours at 660°C and slowly
cooled at 2-0°C. per minute.
This gave the steels finally in the intermediate
condition.
(4)  Pieces of each steel were:-
(a) Tempered 2 hours at 660°C and quenched in
water.
(b) Re-tempered 2 hours at 660°C and slowly
cooled at 0+3°C. per minute.
This gave the steels finally in the fully brittle
condition.

The number of necessary heat treatments was reduced by

combining Treatments 3a and 4a and Treatments 2a and 4D.

The pieces of bar were machined down to 3 mm. diameter

for the determination of their resistivity.



EXPERIMENTAL METHCD

The method adopted for determination of the electrical
resistances was of the same type as that used in determinaticns
cf specific volume, namely, by comparison with a staandard
specimen of known resistance. This type of experimental
method is much superior to methods fcr the direct determinaticn
of the absolute physical characteristics of each steel.
Comparative results can be obtained tc a degree of accuracy
which is not approachable by the direct method.

Oue cof the resistance pieces was selected tc act as a
standard. The absoiute resistance was determined as follcws:-

The test-piece was held firmly by powerful elastic bands
on a set of two knife edges, which were screwed to a wocden
base at a known distance apart (about 5 ecmg) and exactly
parallel with one another. A current of about 1+5 amperes
from a battery of Ni-Fe cells was passed through the specimen
and the difference of potential across the specimen at the
knife-edges was measured on a Tinsley Vernier Potentipvmeter.

A shunt of known resistance was piaced in the circnit, and the
current was accurately determined before and after each
determination on the specimen by measuring the difference cf
potential across the shunt. A thermometer placed with its
bulb in contact with the specimen gave the temperature of tne
latter. During a number of days it was found possible to take
a number of readings at temperatures whica varied a degree ur

~
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two on eacih side of <C7C. At each temperature sets of reoad

were taken Crom Lhe specimen, the lattzr beiny moved -
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millimetre or two along the knife-edges between the sets of
readings. From the average of each set of readings the
resistance between the knife edges was calculated from the
current and the difference of potential between the knife edges.
The diameter of the specimen was accurately determined by =a
micrometer, readings being taken at cross diameters each halfl
centimetre along the specimen and averaged.

From these data the specific resistance at each tempera-
ture of the standard specimen was calculated and from a graph
the specific resistance at 20°C was read off,

The resistivity of the cther specimens was then determined
by comparison with the standard. The unknown specimen was
placed on another set of knife-edges in series wita the
standard. Readings were then taken of the difference of
potential across the unknown, readings across the standard teing
taken before and after. This was repeated for as many points
as necessary on the unknown specimen. The diameter of the
unknown was determined in the same way as described for the
standard. The specific resistance was then cbtained from

the following calculation.

Specific resistance, p = Bl o« dg_ xRx TI1

E2 ’ 4 e
where El - D.P. across unknown
Es = D.P. across standard

R = absolute resistivity of standard
d « mean diameter of unknown

e = distance between kni‘e-edyges



In this methed it is necessary to assume that the
temperature coefficient of resistance is the same for the
different steels and for the different conditions. A number
of ether experiments proved that this factor could make no
appreciable difference in the accuracy of the results. In
all the experiments the temperature of the specimen was very
near to the arbitrary standard temperature of 20°C,

The mean results are shown in Table 11. It will be seen
that a small but quite definite fall has taken place in the
resistance in the slowly cooled specimens. The slower the
cooling rate the larger is the fall of resistance, but the
difference between the tough and the intermedlate state 1is
greater 1In each case than is the difference between the inter-
mediate and the fully brittle state. These experimental
observations do not agree with the results of Greaves and

(9)

Jones, who concluded that there was nc difference in
resistivity between the tough and brittle states. This con-
clusion was,hcwever, based on very little data, as only two
of their published readings really compare the brittle and
tough states, and, also, the tempering temperature which they
used was the low one of 600°C. It has been clearly shown in
the first part of this paper that the physical change which
accompanies brittleness is considerably accentuated after
tempering at higher temperatures than this.

It will be seen that the total fall in resistance between
the tough and the fully brittle states (Table 11) varies in

the different steels. This total fall is propcrtional to the

nickel content of the steels.



ELEVENTA SERIZS OF EXPERIMENTS.

In the Third Series of Experiments the three nickel-
chromium steels AH,N C, and NR3 were treated at various high
tempering temperatures to give the tough and fully brittle
conditions. From the longer ends of the Izod test-pieces from
these experiments resistivity specimens were machined and
determinations carried out on them. The pieces were fairly
short - less than 5 cms - and a distance between knife edges of
4 cms. was the maximum which could be used. The specimens were
thus turned down to 2+5 mm. diameter and this gave results of
the same order as in the last series of experiments. The
resistivity was determined in exactly the same manner as already
described and the results are given in Table 12.

Tﬁese results fully confirm the results obtained in the
last series. The fall in resistivity from tough to brittle
condition 1is greater. This must be due to the effects of
extra-tempering,which were not equalised in these experiments.
It will be seen that as the tempering temperature is raised
the percentage drop in resistivity between the quenched and the
slowly cooled specimens of Steel AH rises continuousiy. but
that in Steels NCand NR& it first falls and then rises.

If reference is made to Figs. 7, 8, and @ it will be seen that
a rise in the percentage drop is associated with a fall in
impact value of the quenched specimens,and a fall in percentage
drop with a rise in impact value. It is clear that the

percentage drop falls until the start of the Acj range 1is



i

AT

{

resched and that then it rises due to the prcduction of
martensite in the quenched specimens. It might appear from
the fall in percentage drop with rising temperature befcre
solution in tﬂé Acl range commences that the amcunt of tough
state decreases with temperature. This is the opposite of
previcus conclusions from thé specific veclume and hardness
work. Theyeffect cn the resiétjvity must be explained by
the assﬁmption that increase in globularisaticn with rising
temperature lowers the resistivity inkgreater proportion than
the increase in tough state raises it. From the previcus
observations bn the marked globularisation at these temperatures
it is felt that this is very likely to be the correct

explanation.

MAGNETIC PROPERTIES

- EXPERIMENT AL METHOD

The magnetic properties were determined by the bar and
ycke ballistic methcd. The general lay-cut of the apparetus
is shown in Fig. 23. The specimen, which is in the form cf a
bar 25 cms. long by 1 cm. in diameter, is clamped firmly in a
yoke of soft annealed wrought iron.  Primary and secondary
coils are wound round the specimen in the yoke. The
magnetising current is supplied by a sufficient number cf
accumulators and its strength is regulated by an adjustable
resistance, Ry, and measured by the drop of potential zcrcoc

a shunt of kncwn resistance which is placed in tne circuit.
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A Cambridge and Paul Testing Set was used for this purpose.

The reversing Key, K, has two of its terminals connected thrciugh
an adjustable resistance, HB, whnich may be shorted by a switch
S, as shown. When S is closed throwing over the reversing

Key K reverses the current without altering its strength. When
S is open the reversing key not only reverses the current but
changes its strength by an amount depending on Rg. For
permeability tests this Key S is kept closed but it is re-
quired for taking cyclic B-H curves. The reversing Key, C,
allows the current to be sent either into the primary coil on
the specimen or intc the primary of the mutual ianductance.

The latter serves as a means of standardising the ballistic
galvanometer. When a known current is reversed in the primary
of the mutual inductance and the ballistic effect of the‘re—
versal observed the number of lines of induction for each scale

division is calculated as follows:-

5]
B (for one division) = L1 X 10

AxT x 4.

where I - current in amperes

A - cross sectional area of specimen in
square centimetres.

T = number of turns in secondary coil on
specimen.

d = throw of ballistic galvanometer in scale
divisions.

A resistance placed in the secondary circuit allows the
sensibility of the ballistic galvanometer to be regulated so

that a suitable maximum throw is given in the experiments.



The short clircuiting key across the gelvanometer 1s kapth
closed except when it is desired to allow the swing of the
galvanometer to be read. The two seccndary coiis of the
specimen and the mutual inductance are permanently connected
in series, so that the secondary circuit undergoés no change
when the magnetising current'is sent into bne for testing cr
the other for standardising.

The ballistic galvanometer, lamp, and scale were
rigidly fixed in position before commencing the determinations.
Thus any possible error due to the determination of B for cne
division was eliminated.

Tests were made fcr the maximum induction and residual
induction at values of H from O up to as high a value of H at
which a steady current was available ffom the batteries.

Cyclic B-H curves or hyseresis loops were then taken for a
maximum value of H equal to 150. This value was arbitrarily
fixed as being high encugh to give almost the maximum value
of B rem in all the speclmens and at the same time using as
high a current (L-72 amperes) as could be kept running steaiil;
from the batteries for reasonably long perlods.

The B max and B rem determinaticons were made as follous:

The current was adjusted to give a desired value of H
and the Key, K, reversed several times tc establish a cyelic
atate. The switch, S, was kept closed throughout. The
ghort elrcuiting switc. across the galvancometer was than

opened and the ballistiec throw on reversing the Key. K. cbsorveld.



This gave the throw for B max. B max = 3 Tl X B for one
division. Where Ty = observed throw. The Key was then
reversed several times and thrown over towards the top of the
diagram, Filg. 23; the resistance, Ry, was then disconnected,
the switch, S, suddenly opened,and the ballistic throw observed.
This gives the throw for a step down from the known value of
HtoH - o and from it B rem is obtained by difference.

B rem =(3 Ty - Tg)x B for one divisicn,where Ty = observed
throw,

The above was repeated for all desired values cof H.

H is calculated as fellcws:-

where N = number cf turns on primary of specimen.

11

clear length of specimen in yoke in centimetres.

I

current in amperes.

For determination of the hysteresis locp the fcllowing
was the procedure adopted:-

 The current was first adjusted to glve the desired

maximum value of H = 150. The Key, K, was reversed as before
and thrown over towards the top of Fig. 23. The resistance,
Rg, was then adjusted to the desired value, the switch, S,
suddenly opened, and the ballistic throw cbserved. This
gives the effect of a step dcwn from H = 150 to a value of I
depending on the resistance, Ro. S was then closed, a cyclic
state re-ectablished, Ro set to a larger value and a lsrver

step similarly made by opening &. In this way points from
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H = 180 te H = C were determined.

To complete the curve it is necessary to determine points
for which H is negative. This was done by using the reversing
Key, K, to pass from the full positive current to a less negative
current. After reversing the Key, K, several times with the
switch, S, closed and the full current on for H =150, the
Key, K, was switched from top to bottom while S was held open,
thereby introducing Ry as well as reversing. This was re-
peated for a number of diminishing values of Ro tc the oppcsite
extremity of the cycle. B and H were calculated from the
observed values of current and throw as before. In this way

the complete hysteresis lcop could be drawn.

TWELFTH SERIES OF EXPERIMENTS.

Specimens cof Steels A H, N C, and N R3 had been treated,
as described in the secticn on Specific Resistance, to produce
the tough, intermediate and fully brittle conditicns in each
steel. Test pieces about 30 cms. in length were machined
down to 1 cm. in diameter for use in the yoke which was avail-
able. The exact mean diameter of the specimens was deter-
mined in a similar manner to that used in the case of the
resistivity specimens.

The magnetic properties of these specimens were determined
by the method described abcve.

The results are given in Tables 13 to 22 inclusive and in

Figs. 24 tc 52 inclusive.



57.

The tough specimen of Steel A H wuas sent to the National
Physical Laboratory for determination of its magnetic properties
s¢ that it could be used as a standard. The figures cbtained
by the author agreed very closely with those given by the N.P.L.
test; at the higher values of H the authors figures for B max.
were larger than those given by the N.P.L. possibly due to the
yoke used. Proportionate corrections have been applied by
comparison with the standard and the corrected figures are
given in the Tables.

The individual test figures are given in Tables 13 to 21
and in Figs. &4 tc 32. Table 22 contains a summary of the
more important magnetic characteristics from the hysteresis
loops so that the chief results can be easily compared.

