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 rThis work consists of & Phase Rule study of the two
compohent system Nitrogen-Manganese. The components sare
gaseous and solid respectively. In dealing with a sys-
tem of this type several variations are possible. These
variations are tabulated and described in Alexander
Findlay's "The Phase Rule and its Apﬁlications" (Longmens,
Green snd Go.) as follows:- |

Case (a) The gas is not absorbed by the solid but
when the pre3sure,reaches & certain value, combination
of the two‘components can result.

Such a system can be expressed graphically by an
‘isothermal diagram of the type shown in Fig. 1. The
ordinates represent the gas pressures and the abscissae
represent the relative concentrations of the gaseous
component, which have been taken up by the solid phase.
The'horizontals AB én& 635] Show that the concentration
increases at constant pressure. They, therefore, rep-
resent the formation of compounds. Corresponding to any
point on each of these horizontals, an equilibrium,
exists which may be represented generally as:-

Solid compound == Solid component # gaseous component.
If there is no solution there are three phases and, there-
fore, on applying Gibb's expression for the Phase Rule,

F=C-P+2; 2-3+2=1,
it is éeen that the number of degrees of freedom is 1.

Only one variable, then, is at the choice of the experi-







menter,Aan& when a value is chosen for one variable the
values of the other t&a are automatically fixed by the
nature of things.

If the p - t disgram is drawn it will have the
general form shown in Eig.{E. The line EF represents
the losus of pressures corresponding to AB, and there-
fore gives the cenditions of temperature and pressure
which define, or fix the position of the equilibrium,

S0lid eompound 1= solid component—+ gaseous component.

Similarly LH is the loeus of all pressures such as CD
and gives the conditions governing the position of the
equilibrium,

S0lid compound 2= Solid compound 1+ gaseous component.

It is seen at once that the possibility exists of the

5011& compound 2 decomposing directly to the solid end

gaseous components without the occurrence of the inter-

mediate compound 1. Tp be general, at this stage, how-

ever, it will be assumed that a trace of the latter

compound did appear. E?,ana’LH_are the decomposition i
or dissociation curves éf’the two compounds. They'expresa
uwnivariant behavior end hence are expressed mathematically

by the Clausius-Clapeyron equation, as are all univariant

curves.,
The above curves represent equilibrium conditions

for the most simple type of behavior of a two component



system. Such behavior is seen only when no solutions
ococur. The type is exemplified by the salt hydrates
and by the ammonia compounds of the silver haelides.
When solutions are formed the curves differ somewhat.

Case (b) The gas is absorbed by the solid compon-
ent au& no eompotna is formed.

If absorption of the gas by the solid component
takes piece with formation of a,soli&,solution there can
never be more than.twé phases present, so that univariant
behavior is impossible. Erom Gibb's expression it is
seen that the behavior will be divariant.

The p~¢ curve will show & gradusl increase of con-
0antrétion With increasing pressure; while the horizontals
of Case (2) will be a&bsent since no compound is formed.
The corresponding p-t curve is bound to be slightly
concave to the temperature axis. It is always possible
to spot this type of behavior from the p-t ocurve, by
its departure from the siraight line of Charles Law. At
every temperature the pressure will be less than,thaf,
predicted by Charies Law.

Case (a)v"The gas is absorbed by the solid component
and may'aISO form & compound.

This case is merely a combination of the two types
of behavior given above &0 that no new type of curve is
intxoduced, The p-c¢ ourve will; at first, show the

concentration varying graduelly with increasing pressure
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due to the fOrmatioﬁ,of a solid solution, as for Case (b).
When & certain pressure is reached, & compound will form;
and hence concentration will increase &t constant pressure
giving rise to & horizontal in the seame msnner as in Case (a).
The compound will, st every temperature, be in equilibrium
with its two components, so that & p-t or decomposition
eurve, exsctly snalogous to EF or GH in Fig. 2 and expressed
by the Clausius-Clapeyron equation, can be obtained.

Case (4} Absorption of the gas occurs smd at a certain
concentratioﬁ the solid solution separates into two partially
miscible solid solutions.

'The two solid solutions, together with the gas, con-
stitute three’phases, g0 the system will be univariant Just
as was the case when a compound was formed. Here, then,
the p-¢ curve will be of the same type as for Case (o).
The p-t curve, however, although of the same form as for
Case (o), is not & decomposition curve, so must differ.