It will be seen that the property which gives the most
distinct'variation from tough to brittie condition is the
remanence cor residual induction. Kayser (16) found that in
one steel examined the remanence increased 40% in the slowly
cooled state. This is a very large rise and, from the present
werk, it would seem that a large part of it may have been due
to the extra-tempering of the slowly cooled specimen. Theat
there is a very appreciable difference in remanence due to the
brittleness change alone is, however, definitely shown by the
present results, where tempering effects were equalised. In
Steels N C and NR & the total rise frcom tcugh to brittie
condition is just over 10%. The suthor would have expected
it to be greater then this ir Steel AH, but it appesred frow

later work that st the tempering temperature of 660°C - which
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was chosen so that the maximum brittlieness change woﬁld be
induced in the steels - slight solvtion of carben in ¥-iron
takes place at the beginning of the Acjy range. This wculd
give effectswhich would oppose the rise in remanence cbserved
and it seems certain that a2 larger rise in remanence wculd be
obtained after treatment at a slightiy lower temperature in
this steel.

The influence‘of rate of cooling on the rise in remanence
is.erratic in the different steels. This is only to be expected
since the arbitrarily chosen cooling rates do not necessarily
represent the correct rates for the production of the inter-
mediste and the fully brittle conditions in each steel.

Thus in Steel N C most of the change has evidentiy taken place
at the rate of 2-0°C per nminute, wheress cnly a small porticn

has taken place in this treatment on Steel A H and abcut two-

thirds has taken place in Steel NIiZ.

Of the other magnetic properties the only cther ocne which
has been found tc vary directly from tough to brittle conditicn
in each steel is the susceptibility. The maximum susceptibility
increases as 'the cooling rate is made slower. The coercive
force decreases from tough to brittle but Steel NR & is
apparently an exception to this. The maximum inducticn dces
not vary greatiy in the different conditions, and the area cf
the hysteresis loop could not be said to show a definite change.

The remanence of the steels is thus evidently the magnetic

property which best shows up the change from the tough to tne



brittle cecnditicn. The rise in this preperty nas becn ver)
thoroughly confirmed by both the series of experiments of which
the results are given. At values of H beyond 150 the remanence
rises very slightly in each steel and attains a constesnt value.
These maximum values of the remanence bear the same relaticn

to each other as those taken from the cyclic curves.

THECRETICAL CONSIDERATION OF RESULTS

It has been clearly groved that in steels susceptible to
brittleness a moderate rate of cocling (QQC.or‘5OC. per minute)
produces a considerable fali in specific veclume and in herdness.
The moderate rates of cocling wnich produce this physical
chiange may only produce comparatively small variaticns in
impact value.

‘It is evident that the magrnitude of this physical change
is roughly proborticnal to the degree of brittleness to which
the steels are susceptiktle. Thus in nickel-chromium steels.
which have a nigh susceptibility, the change in specific
volume and in hardness is very marked, whereas in nickel and
in chromium steéls which have a lcw susceptibility the change
is small. As the phesphcrus ccntent of a nickel steel is
raised the change is accentusted.

This physical change may be explained by the depositicn,
on moderately slow ccoling, of a sclute which is in sclid
soluticn in the steel at the tempering temperature, and which

is retained in sclid sciuticn by quick cccling. The oniy



possible solute which is present in ali the steels in
sufficient quantity tc give the proncunced physical changes
is carbide (either simple carbide of iron or double carbide
of iron and chromium).

Tmpurities which are present in the steels may act alcng
with the carbide, but in themselves could not give rise to the
large changes observed, particulariy in the nickel-chromium
steels.

It is thus suggested that a certain amount of carbide is
present in solid solution in «L-iron (which may be either
nickel or chromium ferrite) at high tempering temperatures,
and that this carbide is, partially at least, deposited in a
fine state of division throughout the mass on moderately
slow-cooling.

The suggestion of Rcgers (14) that brittleness is dué to
solution and redeposition of carbide is thus regarded as being
partially true, but it is necessary to assume a further change
in order to explain fully the results cbtained in the present
investigation and also to show the real cause of the lowering
in impact value.

The amount of carbide held in solid solutioun at the high
temperature may vary coasiderably with the compositicn of the
steel, and also may increase considerably with increase in
temperature, especially near to the Acy range. This certainly
seems to be indicated by the rise in impact value found in the

. s . o)
nickel-chromium steels abcve 85C7C.,
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IThie depositicn of carbide from sciid scivticon will not,
however, in itself produce any great degree of brittleness in
a steel, and it is evident from the présent work that another
physical change 1is induced in the steels by very slow rates cof
cooling. It has been clearly proved that very slcw rates of
cooling give a considerable increase in the specific velume
and in the hardness when compared with the values cbtained by
moderate cocling rates. This increase in specific vclume and
in hardness cannot be explained merely by a further depositicn
of carbide when the rate of cccling is slower, although it is
probable that the slcwer the rate cf cocling the more complete
will be the deposition of carbide from solid scluticn.

It is believed that the state of distributicn of the
carbide must be the predominating influence in this increase
in specific volume and in hardness, and also in the high
degree of brittleness which acccmpanies it.

The evidence provided by the experiments on a nickel
steel containing grain-boundary carbide {3eventh and other
Series of Experiments) points very strongly to the fact that,
When the carbide is distributed round the grain boundaries,
the specific volume and the hardness are considerably raised
over the values obtained for these properties in the same
steel with the same amount of carbide present but distributed
more or less homogeneously throughout the mass. The grain-
boundary condition results alsc in the production of brittleuness

in the steel, vwhereas the steel in its necrmsl quenched ang



water-tempered ccnditicn is tough.

These experiments give, therefore, a ccmplete analcgy
to the physical changes cbserved in steels susceptible to
temper-brittleness and provide a reasonable explanatici of the
variaticns in impact value.

It is believedvthen that the rise in specific volume
and in hardness on cocling very slcwly from the tempering
temperature is dﬁe tc the expulsion of the carbide, which is
deposited cut of soluticn, to the grain-boundaries.
If a complete network of carbide is formed during cocling it
is not difficult tc see how it would affect the physical
properties to such a marked extent. The actual grains of the
steel will become virtually separated from each other by
the netwcrk of carbide, and the co-efficient cf contracticn
of the latter will exercise a determining influence on the
final volume of the mass. From work published by Hcenda (23)
it is clear that the co-efficient of expansicn of the carbide
in plain carbon steels is less than that of the iren. This
is almost certainly true cf any carbide in special steels.
Consequentliy when a boundary netwcrk is produced a greafer
volume of the mass will be cobtained cn slcw cocling due to the
lower co-efficient of contracticn of the carbide. The effect
of the carbide netwerk on the hardness is clearly explainable
by its interference with slip or flow of the mass of the steel
under pressure. No such interference takes place when the

carbide is evenly distributed throughcut the mass.
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licrcesecpical examination of the steels used in the
present work nas nct yet produced compiete confirmaticn cf the
above theory. It is probable that any grain-boundary which 1is
produced is extremely small in magnitude and therefore diffi-
cult of detecticn. .The grain-boundary which was fcound in the
nickel steel (Fig. 20) was easily detected by etching in scdium
picrate, but was extremely difficuit tec piek cut by crdinary
etching - in fact, its existence coculd not have been established
at all had it not been pcssible tc eteh up the carbide in the
pelished specimen. The grain-boundary in this case must be
much larger than any which is prcduced in the tempering zcne
in steels susceptible tou temper-brittieness. In the nickel-
chrcemivm steeis, which have high susceptibilities, it has not
- yet been found pcssible to etehh up the carbide in the pclished
specimens.

In the high-phcsphorus nickel steel, however, the
polished specimen was etched by sodium picrate and an un-
mistakable grain-bocundary was revealed. This was exactly
similar in structure, but not sc apparent, as the grain-
boundary shown in Fig. 20. A faint indicaticn cf a similar
boundary was obtained in the lcw-phosphorus nickel steel.

The effect cof the state of aggregaticn of the carbide
(apart altogether from the effect of its distributicn rcund
the grazin-bcundaries) may be briefly commented cin.

The results nave shown that the fall in specific voliume
in carben steels with rise in tempering temgerature is very

small,but that it is very proncunced in rickei steeis and alsc
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appreciasble in nickel-chroalam sheels. This =2f%get must he
due to globularisation of the carbide, which micrc-examination
‘has shown to be slow in carbon steels but which becomes very
rapid in nickel steels as the temperature is raised near to
wne Acl ¢critical range.
It nas been pointed out by other investigators (r4,25)
that globularisation of carbide can only be explained by
assuming a certain solubility of the carpide in «L-iron.
Tne rate of globularisation will tanen depend on the degree of
solubility of tine carbide in £L-iren (other factecrs,suen as
initial state of divisicn ana temperature, being equal).
It 1s tnus probable that the increasedrate of globularisation
in a nickel steel is a proof, in itself, that the addition c.
nickel increases the amount of carpide which is neld in solid
solution in the ferrite at nigher temperatures. As the
.rate of globularisation increases until thne Acl critical
rauge is reacnea, so also must the amount of carblde present
in solid sclution increase. Similarly, manganese may increase
solubility in the same way as alsc cther elements in solid
solution, such as chromium in excess of the amount necessary
to combine witn tne carpon or tine steel.,

It has been shown in the experiments on specitic
resistance and magnetic properties that tnese properties do
not show tne double effect which is revealed'in density and in
nardness. The author had expected that the double eftect
mignt be apparent in the resistivity but that was not apparzutl

trom tne results ol tae experiments carried out. The railL in
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resistivity was found to be greater the slcower the rate cof
cooling. It is possibie, however, that the producticn of a
- network of carbide thrcughout the mass may exercise an cpposing
effect to the effect which is obtained from the separaticn of
carbide out of solid soluticn. At lower temperatures the
double effect might aceccunt for the apparent similarity of
resistance in the tough and brittle states fcund by Greaves
and Jones.(g)
The magnetic properties would be expected tc show variaticn
in direct proportion to the amount of carbide Which separates
out cof solution, the grain boundary having no effect. It
has been shown that the magnetic prcperties vary directly with
the rate of cocling.
Quantitative interpretaticn of the reéults is not easy
but it is quite possible that the fact that the fall in
resistance waé found to be directiy proporticnal to the nickel
content gives a clue of importance. It has been previously
shown that many cof the results can cnly apparently be ex-
piained by increase in sclubility of carbide in ferrite with
the addition of nickel, particularly at high tempering tem-
peratures. Kase (=6) estimates that carbcn is scluble in
pure nickel up to 0+25% at room temperature and that the
sclubility increases to 0¢55% as the temperature is raised up
to the entectoid of the carben-nickel system (1318°C.) It
is thus likely that the presence of nickel in solid soluticn
in «£-iron ircreases the solubility cf carbide. Cther
elements ir solid scliuticn in L -ircun may act in the same

manner, and it seems very pessible that the resulting increszsed
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sclubility at high temperatures and re-depcsiticn cn slow-
cocling by the manner described above is the true explanaticn

of temper-brittleness.

SUMMARY

Physical determinaticns have been made on a wide range cf
steels, inciuding carbon, nickel, chromium and niékel—chromium,
with a view tc deteeting physical changes accompanying the
well-known change in impact value fcund in many special steels
and knewn as temper-brittleness.

As a result cof the work the following physical changes
have been proved to take place:-

(1) A dcuble change in specific volume and in hardness.
At moderate rates of cocling (2°C. or 3°C. per minute) from
the temperirg temperature steels susceptible tc brittieness show
a centracticn and a softening. At very slow cccling rates
(0-6°C. or 0+39C. per minute) an expansion and a hardening
takes place relative to the condition found after moderate
cocling, the specific vclume and the hardness returning to
values very similar to thcs obtained in specimens quenched
from the tempering temperature.

(2) The contracticn and the softening obtained on
moderately slow cocling is accentuated as the tempering
temperature is raised, provided the start 6f the Acqy range is

not reached.

(2) The specific resistance of siowly cocled steels 1is
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iower than that cf the same steels guenched from the temperirg
temperature. No dcuble effect is cbserved as in the case cf
the specific vclume and the hardness, the decrease in
resistivity being greater the slcwer the rate of cocling.

(4) Of the magnetic properties the remsnence or residual
induction shcws thé most preonounced change. It rises as the
rate of cooling becomes slower. Again there is no sign of a
double effect.

A theory has been fcrmulated to acccunt for the phenomencn
of temper-brittleness. This is based cn the above phyéical
observations and is supported by experimental evidence on a
steel in which the carbide had been obtained segregated largely
at the grain-boundaries. The theory may be briefly stated
as follows:-

The introducticn intc a steel of nickel, or certain other
elements which form solid scluticns with .L£-ircn, increases
the solubility of carbides in ferrite, especially at higher
tempering temperatures. On cuenching from the tempering
temperature the carbide dissclved in the ferrite is retailned
in sclid so.vticn. On cooling at a moderate rate the carbide
in solid soluticn af the high temperature separates out, at
ieast partially, in a fine state of divisicn thrcughcut the
mass.‘ On cocling at a very slow rate the carbide which
separatés is expelled to the grain bcundaries thereby producirg
a brittle network of carbide thrcughout the mass.

A number of other pecints in the behavicur of carbon and

special steelis have been dealt with.
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PART II

Acy and Arj in Special Steels.




INTRCDUCT ICHN

(o5

It has been noted by Brayshaw,l vBrearley,2 Jones,5 an
Greaves % that partial hardening cf certain special steels is
brought abocut by tempering at temperstures ccnsiderably belcw
the normal Acq maximum (as obtained on a thermal curve) follcwed
by quenching in water. ' This effect has been frecuently
reccgnised in practice and is commonly guarded agzinst in the

heat-treatment c¢f some special steels by the use of relatively

=
e

low tempering temperstures. Carpenter, Hadfield, and Longmuir
drew attention to the fact that in thermal heating curves of
nickel steels the Acqy change is revealed by an absorpticn cf
heat cver a renge of temperature commencing well belcv the ACL
maximum, Jones,(G) from thermal experiments cn this subject
conciuded that Acl in alicy steels takes place cver & renge of
temperature and he explained this as being due to the prcgres=ive
soluticn of & mixture of iscmcrphous carbides present in aliy
steels. This general explanaticn seemed tc the author te be
decidedly weak, since the great mass c¢f evidence pcints tc the
existence of one simple carbide in many special steels where the
Acy range is very pronounced, as for example in certsin nickel
steels. In other special steels, known to contain more than

one carbide, as, for example, chromium steels where the ratio

of chromium to carbon is less than 4-3:1, there was a

possibllity that Jones'! explanation might hold.



But while the work of Jones showed experimeataily that Lo
many special steels the Acy cnange was nct ccmpleted at ceonstunt
temperature, no attempt has been made to define the ccnditicus
whicn govern the extent of the Acl range or to elucidate the
reactions which take place in it. It was the aim of the
present work to throw light oan this matter. Most of the
experimental work has been carried cut cn the Acy range but it
was felt that success in this direction would necessarily
provide information which would simplify the interpretatica of
other and apparently more complex changes in special steels, 3s,
for example, the double cocling points in nickel and in nickel-

chromium steels.
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SPECIVIC VOLUME

EXPERIMENTAL METHOD.

It was thought that some information might be gained on
the reactions in the Acjy range by the application of a new
method to the problem. A methced involving the determination
of specific volumes was consequently adopted in the first
experiments. |

Suitable specimens of the steels, about 25 grammes in
weight, were heat-treated in vacuc in a wire-wound electric
furnace. In the earlier experiments a thick vitreous silica
tube was used and selected tubes of this material kept a high
vacuum excellently below about 700°C but above that temperature
their efficiency in this respect was found to fall away with
rising tempsrature, Later experiments were carried out in
tubes of transparent fused silica and these were fcund perfect
at all temperatures. Polished specimens cculd be treated at
high temparatures in these tubes for long pericds with only a
slight tinting of the surfaces by oxidatica.

The merit of this method in completely avoiding any altera-
tion in composition during treatment has already been shown
in Part I of this Thesis.

A platinum platinum-iridium thermocouple was used tiarcugh-
out and this was frequently checked against the melting pcint
of pure aluminium (65800.) whicn was near to the tewmperatures
used in tire most important heat trestments. The e.n. .

reccorded by the coupie did act alter ia the slizhiest de-rae
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in 5911;.6 of many nundreds of bcurs of heatiap do_vacac.

The temperatures were read ocn a Cambridge and Paul
Universal Test Set in the earlier experiments and cn a Siemeans
Temperature Indicator in the later. In the scaking experimeunts
in the critical range the retention cof the temperature tc
within a variation of a few degrees over six consecutive hcurs
was fcund very trying and the null methcd with galvancumeter
spot thrown on a large scale wculd nave been preferred fcr
this type cof work. The latter method.was not, however, avail-
able for this work at the time when it was carried cut.

The temperature was controlled by means cof a sliding
resistance, to within the slightest possible variaticn of the
miilivcoltimeter peinter, taken as a maximum as equal te‘f 29c¢.
to 3°C. The mean soaking temperature was taken as 29C. to
3°C. below that desired sc that the temperatures shown in the
Tablesand Figs. are the maximums reached in edch case.

The specimens were prepared and the specific volume

determined in the manner fully described in Part I of this

Tnesis.



FIRST SERIES OF ZXPERIMENTS

Three nickel steels with constant nickel and varying carbon

were chcsen for this series, together with a plain carben steel

for purposes of comparisca.

Analysis of Steels

Steel. C. Mn. P. S. Si. - Ni.

A4 071 0-18 low low C-10 nil
2 0-26 0-27 0+014 0-025 0-103 3°+64
4 G-44 0433 0-015 0-038 0-125 3-65
6 0-87 0-+41 0013 0-025 0-149 3-64

Specimens of each of these steels, about 25 grammes in

weight, were first quenched in oil after half-an-hcour at 850°¢C.

They were then tempered as follows:-

Treatment 1 2 3 4 5 6 7 8

38
Temperature,®C 540 540 590 640 660 675 685 695 700
an
Pericd of extra :
Heating 12 12 12 12 12 12 i2 12 12
in Hours.

11 12
705 710

an

extra
12 12

The lengthy treatments were given sc that complete.
stability wculd be produced at each temperature, and thus

eliminate Ffrom the results any dcubt that migat arisze - tinis

1C.

7C5
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pcint. Each tweive-hcur treatment was made vp cf twe pericds
of six hours each and rapid quenching in ccld water fcllcwed
each treatment. There was no intervening treatment between
the varicus experiments, and in heating up for each treatment
the temperature was raised as quickliy as possibie without cver-
shooting the desired sceking temperature. Any appreciable
redistributicecn of carbide cor cther ccnstituents due tc the
tempering ocut at lower tempe}atures cf sclid scluticns formed
in the previcus treatment was thus effectiveliy prevented.

The specific veoiume and Brireli hardress results after
each treatment are shcwn in Table 1 and in Figs. 1,2,3 and 4.
The micrcstructure was examined in all cases and photc-
micrographs taken where thcught desirable. Scme cf the latter
are shown in Micros. 1 tc 17 inclusive. |

The experiments were discontinued after Treatment No.l1l3
as the specimens had beccme rather small fer accurate wecrk
owing to the necessity cf grinding cff Brinelil marks after each
experiment.

The carbon steel, Fig. 1, shows a scftening as the tem-
perature is raised but little or nc change in specific veclume.
The micrestructure cf the carbon steel showed progressive
globularisaticn as the temperature was raised.

Figs. 2, 3, and 4 show that when sciuticn in Y¥-ircn first
takes place in the nickel steels at 685°C an expansicn and a
hardening is obtained in the quenched specimens and this
increases with time and temperature. But whern the tewpersture

is stiil further raised a contracticn and a scftening sets iz
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and Lalo ds fodloned 0y & second expausion and nardenins ol
still higher temperatures. The first expansion and hardeniag
is associated with a marked duplex structure which is shown in
dicros 1 and 2 and alsc ian Micro 18, which is from a separate
experiment. The white ccnstituent in the microsecticns was
seen to increése witn carben content and alsc as the scaking
temperature was raised. It is thus evident that it is this
constituent which causes the expansion and hardening. These
white areas existed at the sosking teuperature as ¥-iron sclid
solutions, but quenching has failed to retain them as austenite
and it is concluded that they consist of an unstable soclid
solution of carbide or carbon in oZ£-iron containing nickel.
It will be shown later that the concentraticns of these areas
vary but that they are in general relatively high in nickel and
low in carbon when only a part of the carbide has been brought
into solution. It was clearly seen in all the specimens that
the carbide dissolved progressively as the temperature was
raised. Micro 1 shows the white areas formed at the soaking
temperature together witnh undissolved carbide which was blackened
by boiling in an alkaline solution of sodium picrate. As the
temperature of soaking is raised the well-defined duplex
structure breaks down and Micros. 3,4,8,92,11 and 12 show indefin-
ite broken-up structures which are the result of a re-arrangement
of equilibrium.

The fall in specific volume and hardness which fcllows
the first rise in the curves is asscciated with the formeaticn

of ancther well-delined dupiex structure wnich gradualiy
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separates out from the broken-up ccaglomerats obtained in
intermediate stages. This structure is shown in Micros. 5,

10, and 14 in the three different nickel steels, and its gradual
formation can be followed by compsring the micrographs of each
steel after previocus treatments. It is evident from the

curves that austenite is being trapped on quenchiang and as the
globularised constituent in Micros. 5,10, and 14 clearly

varies with the carbon content it is concluded that this con-
stituent consists of austenite and the ground mass of ferrite.

As the temperature is further raised this constituent
disappears into the ground mass and less austenite and more
martensite are formed due to the gradual dilution of the Y-iron
areas at the soaking temperatures.

Special attention may here be drawn tc Micro. 3 which
throws light on the manner in which the carbide grain becundary
structure in the nickel steel, N 3, referred tc in Part I
of this Thesis, was obtained. The Y¥-iron areas have, as
shown in Micro. 3, segregated to the grain boundaries after
this treatment,thus producing a condition which will give a
carbide grain boundary on slow cooling. It will be seen from
the other Micros. that this low carbon nickel steel has a
tendency to form this structure, whereas the higher carbén
nickel steels have not. Micro. 15 shows the structure of
Micre. % at a lower magnification and similarly Micros. 16 and’
17 show the structures of Micros. 8 and 11 respectively.

Micro. 15 reveals a pronounced granular structure which is not
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apparent in the other two cases.

The unusual nature of the results obtained in this series
render=d it advisable that they should be confirmed by other
experiments and a further series of similar treatments was
carried out on fresh specimens of the same steels. It was
thought that better quantitative results would be obtained by
shorter and unbroken treatments at regular intervals and this

was found, as shown below, to be the case.

SECOND SERIES OF EXPERIMENTS

Fresh specimens of the steels used in the First Series
were first oil-quenched from 850°C.

They were then tempered at 670°C. for 6 hours and quenched
in water. This tempering was repeated at intervals of 59C.
for periods of & hours each up to 705°C. after which the
temperature intervals were the same but: the time of each soaking
was reduced to 3 hours. - The steels were guenched in water
after each treatment. Hardness determinations were not made
as it was clear from the First Series of Experiments and from
many other results obtained that after quenching treatments in
the Acy range the hardness followed the specific volume in all
cases exceont when graphitisation occurred, as in one case in
this investigation, namely in Steel No.6. The microstructure
was examined after each treatment and the previous observations
were fully confirmed.

—

The results are shown in Table 2 snd ig. 5. The specific
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volume passes turougn chnanges exactly similar to tihose obtained
in the First Serieé, but the regular spacing of the successive
treatments has led, as.expeéted, to better quantitative results.
There 1s little alteration in the carbon steel throughout the
whole range ofvtreatmgnts. This gives an excellent coﬁtrast
to the effects shown by tne nickel steels. In these the
expansion Which commences at 885°C. and continues to 695°C. or
700°C. 1s directly proportional to the carbon content as is
shown in Fig. 6 where the maximums in Fig.5 are plotted against
percentage of carbon. Above 695°C. or 700°C. the specitic
volume falls - in Steels Nos.2 and 4 and in these two steels
the fall ,is again proportional to the carbon countent. =~ But the
coﬁtraction which one would expect in Steel No.6 1is cbscured

by graphitisation. In both series of experiments a small
amount of graphitisation took place in this steel «fter all the
carbide had been bfcught intc solution, i.e. in the dip - the
spécific volume curve, The formation of even a small amount
of graphite has a very pronounced effect on the specific
volume. The graphitisation was plainly seen, on examining
the polished specimens under the microscope, as lines of small
dots which appeared to bg situated along the boundaries of

original dendrites in the steel.

THIRD SERIES OF EXPERIMENTS

It was thought that experiments like those carried out
in the first two series mignt be applied with advantzge to
other steels with a view to tarowing furtaer light cn the

peculiar reactions previoustiy cbserved. Very few special
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steels of sultable compositicn were availsble at the time,
but it was decided to use three nickel steels of varying
phosphorus content and two nickel-chromium steels. The
results from these steels would show whether pncsphorus
had any effect on the changes and also if the same cycle

of changes was observable in nickel-chromium steels.

ANALYSIS OF STEELS

Steel C. Mn. P. Si. S. Ni. Cr.
NP1 031 0-75 0.018 0-112 0.029 3-64 nil
NP3 0-30 0-71 0-058 0-103 low 3-68 nil
NP5 033 ¢c-70 0-098 0-C65 low 5-66 nil

AW22 0-33 0-52 0-016 0-177 0-014 5+48 C78
AR23 0«37 0-54 0-013 0-148 c-Cl2 4-55 i-14

Specimens of each of these steels were quenched in oil
from 850°C. They were then temperad at 665°C. for 6 hours
and guenched in water. This treatment was repeated - without
intervening oil-queaching - every 5°C. uap to 725°C. The
specific volumes and Brineil nardnesses were determined after
each treatment, and the results are showm in Table 3 and
Figs. 7 to 11 inclusive.

It will be seen that as fzr as the effzct of phcsphorus
is concerned the resulis are negative. Ho particualar
difference could be sald tc show itself in the behavicur

- = YA atas oo ! ofermd T N SO L I = T
L Tharee nZcCAeci ZUSZ LI A BITlAET CUT oz L CnzlizZ2z 13
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are not very pronounced due tc the relatively»low carbon
content.

In the nickel-chromium steels, Figs. 10 and 11 one
might expect a greater hardening effect at the start of the
Acl range than in the nickel steels. The reverse, however,
is obtained. Later it will be shown that in a steel of
the composition of AWZ3, solution in ¥ -iron must start at
about the temperature of the first treatment, 665°C.

Thus the absence of hardening at temperatures just above
this must be due to the fact that the Y¥Y-iron portions formed
at the soaking temperature are either wholly or partially
trapped as austenite, thus keeping down the specific volume
and the hardness. At about 690°C or 625°C in both the
nickel-chromium steels an expansion starts and continues to
715°C. At 720°C. a lowering in both specific volume and
hardness of both the steels was observed. This is probably
due to the same causes as 1in the nickel steels but it is
apparent that the same pronounced cycle of changes does not
take place in nickel-chromium steels, at least of the
compositions used.

Other experiments in the Acl range of a slightly
different nature have been given in Part I of this Thesis.
In Figs. 2 and 3 of Part I it will be seen that the nickel
steels pass through similar changes tc those already
described. The difference between these experiments and

those described in the present paper is that the specimens
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were quenched in oil from 850°C between each tempering treat-
ment . It is clear that the cycle of changes is similar in

both types of treatment.

FOURTH SERIES OF EXPERIMENTS

MECHANICAL TESTS

It was thought that it would be of interest to find
the effect of heat-treatment in the Acy range on the
mechanical properties of a nickel steel.

The following steel was used:-

Analysis
Steel C. Mn. Si. P. S. Ni.
N3 029 0465 0-113 0-036 0-032 322

Four six-inch bars of this steel were first cil-quenched
from 850°C. and then were subjected to a very drastic treat-
ment at 680°C. to 690°C for one week. The treatment was
carried out in an electric tube furnace wound "differentially"
over two feet, so that the six-inch bars in the centre were
kept at a very uniform temperature throughout their length.
The course of the treatment was follcwed by cuenching out
from time to time a number of small micro-specimens which were

placed in the furnace along with the bars.



A week at the temperature indicated only brought abcut
a partial solution of the carbide, the microstructure showing
the duplex structure qbtained in this region plus a fair
amount of undissolved carbide, well globularised.

At the end of the soaking treatment two of the bars
were quenched in iced brine, and the other two were very
slowly cooled at 0+3°C per minute.

Tensile and Izod test pileces were wachined from the
treated bars, and mechanical tests carried out. The
results are shown in Table 4.

Four other bars of the same steel were subjected to a
simllar treatment at 695°C to 700°C for four days. Two
bars were quenched from the soaking temperature and two were
slowly cooled at 0-3°C per minute. All the carbide appeared
to have dbeen in solution at the sosking temperature as pro-
longed boiling of the quenched microspecimen in sodium
picrate failed to show up any carbide. The slow-cooled
specimen showed that a large part of the carbide had separated
out at the grain-boundaries. The effect of this structure
on the physical properties of the steel has already been
fully dealt with in Part I of this Thesis.

Mechanical test results from test-pieces machined from
these treated bars are also shown in Table 4.

Heat treatment in the range of temperature used in
these experiments has two effects, namely, globularisation

of undissclved carbide and scluticn of carbide. Thls gives
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a double effect on the hardness whea partial solution cnly

is obtained as in Treatments 1 and 2; Table 4. Thus while

a fair amount of martensite was produced in Specimern 1 yet
its hardness when compared with Specimen 5 is low. The
effect of the martensite in hardening the steel in this case
is evident by comparison with the steel sl&wly coccled froin
the same temperature, Specimen 2.

| The mechanical prcoperties have not been greatly impaired
by either of the Treatments 1 or 2 when the very drastic
nature of the treatments is considered.

In the case of Treatments 3 and 4, in which all, or
nearly all, of the carbide had been brought intc soclid sclu-
tion in Y-iron at the high temperature, the mechanical
pfoperties are greatly affected. A large amount of marten-
site has been produced in Specimen 3, and, as would be
expected, this gives a large increase in the tensile strength
and poor figures for elongation, reduction of area and Izod
impact.

In the bars from Treatment 4 the carbide had separated
largely at the grain-boundaries. There is no doubt that all
the carbide which nad been in solid solution had been com-
pletely deposited by the slow-cooling treatment (the
specimens were held at 430°C for 17 hours after extremely
slow cooling to that temperature). It is interesting to
note how little effect the distribution of the carbide has

on the tensile strength.
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In the crdinary way one would nave expecfed the
complete separation of the carbide in Specimen 4 to have
raised the Izod value considerably when compared with
Specimen 3, but, in this case, the production of brittle

grain boundaries has kept it 1low.

FIFTH SERIES OF EXPERIMENTS

THERMAL ANALYSIS

It was evident from the specific volume and hardness
experiments that the changes in the Acl range must be due to
redistribution of constituents. Consequently the effects
- of similar heat-treatments followed by thermal cocling curves
might be expected to give indications of the distributicns
invclved. Work of this kind had only apparently been
carried out in one case, by Jones. (6) In this work he
found in some steels a lowering of the Arl point of abcut
ZOOC, after tempeging in the lower part of the Acl range.

As his results concerned allcy steels of widely varying
composition it was not expected that large effects would be
revealed by the present work. It was hoped, however, that
the effeets of redistribution might be sufficient to throw
some light on the problem. As will be shcwn belcw pre-
conceived notions on this matter proved to bpe guite
erroneocus., Very large effects due to redistributicn were

in meny cases cbserved and it became evident that in Jone:!



87.

work his curves had not been taken to sufficiently low
temperstures.
It has been very well established by a number of

investigations (5’7’8’9’10)

that in nickel steels increase cf
carbon content has no effect c¢n the temperature of the Arl
change but that increase of nickel progressively lcwers that
change. Thus if nickel is redistributed in a pure nickel
steel at the commencement of the Acl range it wouid be re-
vealed on a cooling curve by a lowering of the normal Arl
change, whereas, if the carbide alone was concerned, no
alteration in the temperature of the Arl change would be

observable.

The following steels were used in the thermal work to be

described:-

Analysis of Steeis
Steel c. Mn. Si. P. S. Ni.  Cr.
N 3 029 0+65  0-113 0-038 0-032 3-22 nil
A H 0+31L 0-47 0-310 0°015 0021 4-48 1-41
N C C+31 0-587 0-145 0-026 0029 820 0-83

N R3 0-36 C-34 0275 c-016 0-021 1-80 1-15

AAX 0-32 0-91 0-145 0-026 C-027 nil 0-97

The thermel speéimens were treated in a high vacuum so
that any effects due to oxidation would ke avoided. The
specimens, which were in the form cf cylinders about 1% inches
long by % inch in diemeter with a hole drilled to the centre,
were ccntained in & thick wrapping of eskestcs paper, and the

thernocouple was jammed with astestcos weel intc the drililied

hole with its junectlcn tightly against the metul. The
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tenperature wes measured and the curves tuken with a Tirnsley
Vernier Potentiometer. ‘

The nickel steel, N3, after cil guenching from 85OUC, was
tempered at 690°C (24°C below the normel Acq maximum, Fig.l2)
for one hour and a cocling curve taken. This is shown in
Fig. 13. It is seen thst an evclution of heaﬁ tcok place over
a range of temperature from 472°C to 41200, wvhereas the normel
Ar, maximum is 577°C (Fig.12). The specimen was then re-
heated to 700°C for one hour, and a cocling curve agair taken.
This resulted in hardly any alteration in the evolution of heat
obtained in the previous treatment, but brought in a new
evolution at from 595°C to 534°C this being very nearly co-
incident with the start and finish of the Arq evolution obtained
on a normal cooling curve from high temperatures. The scaskings,
feollowed by cooling curves, were repezted at 5°¢C intervals up
to 715°C and then at 725OC, 75OOC, and 8OOOC, with the results
shown on Figs. 18 and 14. The lower heat evolution persists
until the temperature is raised tc 715°C but beccmes progressive-
ly smaller. At 715°C the lower temperature range ¢f evoluticn
is practically identical to that obtained in the original
treatment at 690°C. At 725°C the low range is destroyed.
Meantime, thrcughcut these treatments, the high range of heat
evolution increases in magnitude until at‘725°C it alcne
remains. It is clearly seen from the curves (Fig.13) that, after
the two ranges are produced at 70000, treatment at 7¢5°C and
710°C tends to bring them together, but that when the lower

point is almost destroyed at 718°C the leower limit cf the tcy
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Tange rises. ATter soaking st 725 °C s separate Arg change
becomes visible and is pleinly revealed affer treatment at
75OOC,which is well above the Ac, range.

A number of cther experiments were carrjed out on this
steel and the curves are shown on Figs.1l4 and 15. After sceking
at 675°C no evolution of heat was revealed. In order to be
certain thet this was so a curve was taken dcwn to 40°C (Fig.l1l5)
and this shows no discontinuity. At 685°C an evolution was
obtained (Fig.l4) extending from 450°C to 363°C which is
decidedly lower than that obtained after the treatment at 690°C
(Fig.12). On soaking the cil-quenched specimen at 680°C a
very low point was produced at from 400°C to 358°C. This
’specimen was reheated (without intervening oil-quenching) at
685°C for 4 hours and it is seen that the point prcduced by the
previous tréétment at 6809C was slightly greater. But 4
hours at 685°C did not produce nearly such a large evolution
as was previously observed after one hour at the same temperature
(Fig.14). This is due, of course, to the difference in the
previous treatment, the higher range of heat evclution having
been produced when the steel was heated immedistely after oil-
quenching to the soaking temperature of 685°C.

In order to find how rapid was the redistribution of
constituents a curve was taken of the oil-hardened steel by
heating it &s in a quick thermal curve to 700°C and switching off
the current just before that temperature was reached. The

steel by this treatment was in the lower part of the Ac; range
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for asshort a pericd as cculd resscnably be arrunged, certuinly
under half-a-minute. It 1s seen in Fig.l4 that two very
small points were produced on the curve, one at 5820C, i.e.
slightly above the normsl Arl poeint, and a low pcint at 577°C.

In the specimen previously heated to 700°C (Fig.13) two
pcints were préduced on the cooling curve. That this was
purely due to its previcus treatments is shown by another curve
(Fig.15) taken after heating the oil-hardened steel at 700°C
without previous treatments at lower temperztures. Only one
point was obtained, the heat evolution extending over a range
of 80°C from SOOOC té 42000. The lower l1imit (42000) of this
evolution is thé same as in the previous treatment at 700°C
(Fig.13) but it commences 40°C higher and no top point is reveal-
ed.

After this treatment at 700°C a heating curve was taken and
is shown in Fig.1lb. This curve shows a point with its
maximum at 709°C, i.e. 5°C below the normal Acl maximum, due
to the carbide which had given the previous low point, and a
higher point which is due partly to the remainder of the carbide
going into sclution and partly to the Ac5 change.

The oil-hardened steel was subjected to another one hopr
treatment at 700°C, but this time was cooled to above the
start of the Arl heat evolution previcusly obtained, and a
heating curve taken. This is also shown in Fig.15. It shows
that the top point is due tc changes not brought about in the

previous treatment. Absorption of heat commences at a higher
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tenperature and the norwal Acy polnt is very small.

An experiment was carried out tc show whether the top
point in these curves was due tc carbide not yet dissclved or
to the Acg change. The steel (after oil-hardening) was heated
in an ordinary heating curve until the Acy heat absorption had
just completed’itself. The current was switched off so that
this change was just complete when cocling commenced. The
steel was then cooled to 595°C (above Arl) and a heating curve
taken. This showed a large top point (Fig.14) due mainly to
the £ to ¥ change (Acy) and a small low point due to a little
carbide not dissolved in the first treatment.

It is seen from the work on this nickel steel that the
Acq range starts at about 680°C, i.e. 34°C below the normal Acy
maximum. No steels of nickel content differing appreciably
from this steel were available but the nickel-chromium steels
A H and NR 3 containing 4+46% and 1°90% nickel respectively
were treated to find the temperature at which the Acy range
in them commences. In these steels the Acy maximums take
place at very slightly different temperatures, 734°C in the
case of Steel A H (Fig.21) and 740°C in Steel NR 3 (Fig.24)

As will be seen from Figs. 22 and 25, however, the Ac, range
commences at 660°C in Steel A H, i.e. 74°C below the normal
Ac, maximum, giving a very low evolution of heat, and in Steel
NR 3 no pcint was evident until after treatment at 710°C
(Fig.25). The extent of the Acy range is thus proportional

to the nickel content in these steels.
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Similar expériments to those carried cut con the nickel
steel were carried out on a chromium steel. In this‘steel
(AAX) all the chrémium (except possibly a minute proporticn)
is in combination as carbide. The normal Acy maximum is at
758°C (Fig.16) and treatment at 74C°C failed to reveal any
solution at the socaking temperature (Fig.17). At 7459C scme
solution tock place but the point which was cobserved cn cooling
(Fig.17) was at the normal Ar; temperature, and no redistribu-
tion whatever was revealed by subsequent treatments (Fig.l7).
It is evident that the Acj; range is small in this steel and
indeed it may be due entirely to the manganese ccntent, which
is high. Experiments on a steel free from manganese and high
in chromium would be necessary to find the effect of free
chromium in solution. A very faint evolution of heat‘is
evident at lower temperatures in some of the curves on ﬁig.l?
and it is thcought that these are due to the manganese present
in this steel.

Other experiments on this steel are shown in Figs.18,19,
and 20. The steel was heated just to the Acl maximum in the
same way as has already been described in one of the experiments
on the nickel steel, N 3. The steel was then cooled to
705°C (sbove Arl) and a heating curve taken from fhere.

This curve (Fig.20) shows a very definite point slightly above
the normal and must be due, as in the case of the nickel steel,
mainly to the £ to ¥ (Acz) change. That this is so will be

seen from the cooling curve (Fig.20) taken immedistely after
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the treapment Just referred tc. It will be seen thsat a
distinet Ary point is visible. Other curves (Figs.18 and 19)
show that this point 1s progressively lowered with rise in
initial temperature.

Cooling curves of the steels A H, N C, and NR 3, which
have nickel coﬁtents of 4-46%, 3+20% and 1-90% respectively,
are included (Figs. 21, 23, and 24) to illustrate a matter
which will be discussed later. Steel A H shows two points on
cooling (Fig.zl) and Steel NR3 one point (Fig.24) while Steel
N C shows an evoluticn over a wide range of temperature.

To be sure that this curve of Steel N C was in nc way accidental
a repeat of the experiment was carried out and the twc curves
shown (Fig. 23) are plotted from data from two separate
experiments. It will be seen fhat the repeat reproduced the
exact shape of the first curve.

It may be noted here that in a number of Dejean's curves(g)
there are indicatiocns of re-distributicn effeets similar to
those desceribed in connection with the nickel and nickel-
chromium steels in the present research. In a high speed
tungsten steel containing 18% W, 0-7%C, 4% Cr and a little
vanadium " his cooling curves show a small heat evoluticn at
temperatures considerably below the normal Ar; point, after
the steels had been heated to temperatures in the Acl range.
With a steel containing 0:3%9%C, £-44% Ni., 1-83% Cr, 1-72% Cn.
he gets similar results. In the case of each steel the lowest

heat evcluticn obtaired on cocling tock plasce after the lcwest
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tempering treatment at a temperature in the Acy range, and as
the tempering temperature was reised through the Acl rarnge the
low temperature evoluticn occurred &t progressively rising
temperatures, finally disappearing.

These curves can be seen in Figs.l and 2 of Dejean's
paper.(g) They give clear evidence of redistributicn in the
Acl range. The heat evoluticns are small, in comparison with
the other points which were the sﬁbject of Dejean's resesrch,

but are nevertheless quite distinct on the curves published.

Dejean made no reference whatscever to them.

THEORETICAL CONSIDERATION OF RESULTS

Jt is an inevitable conclusion from the experimental
results that redistributicn of the special element which is
present 1in solid sclution is the salient cause of the Acy
change taking place over a range of temperature. It has
been shown in the specific volume and hardness experiments
that variaticn of carbon content in nickel steels has nc effect
~either on the tempersture at which the A%_range commences cCr
on the appérent extent of that range. As the carbon content
is increased the changes which take place are merely
accentuated in proporticn to the carbon content, no mcdifica-
tion of the temperature range being produced.

From the thermal curves on nickel and nickel-chromium
steels it has been cleeriy shown that the tempersture zt which

the Ac; renge commences depends c¢n the nickel content f the
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steels. The temperatures at which scluticn in ¥-iron commences
is rapidly lowered by increase of nickel. Furtner, it is

clear that the amount of redistributicn which takes place in

the Y¥-iron first formed depends upon the amcunt of nickel
originally present in solid soluticn in the ferrite. *

In the chrbmium steel examined by the thermal method no
redistribution due to the chromium (which is combined as
carbide) is revealed, but the manganese present in solid solu-
tion gives indicaticns of effects similar to those of nickel.
(The amcunt of lowering of Ary for each 1% of manganese will
be roughly 2% times that for the same amount of nickel) The
temperature range of Acl in this chromium steel is evidently
small and it may be entirely due to the manganese present.

It is possible, however, that in steels of low chromium content
there is selective solution of the carbides, as suggested by
Jones (6). In the steel used there may be twc carbides, FeBC

(12)

and Fegc; Crz 02, and these may be subject to selective
soluticn when the Acy change commences. If this does take
place it can be explained by consideration of equilibrium in
the ternary system, but for the present it is sufficient to
conclude that in steels in which all the chromium is combined
as carbide the temperature of Acy 1is small.

Where, however, a special element 1s present in sclid
sclution, e.g. nickel, manganese, and chromium zbove the
4+3% Cr: 1%C ratic, the Ac; change may take place over a range
of tempersture, provided there is a difference in sclubility cf

the special element btetween £ and ¥ -iron.




The effect of nickel in tnis couneectics will be specinliy
dezlt with here, since in almost all of the steels used it is
the element particularly ccncerned. Similar considerations
must, however, apply to other similar elements.

It is necessary to refer to the system iron-nickel-carbon
in order to shbw clearly whet takes place in the Acy range.

A geﬁeral diagram has been drawn by Kase (13) buv it is
necessarily, in the present state of knowledge, incomplete ahd
takes no account of the changes at present under consideraticn.

The porticn of the diagram which is reguired for tais
work can, however, be constructed from previcusly known data,
together with data from the present paper. This has been done
and a diagrammatic view is gilven in Fig.26. This diezgran is
given merely as an illustration of the points presently at
issue and otner points have been purposely omitted from it.

Scott (lO) finds that in steels up to 3+55 nickel increase
of nickel lowers the Acy point (maximum) by 10°5°C for each 1%
of nickel added and he calculates that the carbon concentration
of the entectcid becomes smsaller by 0-042% for each 1% of nickel.
These figures agree well with tnose of other workers.

Carpenter, Hadfield, and Longmuir (5) give figures for
the temperature of Acy maximum in steels up to 15% nickel.

From the above figures the mean line A B has been drawn
in Fig.26. This line starts at the entectoid of the iron-
carbon system and slopes dowawards towards increase of nickel

and decrease of carbon, But this line only represents the




maximum of the Acy change at entectcid compesiticns and it

is necessary in crder to represent the Ac, range tc have twc
llines diverging from the ircn-carbcn entectcid pcint. The
lower liine A C represehts the start cf the Acy change in steels
of entectcid compcsiticn and the tcp line A B the completicn

cf this change. To include steels of sll carbeon contents two
planes generated horizontally on both sides by‘these lines

make the disgram, in this respect, complets. A vertical
section through the line of entectoid compositions (A B, Fig.25)
is shown in Fig.27. Scme of the results of Carpenter,
Hadfield and Longmuir and of Scott have been plott=d zs indicat-
ed. A meén line through the maximumgof their curves is shown
dotted, A B. The firét—named investigators used a differential
method and the meximumsSof their curves agree weil with Scctt'ls.
The differential method gives, however, the apparent start of
the Ac, range at temperatures which are undoubtedly much too
léw. The line A C, representing the start of the Acyrange has
been drawn through Scott's figures, taken by the inverse-rate
method. This line includes the point D, which has been shown
definitely to be the start of the 4Ac; range in Steel N & of

the present research. The position of the line A C at higher
nickel contents is doubtful. For lower nickel ccntents it

can be taken as very nearly correct as shown on the diagram for
commercial nickel steels containing 0°5 to 0*7%.manganese.

This line is obviously of considerable practical importance as
it represents the tenpsratare below which a1l temperiof

operations must e carrvied out.,
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The line 4 C 1s analagcas to the sclidus ol a system of
continucus solid solutions, and tae line A E to the licuidus.

A C represents the start of the Acy range and A E its completion.
The exact position of the line 4 E is doubtful. At lower
nickel contents it has been drawn through Scott's figures, and

it is probably ét all compositions fairly near to the line
obtained by Jjoining up the Acl maximums,

Consider the reactions on heating the steel N 3 (3:322%
nickel). When the lower plane in Fig.26 is reached x¥solid
solution of entectoid composition commences to form. The
point D in Fig. 27 represents the temperature of the start of
formation of the entectoid Y-solution. At this point the
composition of the Y¥Y-solution first separating is given by F,
i.e. the horizontal point on the line A E. The Y-solution
first formed thus contains a large proportion of nickel.

The carbon content of a eutectoid sclution containing this
amount of nickel is low, since the higher the nickel content the
lower 1s the carbon content required to form a euwtectoid
solution. If the temperature is retained at this point D a
condition of stability is reached turough the impoverishment

of the remaining L-iron in nickel, the composition of the
ferrite moving in the direction shown by the arrow. It is
thus necessary in order to form more eutectoid soluticn to

raise the temperature further until the line A C is again
reached. If instead of retaining the temperature at 880°¢C
(i.e. at the point D) it is raised at once tec 8385°C and ratained

thers a eutectoid scluticn of the zpproximate compositioan of




from F to G is formed. This contains more carvon and iess
nickel than in the first case when the temperature was retained
at 680°C. Similarly, if the temperature is raised at once
to 890°C the composition of the Y¥-solution extends up to H.
The effect of these varying compositions on the Ary change has
been shown in Figs. 13, 14, and 15. The lower the soaking
temperature the lower is the resulting Ar, point. The
position of the line A E at higher nickel contents has been
calculated on the assumption that inersase cf nickel gives a
uniform decrease in the temperature of the Arj point.
Scott's figures (which agree closely with other workers) for
low nickel steels have been taken, i.e. each 1% of nickel lowers
Arq by 21-5°C, and the compositions of the eutectoid

¥ -solutions formed at 68000, 685°C, and 690°C were calculated
from the start of the respective Arq ranges (Figs. 13, 14 znd
15). The points F, G, and H (Fig.27) through which the line
A E has been drawn, were thus obtained. Ancther factor, how-
ever, may have to be taken into consideration. Dejean, (e)
and Carpenter, Hadfield, and Longmuir (5) showed that above
about 8 or 10% nickel the Ar; point is lowered rapidly to a
much lower range of temperature. These workers used high
initial temperatures, 900°C and higher, whereas the initial
temperatures used in the present experiments were below 700°C.
It is thus impossible to make a definite deduction from the
avallable data as to the exact position of the line A E in
Fig. 27 or of the corresponding plane cn Fig.z6. 1t would
seem, however, that the line as shown cannot be far from its

true position.
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In the thermal curves cn Fig.ld it is evident that
sufficient time has not been given at the scaking temperature
in a number of the experiments for stability to be attained.
Once & csutectoid solution has been formed by soaking at a lower
temperature further raising of the temperature does not readily
dilute it. The soaking times used in the specific volume work
are likely to have produced reasonable homogeneity of the
enteétoid solutions formed.

The first solutions formed on heating in the lower part of
the Acl range, being relatively low in carbon are more readily
converted to martensite on quenching. Guillet (11) found that
in quenched steels with from 7:85% to 25% nickel the micro-
structure showed a predominance of martensite. Evidently
increase of nickel has not the same effect on the retention of
austenite as increase of carboa has. Thus in the entectoid

¥ -solutions first formed the lower carbon content gives a
tendency to formation of martensite and it is ounly when almost
all of the carbon is brought into solution that the carbon
content of the eutectoid y-soluticn becomes high enough_for
the retention of austenite, at least when these low initial
temperatures are used. Thus the dip in the specific volume
curves is explained.

Some considerations on the Arl range may suitably be
included in this discussion, since the elucidation of the
reactions which take place on heating through the A; range

inevitably brings out information which can be applied to




tarow ligat on the reverse process of cocling throush that

range.
o . e (14)
It has been pointed out by Le Chatelier and
commented on by Carpenter, Hadfield, and Longnuir (5) that the

Arl change in steels naturally appears on a thermal curve over
a wider range of temperature than Acy. This is due to the
fact that the falling temperature opposes the Ar; change
whereas rising temperature assists the Acl change.

To this must, however, be added, in the case of steels
containirig nickel or other similar elements in solid solution,
a factor which consideration of the ternary diagram mszkes
clear. When nickel steels are cooied the critical changes
take place at lower temperatures than they do on heating.

(10)

Thus Scott calculates that the Arg point (maximum) is
lowered 21+5°C. for each 1% of nickel, whereas the Acy point

is only lowered by 10-5°C. To obtain the .position of the Arl
range the two planes in Fig. 26 must be altered in positiocn.

The point A will be slightly lowered and the planes representing
the start and finish of tiae Ay change turned downwards through
an arc with A as centre.

A vertical section through the line of enteétoid com~
positions has been drawn in Fig. 28. Some of the results of
Scott, and of Carpenter, Hadfield, and Longmuir have been
plotted on the diagram as shown. It is.readiLy seen that on
cooling there is a greater temperature interval between the
two planes for any given composition than is the case on heating

The Arl range in steels which contaln a specisal element in




solid sclution will for this reason - among others - be
greater than the Acy range.

The reactions which take place in the Arq range will be
the reverse of those described for the Acy range. The first
bearlite separating will have a higher carbide content and a
lower nickel content than that obtained as an avérage in the
pearlite areas after the change is complete. Just as on
heating, the first Y¥-iron solid solution which forms tends to
absorb nickel in excess, so on cooling, when pearlite starts to
separate, the nickel of the steel will tend to remain in the

¥ -iron solid solution which has yet to change (tc pearlite,
troostite, or martensite). As the nickel content of a steel
rises the Ary range, as shown by the two planes (represented
by the two lines A E and A C, Fig 28) on theternary diagram,
widens. This, combined with the factors just discussed pro-
bably, in the epinion of the author, gives the key to the ex-
planation of the doubling of the critical points on cocoling
certain nickel, nickel-chromium, and other special steels.

(5)

Carpenter, Hadfield, and Longmuir found in their work on
nickel steels that with higher nickel contents the Ar range was
revealed by a long evolution of heat culminating in a critical

(9)

point near the lower extremity. Dejean found in steels of
similar composition that two points were revealed in certain
steels. These points he named (along with other workers)

Arl and Arll, associated with the formation of troostite and

martensite respectively. Consideration of the thermal curves

published by the above workers, in the light of the new facts




1C3.

brought out by the present research, points strongly tc the
fact that the doubling of Ar points is due to reactions which
take place in the Arj range. When the start of the Ar; range
is reached on cooling, pearlite (or troostite) starts to
separate and, as already pointed out, the remaining ¥-iron
solid solution becomes progressively richer in nickel, thus
delaying its change until a lower temperature is reached.
It is not difficult to imagine how two separate points may be
produced in a cooling curve given suitable composition and
conditions of cooling. In the present research three cooling
curves of nickel-chromium steels have been shown (Figs.21,
23 and 24). In Steel N R3 (Ni.1-90%) Ar{ is shown by a sharp
point taking place over a short temperature range. In Steel
N C (Ni.3°204) the composition and conditions of cooling have
led to a continuous evolution of heat throughout the Arl range.
In Steel A H (Ni. 4°46%) the composition and conditions have
led to the production of two definite points, one at or near
the start of the Acj range and the other at or near the end of
that range.

Other considerations complicate the reactions on cooling.
After heating to higher initial temperatures the critical

(15) This is due tc

points of many special steels are lowered.
causes which are not yet understood but may be connected with
the destruction of nuclei as the temperature is raised. It is
sufficient here to recognise the fact and to point out how the
;osition of the Ar, range willvbe altered with it. This,

combined with the considerations already discussed, makes
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clearer the fundamentsl reascns for the very wide ranges of
Arl found in many special steels, as, for example, the wide
ranges found by Carpenter, Hadfield, and Longmuir at higher

nickel contents.

SUMMARY

The eanditicns which govern the extent of the Acj range
in special steels and the reactions which take place in that
range have been investigated by methods invelving determinations
of specific vclume and hardness, examination of microstructures,
mechanical testing, and thermal analysis, of carbon, nickel,
chromium, and nickel-chromium steels.

As a result of the werk the fcllowing are the principal
ccnelusions: -

(1) Variation of carbon content of nickel steels has no
effect either cn the temperature at which the Acy range commences
on the apparent extent cf that range, or cn the nature of the
reactions which take place in it.

(2) 1Increase of nickel content of nickel and nickel-
chromium steels rapidly lowers the temperature at which the Ac;
range commences, and widens the extent of that range.

(3) At the commencement of the Acq range nickel is
absorbed in excess by the ¥-iron eutectoid sclid sclution first
fofmed, thereby impoverishing the remaining ferrite in nickel.
This is evidently the fundamentsl physico-chemicel reascn for

the existence cf an Acj range.
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(4) The reacticnswhich take place in the Acy range in
nickel steels can be explained by considerstion of the ternary
equilibrium diagram of the system ircon-nickel-carbcrn, the
necessary portion of which has been constructed for that purpcse.
Similar considerations will apply to other steels which contain
a special element in solid solution.

(5) The elucidation of the reacticusin the Acy range
throws light on the more complex reacticns which take place

in the Arj range in many special steels.
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Tobib 1

Specimens C.H. 850°C. tempered & Hours at each
temperature and quenched in water.

Steel 450°C. 500°C. 550°C.
Sp.Vecl. B.H. Sp._Vol. B.H. Sp. Voi.
A22 0-127401 258 0-127410 219 0-127364
NP1 0-127407 298 0127391 273  0-127384
NP 5 0-.127402 302 0 .127400 273 0-127396
AWZ2 0.127548 365 0.127511 342  0-127506
AW23 0.127666 369 0127640 326  0-1R7653
600°¢C, 650°C. 67¢°C. 88C°C.
Steel.Sp.Vol. B.H. Sp.Vol., B.H. Sp.Vol. B.H., Sp.Vcl., L.z.
AZ2 0-127359 194 0-127365 175 0-127370 174 C-12737¢ 15C
NP1 0.12737C 209 0-127312 197 0-127224 194 0©-.127158 Z(%
NP5 0-127397 225 0-127334 £09 0-127214 207 C-127180
AW22 0-127491 286 0-127485 256 0-127449 255 0-12759% «ud
AWR3 0-127619 285 0-127616 262 0-127602 248 0-127593 a7
Steel. 690°C. 695°C. 700°¢C. 7e5CC.
Sp.Vci. B.H. Sp.Vci. B.H. Sp.Vci. B.H. Sp.Vcl. o.i.
A22  0.127365 166 0-12738C 155 C.127375 185 0.127392 181
NP1 0.127178 239 0-.127192 240 0.127185 207 0.127594 273
NP5 0.127317 278 0.127328 270 0.127287 258 0.127571 298
AW22 0,127380 253 (.127354 2556 0.127420 266 0.127548 407
AWR3 0.127552 253 0.127558 254 0.127657 276 0.197654 -7
Steel 710°¢C.
Sp.Vol. B.H.
A22 0.1275S2  i5L
NP 1 0.1£754% 36
NP5 O le7628 241
AWRS C.127523 326
AWR3 C.127666 280



Steel

ARZ2
NP1
NP5
AW22
AWRS

Steel

AZ2
NP1
NP5
AWR2
AWR3

TABLE 1.

(Contirued)

Specimens C.H. 850°C. tempered 3 hours at each
temperature and slowly cooled at 2<0°C. per minute.

450°C. 500°C. 550°C. 600°C.
Sp.Vol. B.BH. Sp.Vcl. B.H. Sp.Vecl., B.H. Sp.Vci. 2.H
0-127374 256 0-127%86 241 0-127352 220 0-127278 196
0-127387 299 0-127399 263 0-127358 237 0-127255 208
0-127407 300 .0-127411 273 0-127364 242 0-127401 222
0-127543 364 0-127531 342 0.127474 314 0©.127484 278
0-127674 367 0-127614 321 0.127568 243 0.127845 228

650°C. . 870°C. 680°C. 690°C.
Sp.Vol. B.H. Sp.Vel. B.H. ©Sp.Vol. B.H. Sp.Vcl. z.H.
0-127369 184 0-127346 170 0.187322 172 0.1£7:58 i
0-127%3%8 194 0-127248 194 0.127251 1SC 0.127127 194
0-127327 201 0-127285 198 0.127850 212 O0.127195 21F
0-127450 252 0-127425 242 0.127410 232 0.187£81 250
0-127488 212 0.127388 209 0.127403 210 0.12741& 21

695°C. 700°¢. 705°C. 710%¢C.
Sp.Vol. B.H. Sp.Vol. B.H. Sp.Vol. B.H. Sp.Vci. 2.0
0+127376 188 0-127371 151 0-127364 17C C-127&74 17
0+127127 194 0-127129 200 0-127204 194 0-1278i¢ 2C1
0-127160 213 0.127185 230 0.127178 222 0.127i6C £1-
0:127265 238 0-127344 240 0-127326 256 0.12727C 25
0-127450 240 0-127495 240 0-127527 248 0-12754¢ 256
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TABLE 3.

Specimens continuously tempered at 650°C.
Quenched in water at end of each period shown.

Total Soaking Time

Steel 2 hours 8 hours 14 hours 20 hours
§p_.V01. B.H. Sp.VOl. B.H. Sp.vcl. B.H. SP.VOl. B.H.

0* 127706 270 0-127684 250 0127691 235 0.127642 230
NC 0« 127582 256 0-127543 232 0-127550 224 0.127551 218
NR3 0°127636 256 0127596 241 0.127598 232 0.127602 228
AW22 0°127493 257 0.127469 239 0.127466 239 0127436 228

AWR23 0°127640 260 0°127617 240 0°127622 230 0-°127608 224

Total Soaking Time

Steel 26 hours 32 hours 38 hours
Sp.Vol. B.H. Sp.Vol. B.H. Sp.Vol. B.H.
AH 0°127649 227 0-127657 222 0°:127665 222
NC 0°+127542 209 0°+127541 204 0°127544 207
NR3 | 0-127586 217 0°127602 218 0+127550 217
AW22 0°127441 224 0°127441 222 0°127417 222
AW23 0-127622 217 0127603 217 0-127590 218

Total Soaking Time

Steel 44 hours 50 hours 96 hours
Sp.Vol.B.H. Sp.Vol., B.H. Sp.Vol. B.H.
AH 0127687 218 0°127690 214 0+127685 220
NC 0127539 207 0+127564 201 0:127538 203
NR3 0127585 217 0-127592 208 0+127603 211
AW22 0°127451 217 0°127453 214 0-127462 217

AW23 0°127611 214 0-127607 207 0127629 211



Steel

AH
NC
NR &

Steel

NC
NR &

TABLE 4.

Tempering Temperstures.

650°C.
Quenched Slow-cooled
Izod B.H. Izod B.H.

587 254 55 274
618 258 51 25%
69.5 253 8.3 256

680°C.
Quenched Slow-cooled
Izod B.H.

Izod B.H.

670°C.
Quenched Slow-coc.ed
Izod. B.H. Izcd E.IH.

34+4 297 7.7 g6
73+2 251 6°l 215
79.5 238 15.0 254

690°C.
Quenched Slcw-cccied

27.2 308 5.2 260
666 237 5+6 25
787 236 10°9 237

Izod. B.H. Izod b.il.

8-6 54:6 5'2 27;\//
17-1 302 7-0 PR
68°4 22C 10-2 2oL
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Steel

NC

AW22

AW23

Steel

AH
NC

AWz22
AW23

TABILE 7.

6 hours 6 hours. 6 hours 6 hours
3000(C. 4000C. 4500(C. 5000oC,
Sp.Vol. B.H. Sp.Vol. B.H. Sp.Vol. B.H. Sp.Vol. 3.H.
0127942 408 (0.127801 385 0127760 358 0.127763 330
0127801 415 0127732 391 0127692 360 0127673 325
0+127714 391 0127651 377 0127639 356 Q127636 220
0127625 380 0°+°127556 361 0°+127538 354 0127524 300
0127762 400 0127728 390 0+127696 365 0127682 333
6 hours 6 hours 6 hours 3 hours

.55050, 6000C. 6500(C. 6750C.
SJ)OVO&O B.HO SQ.VOI; BOH. S}_)oVOl. B.H. S;poVOl. B-Hc
0-127762 304 0127751 283 0127748 254 0.127695 243
0127646 296 0127622 270 0127623 245 0.127589 226
0127597 300 0-+127581 278 0127575 237 0.127552 228
0+127503 275 0127484 266 0+127481 247 04127420 224
0+127638 291 0127632 276 0-127609 248 04127585 224
' Extra
Steel 3 hours
625”0.
Sp.Vol. B.H.
AH 0127666 231
NC 0127585 224
NR3 0127544 221
AW22 0127406 214
AW23 0127578 220




TABLE 8.

Experiments on Slowly-Cooled Nickel Steel with

Grain Boundary

Experiment (b)

Specimen (Grain boundary Condition) Microscopical
Specific Brinell QObservations.
Volume. Hardness
1. (from 1lst 0+127427 220 Distinct grain
break in boundary but more
Izod.bar) Carbide throughout
mass than in others.
2. (from 2nd 0127479 226 Grain boundary
break in more than No. 1.
Izod bar)
3. (from 3rd 0127456 230 Grain boundary
break in very obvious.
Izod bar)
4., (from 0127458 243 Grain boundary
original plainer than in
miero- any of the others.

specimen)

The Grain boundary increases from 1 to 4 and the amount
of carbide in the grains varies inversely.

Difference between maximun and minimum B.H. = 23

Experiment (c)

Tempered Fifteen minutes at 650°C.

Specimen Specifie Brinell Microscopical QObservations
Volume. Hardness

1. 0 127372 177 Grain boundary largely
broken up into small

2e 0 127389 191 globules but still show-
ing a good deal round

3 0 127395 194 graing. Carbide through-
out mass unchanged in

4, 0 127363 183 amount but globularised a
little. Grain size un-
changed.

Difference hetween maximum and minimum B.H. = 17



TABLE 9.

Experiment 1.

0.H. 850°C., heated to 760°C. and slowly

cooled through Ar; at 1°C. per minute.

Specimen | Specific Brinell Microscopical Observations
Volume Hardness :

2. (see

Table 8) 0+127345 165 ) No boundary. Carbide
3. (see throughout mass.

Table 8) 0127332 171

bviou rain bounda
Alg (6,0-22%) 0-127400 113 Obvious grain boundary,
: but much broken up.

A22y (C,0°48%) 0°127331 148 No grain boundary.

Experiment 2.

0.H. 900°C., heated to 730°C. (above Acj)
and ccoled in furnace. Rate of cooling

through Ar; = 40°C. per minute.

Specimen Specifie Brinell .
Volume. Hardness Microscopical Observations
Aly (C,0°22%4) 0°127423 123 )  Tendeney for carbide
Al, (C,0°22%) 0°127415 121 to be round grain.
-A221 (C,0-48%) 0‘127349 . 167 § Mixture of ferrite
A22, (C,0+48%) 0-127367 173 and pearlite.



TABLE 9.{continued)

Experiment 3.

O.H. 900°C., W.T. 1 hour 650°C.

Specimen Specific Brinell Microscopical
Volume. Hardness Observations.

1. (see Table 8) 0+127474 233

N3 0-127480 238 Not examined

Al, (€,0°22%) 0127432 142

A22,7 (C,0°48%) 0°127378 192

Experiment 4.

O.H. 85090., reheated to 760°C. and
slowly cooled at 1°C. through whole

range to below Arq.

Specimen Specific Brinell Mieroscopical
Volume. Hardness Observations.

2.(see Table 8) 0-127309 171 Grain size very small.

3.(see Table 8) 0+127241 176 No boundary. Carbide

R3. 0+127404 176 in globules.



TABLE 9 (continued)

Experiment 5.

Reheated to 760°C. for two hours and
cooled at 1°C. per minute over whole

range to below Ary

Specimen Brinell Hardness Mieroscopical Observations
(see Experiment 4)
2. 171
No boundary, small
3 171
' X3 ' 179 graing.

Experiment 6.

Reheated to 760°C. for 2 hours and

cooled at 0°6°C. per minute to

below Arl.
Speeimen Brinell Hardness Microscopiecal QObservations
2. 163
: No difference
3. 170 '

-

from Experiment 5.
N3. A 165
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TABLE 11.
Specific Res1stance,p
at 20°C.
in microhms/c.c.

Condition
Steel (1) (2) (3)
Tough Intermediate Br?ttle (lPereentage drog 1nf ) - (3)
AH 32+20 31-62 31-21 3 17
XC 2423 23+94 23+ 69 1.2 105 2+ 22
NR3 3047 30+ 10 29+92 1.2 06 1-8
Analysis of Steels

C. Mn. Si. P. S. Ni. Cr.
AH 0+31 047 0¢310 0+015 0+021 4+46 1-41
NC 0«31 0-57 0-+145 0+«026 0-029 320 083
NR3 0+36 0+34 0°+275 0+016 0021 1-90 1-15
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TABLE 13.
Steel A H. Tough Condition.

Final Treatment:- tempered 2 hours 660°C. and waterquenched.

(a) Hysteresis Loop for H max « 150

H B B
descending. ascending.

150 17,550 17,550

100 16,950 16,730
50 15, 980 14,970
30 15,360 12,170
25 - 10,030
20 ' 14,970 5,630
18 - 3,150
16 : - o
0 13,320 -

=10 10,640 -

"12 9,220 -

=14 4,500 -

-15 2,100 -

~16 0 -

Remanence = 13,320. Coercive force = 160,

(b) Variation of B max and B rem with H.

H B max o B rem.
10 1,500 150 450
14 4,600 329 2,750
20 8,500 425 64320
30 12,400 413 9,910
50 14,960 299 11,930
70 15,940 228 12,670
100 16,780 168 13,110
150 17,550 117 13,320
200 18,070 90 13,340
300 18,710 62 13,340

400 19,100 48 13,340



TABLE 14.

Steel A H. Intermediate Condition.

Tinal Treatment:- Tempered 2 hours 660°C., and slow
cooled at 2+0°C. / min.

(a)

Hysteresis Looap

H B desc. B axe.
150 17,380 17,380
100 16,700 16,500
50 15,780 14,800
30 15,300 13,200
25 - 12,380
20 14,910 10,400
18 - 5,250
152 - 0
0 13,525 -
-10 11,650 -
-12 9,010 -
~-14 4,200 -
=152 0 -

Remanence « 13,525. Coercive force = 152

(b)

H B max M B rem
10 1,700 ' 170 500
13 4,500 346 2,000
20 10,500 525 7,900
30 13,200 440 10,300
50 14,820 296 11,900
70 15,700 224 12,750
100 16,500 165 13,300
150 1%,380 116 13,525
200 17,800 89 13,580

250 18,200 75 13,580



TABLEL 15.

Steel A H. Brittle Condition

Final Treatment:~- Tempered 2 hours 660°9C., and slow coocled

at 0+39C./min.

(a)

Hystereésis Loop.

H B dese B ase
150 17,460 17,460
- 100 16,900 16,600
50 16,180 14,950
30 15,610 13,600
25 - 12,750
20 15,300 11,300
17 - 9,000
1s - 5,000
137 : - 0
0O 14,170 -
=10 11,200 . -
-12 5,000 -
-13°+7 0 -
Remanence « 14,170. Coercive force = 137
(b)
H. B max. Ao B rem.
7 1,000 143 300
10 5,500 550 1,000
13 8,500 - 654 5,000
20 11,700 585 10,100
30 13,600 453 11,700
50 14,950 299 12,900
100 16,640 166 13,900
150 17,460 116 14,170
200 17,810 89 14,200

250 18,100 73 14,200



TABLE 1lé.

Steel N C. Tough Condition.

Final Treatment:- Tempered 2 hours 660°C., and

water quenched.

(a)

Hysteresis Loop.

H. B dexa B ase

150 18,440 18,440
100 17,700 17,500
50 16,600 15,300
30 15,900 13,700
20 15,490 11,500
~¥7 - 7,500
141 - o
o 14,030 -
-10 10,750 -
-12 7,000 -
-14-°1 0 -
Remanence =« 14,030. Coercive forece = 14°1
(b)
H. B max /u B rem
10 3,400 340 480
15 8,500 " 566 6,000
20 1X,500 575 9,100
30 13,750 458 11,400
50 15,400 - 308 12,800
70 v 16,380 : 234 13,550
100 17,490 175 13,850
150 18,440 122 14,030
200 18,700 94 14,100

250 18,900 76 14,100



TABIE 17.

Steel N. C. Intermediate Condition.

Final Treatment:- Tempered 2 hours 660°C., and slow cooled

at 2-0°C/Min.

(2)
Hysteresis Loop.

H. B Dest. B asc
150 18,350 18,350
100 18,000 17,650

70 17,600 16,850

50 17,250 16,200

14 : - 11,000

12 - 6, 500

¢ 15,400 -

. -10 11,500 -
-11 6,500 -
~12+6 0 -

Remanence = 15,400 Coereive force = 12 6

(b)

H. B max. ‘ Jre B rem.
8 3,800 375 .
10 8,200 820 1,500
14 11,250 800 8,000
20 13,500 675 11,050
50 16,200 324 14,000
70 16,940 242 14,650
100 17,650 176 15,150
150 18,350 122 15,400
200 18,500 93 15,600

250 18,750 75 15,600.



TABLE _18.

Steel N C. Brittle Condition.

Tinal Treatment:- Tempered 2 hours 660°C, and slow cooled

at 0°3°C/Min.

(a)
Hysteresis Loop.

He. B Dexe B axe
150 18,210 18,210
100 17,850 17,650

70 17,500 16,900

40 17,000 15,750

20 16,510 10,000

15 - 8,700

13 - 4,000

118 - 0

0 - 15,480 -

-8 12,500 -
"10 8, 500 -
-11-8 0 -

Remanence = 15,480. Coercive force = 11 °8.
()

H. B max. R B rem.
8. 3,500 117 .o
10 8,000 800 1,000
14 1X%,500 825 7,000
20 13,600 680 11,000
30 15,100 503 12,800
50 16,200 324 14,000
70 16,900 241 14,600
100 17,610 176 15,150
150 18,210 121 15,480
200 18,500 93 15,650

250 . 18,730 75 15,660.



TABLE 19,

Steel N R3 Tough Condition.

Final Treatment:- Tempered 2 hours 660°C., and water

quenched.

(a)

Hysteresis Loop

H. B dex. B asz.
150 18,450 18,450
100 17,550 17,250

70 16,750 16,050
- 40 15,820 14,400

20 15,000 11,750

15 ' - 8,500

13 - 4’50‘0
12-2 - 0

0 ' 13,420 -
-10 9,500 -
=11 4,500 -

-12-2 0 -
Remanence = 13,420. Coercive force = 12°2.
- (B)

H. B max. B B rem.

5 1,000 200 -
8 4,000 500 2,000
13 8,100 624 6,000
20 11,700 585 9,500
40 14,500 362 11,800
70 16,050 229 12,750
100 17,250 173 13,150
150, 18,450 123 13,420
200 19,000 95 13,500

250 19,300 77 13,500



TABLE 20.

Steel N R 3. Intermediate Condition.

Final Treatment:- Tempered 2 hours 660°C., and
slow cooled at 2°0°9C./min.
(a)

Hysteresis Loop.

H. B desc B aze.
150 18,000 18,000
100 17,500 17,200

70 17,000 16,300

40 16,300 14,800

25 - 13,500

20 15,600 ‘ 12,000

18 - _ 9,000
14 - 5,000

12 -6 - 0

0 14,400 -
-10 - 10,000 -
-11 5,020 -
-12-.6 0 -
Remanence = 14,400, Coercive force = 12°6.
()

H. B max. P B rem.

5 1,250 250 -

8 4,000 500 1,100
10 6,200 620 - 3,450
14 9,400 670 6,500
20 11,950 598 10,000
25 13,450 538 11,000
40 14,800 370 12,500
70 16,300 233 13,650

100 17,200 172 14,180
150 18,000 120 14,400
200 18,500 93 14,600

250 18,800 75 14,600



TABLE _21.

Steel N R 3. Brittle Condition.

Final Treatment:- Tempered 2 hours 660°C., and slow

cooled at 0°3°C./min.

(a)
Hysteresis Loop.

He. B dexst. B ase
150 18,410 18,410
100 17,850 17,610

70 . 17,450 16,700

40 16,750 15,300

25 - 14,000

20 - 16,000 12,500

17 - 9,520

13 - 5,100

11-8 - 0

0 14,870 -

-8 11,500 -
=10 6,000 -
-11+8 0 -

Remanence = 14,870. Coercive force = 1X-8.

()

H. B max. }Io B rem.

7 1,500 214 -

8 4,500 562 1,000
10 8,000 800 3,800
14 10,400 745 8,500
20 12,600 630 10,400
30 14,700 490 12,100
50 15,950 319 13,500
70 16,700 239 14,100

100 17,600 176 14,580
150 18,410 123 14,870
200 18,700 93 15,000

250 19,000 76 15,000
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TARLE 1I.
Steel 12 Hours 24 Hours 12 Hours 12 Hours
= at 540°C at 540°C. at 590°C at 640°C
Sp. Vol. Sp. Vol. B.,H. Spe. Vol. B.,H. Cp. Vol. B.H,
Ad. 0°127516 0°127518 239 0°127521 222 0°+127518 212
2 0°127331 0°+127357 188 0127377 156 0°127369 145
4. 0127441 0°127477 234 0-127481 201 0°127491 182
6. 0127641 0127686 266 0+127706 209 0127703 222
Steel 12 Hours 12 Hours 12 Hours 12 Hours
at 660°C at 675°C at 685°C at 695°¢C

Sp.Vol. B.H.

Sp.Vol. B.H.

Sp.Vol. B.H.

Sp.Vol. B.H.

A4. O 127519 201

2. 0°127361 156
4, 0°127481 170

6. 0127700 209

12 Hours

Steel
at 700°¢

0127514 191
0°127355 143
0°127428 150
0127644 194

12 Hours
at 705°

Sp.Vol. B,H.

Sp.Vol. B.H.

0+127509 184
0127438 222
0127440 197
0127755 300
24 Hours

at 705°C
Sp.Vol. B.H.

0127488 166
0°+127548 342

0+127630 355

0 +128423 652
12 Hours

at 710°C
SDOVOIQ BoHo

A4, 0°127514 170

2. 0-127441 275

4 0127405 222

0127517 143
0127340 243

0-127329 201

0127507 143
0-127318 185
0127295 175

0127512 155
0127179 176

0.127249 170

6. 0128107 326 0128713 239 0128918 209 0129304 182
Steel 12 Hours
at 715°C
Sp.Vol. B.H,
Ad. 0127532 153
2, Q127565 240
4. 0127275 172_

6. 0129874 209



Steel

Ad.
2.

6.

Steel

Ad.
2.
4.

6.

Steel

A4,

P

TABLE 2.

6 Hours 6 Hours 6 Hours 6 Hours 6 Hours
at 670°C at 675°C at 680°C at 685°C at 690°C
Sp. Vol. Sp. Vol. Sp. Vol. Sp. Vol. Sp. Vol.
0°127530 - 0+127530 0127523 0127488 01275621
0127213 0127207 0:127212 0127242 0127440
0127443 0°127381 0127362 0¢127519 0+127709
0+127741 0°127698 0127700 0128096 0+128207

6 Hours 6 Hours 6 Hours 3 Hours 3 Hours
at 6959C at_700°C at _705°¢c at_710°C at 715°C
Sp. Vol. Sp. Vol. Spe. Vol. Sp. Vol. Sp. Vol.
0°+127529 0°+127500 0°+127535 0°127502 0°127514
0127506 0°+127504 0°+127364 0127402 0°+127418
0127842 0-127680 0+127380 0+127285 0127271
0128560 0128923 0128899 0+128534 0128941

3 Hours 3 Hours 3 Hours 3 Hours 3 Hours
at 7209 at 725°C at 730°C at 735°C at 740°C
Sp. Vol. Sp. Vol. Sp. Vol. Sp. Vol. Sp. Vol.
0127513 0127569 0 *127506 0127644 0°127540
0+127429 0 °127432 0 *127466 0127450 0°127451
0127685 0127777 0127906 0127962 0128162
0+129509 0°+129548 0129647 0129666 0°*129665.



TABLE 3.

Steel 6 hours 6 hours 6 hours 6 hours

at 665°9C., at 6790C. at 6750C. at 68J00C.

Sp.Vol. B.H. 8Sp. Vol. B.H. Sp. Vol. B.H. Sp. Vol. B.H.
NPl 0127106 195 0127092 182 0.127037 192 0.127008 194
NP3 0127229 207 0.127164 203 0.127106 201 0.127061 200
NP5 0'127278v 217 0+127221 211 0127131 212 0°127082 211
AW22 0127395 218 0°127398 220 0°127400 221 0-1273872 228
AW23 0127585 221 0127568 212 04127558 205 0127536 205
Steel 6 hours 6 hours 6 hours 6 hours

at 6859C. at 690°C. at 6959C. at 7000°C,

SPOVOlo BoHo

Sp.Vol. B.H.

Sp.Vol.

B.H.

Spe. Vol.B.H.

0+127001 202
0127067 223
0127022 210
AW22 0.127351 232

AW23 0°127517 204

0127018 231
0127118 249
0127077 222
0.127350 230

0+127530 208

0127094 243
0°126997 228
0°127121 253
0.127438 238

0127554 213

0°+127036 203
0127203 288
0.126998 203
0.127464 252

0 +127572 222

Steel 6 hours 6 hours 6 hours 6 hours
at 705°¢. at 710°C. at 715°C. at 720°C.
Sp.Vol. B.H. Sp.Vol. B.H. 8Sp.Vol. B.H. Sp.Vol. B.H.

NP1 0127131 231
NP3 0-127322 298
NP5 0-+127000 218
AW22 0127483 258

AW23 0127577 223

Steel

NPl
NP3
NP5
AWR22
AW23

0127265 244
0+ 127452 339
0127141 264
0127518 271
0-127577 230

6 Hours

0.127300 278
0 127524 353

0.127298 302
0-.127551 288
0127578 241

at 7259C.

Sp.Vol.

B.H.

0127427
0127614
0°127581
0°127608
0-=127594

328
397
252
361
245

0.127318 318
0127544 363

0127442 345
0127528 278
0.127518 222
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Micro. 1.

“teei No:Ci>' x 600. 12 Hours at 685°0.
Boiled In Sodium Picrate Soin., then etched 1~UMO~ in Ale

Micro. 2.

Steel X b00\ Incurs at 695®3.
Stched with 1“hhd” in Alcohol.



Micro. 3% Micro. 4.

Steel No.2. x 600. Steel No.2. x b0OO.
12 Hours at 700°C. 12 Hours at 705°:
Micro. 5% 'icro. 6.
Steel No. 2. 600 . Steel No. 2. X 600.

24 Hours at 705°:. 12 Hours at 710°:.



Micro. 7' Micro. 8.

Steel NO.2. X UUU. oUGC1 1) + X uuu e
12 Hours at715°G. 12 Hours at 700°:.

/PJiA. £ TCA/S 1> /A Jt% //A/Oy w AEjicaA/aA..

Micro. 9. Micro. 10.

0
0

Ste¥no .4 ' 600. btesi NO. X cut
12 Hours at 705°cC. .. Hours at 705°S



Micro. 11.

Micro. 12.
Steel No. 6. x 600. steel iJ. 6. x bOO.
12 Hours at 700°G. 12 Hours at 705°G.
1V JAA /YJLCOA/Ojk. .
Micro . 13 . Micro . 14.
St,eel No 6. x600 Stsei No. 6. X Goo

24 Hours at 7¢5°G 12 Hours at 710°G.



Micro. 15 Micro. 16.

steel No. 2. x 100. Steel No.-i. X 100.
12 Hours at 700°C. 12 Hours at 700°C.
ALL ErcHCD fli-coTiol.
Micro No.17' Micro. 1#
Steel No. 6.x 100. Steel No.-4. 1£ Hours 690"CWATER quEMCHED.
12 Hours at 700°0. X goo.

Reproduced with permission of copyright owner. Further reproduction prohibited without permission.