The difference between these two p-t ocurves can be Shown
by applying the Clausius Clapeyron equeation to them. They
are both curves expressing univariant behavior so that
this equation must express both of them. The equation may
be written in the form

dp . Q.. 1
L= g

The slope of the curve is determined by the ratio

gi. aV must be almost the same for both cases, since the
'y ,
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difference of specific volumes of the components and a
compound must be very nearly equal to the difference of
specific volumes of the components end a solid solution.
The values of @, on the other hend, might differ widely.
In the case in which & compound is formed but no solid
solution results, the value of § is given &imply by the
heat of formation of the compound. If, however, a com-
pound is formed and st the same time & solid solution
results, Q will not be simple, but must be the elgebraic
sum of two quantities, thus

Q= heat_pf formation of compound + heat of solution.
From this it is seen that the p=t curves of the two
cases mey have altogether different glopes. Whether or
not a solid solution is formed in the Mn - No system, is
not‘knewn. The heat of formetion of at least one of the
nitrides of ménganese hes been determined by amother
investigator. One of the objects of this work is to
determine a decomposition curve accurately and then to
spply the above ressoning in the hope of determining
whetker or not & so0lid solution is formed.

Getting back to the general discussion, however,

it must be pointed out that the solid solution mentioned
There is, indeed, some variety
It will

sbove is not specidied.
of possibility as to what this solution may be.

be seen that,




(1) gaseous component and solid component

(2) gaseous component and compounéd

(5) compound and solid component

may be the constituents of the simplest possible solid
solutions. Very little can be said about the miscibility

of these pairs. It is probable, generally, that there
will be an inereaée of miseibility with inereasing temp-

erature in every case. If this is true the horizontals
of the p-c diagrams will not always end at the same
value of concentration, for different temperatures, but
nmey be lengthened or shortened in the various isothermals.
This, of course, can occur only when the gas is one of
the constituents of the solution. Sueh behavior is ex-
t;emely rare, in fact, the Hydrogen-Polladium system is
the oﬁly one of this type which has been extensively
studied.

There is one statement which msy be made at the

offset; and that is that if §01lid solutions do occur,

the time factor is of very great importance. Phase dia-

gramS always refer to equilibrium conditions, so that in

experimental work it must always be certain that these

conditions obtain. Since it is known that solid diffusion

(the mechanism of mixing) is a very slow process, the
éxperimenter must have pérfeet assurance of steady condi-

tions before an observation can be considered to be re-

liable.



From this general outline of the types of behavior
which may be encountered, the method of experimentation

will be seen to follow quite simply.
The existance of at least two nitrides of mangenese

hes been known since 1894. Until very recently, however,
none of the work done on these substances has been in the
nature of a Phase Rule study. The measurements published
of such quantities as temperature of formstion, tempera-
ture of decomposition and even of molecular formulee have
shown considerable diversity. Various workers have
suggested that some of the nitrides may not be true com-
pounds at all, but may be solid solutions. The object

of the present research was to determine, by application
offthe Ph&se’Rule, which éf‘these combinstions are true
nitrides and which, if any, are solid solutions; and at
the same time to obtain some measurements of the physi-

cel quantities mentioned above.
The experimental work was to be carried out in two

stages, each in & specially constructed apparatus. The
first stage involved the formation of the compound rich-
est in nitrogen, while in the latter stage, this compound
was to be decomposed and the decomposition pressures of
the lower nitrides measured over as wide & range of temp-
eratures as g glass apparatus would permit.

The formation of the richest nitride was brought

about by heating & known quantity of powdered menganese
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in an atmosphere of nitrogen in a closed system of known
Wolume. The system consisted of & medium sized flask
(about 500 c.c.), a system of stop-cocks by which the
apparatus could be evacuated and nitrogen sdmitted, and
an open menometer from which the gas pressures were read
by means of a cathetometer. The first step in the pro-
ceedure of formation was to run & blank; that is to de-
termine the expansion curve eharacteristic of the apparatus.
In a system of this kind the gas pressures;cannot be
celeulated from Charles Law because the enclosed gas is
not all at the same temperature. A temperature gradient
neqessarily exists from the furnace to the parts which
are at room’temperature. The experimentsl curve will not
be the straight line of Charles Law but is bound to be
curved slightly in such a way as'to be slightiy é§§2§§§:
to the temperature axis.

This curved anslogue of Charles Law, then, was just
determined by evacuating the system, admitting pure dry
nitrogen and then taking a pressure reading about every
10°C between 0° end 550°C.

The menganese sample was then introduced and the

proceedure repeated. As before the temperature was raised

by slow stages, care being taken to @ssure a constant

pressure before an observation was recorded. FPlotting

these points another p-t curve will be obtained. This
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curve will show deviations from that obtained for the
‘blank apparatus; and from the nature of these deviations
it should be possible to determine what changes the
system is undergoing.

The processes which, in view of the above discussion
of types, are likely to take place, will reveal themselves

as follows. If the second curve follows, or runs parallel

to that for the blank apparatus, then no absorption of
Prom this it can be concluded that
If

gas is teking place.
nitrogen does not form a solid solution in mengsnese.
however, the second curve lées at lower pressures than
that for the blank run, then it is certain that the nitro-
gen is being taken up by the mengesnese. Fig. 3 indicates
in & general way how this behavior with alter the p~t
diagram. XL is the snalogue of GharlestaW’for the blank
apparatus. KM shows the curve which will be obtained if
nitrogen dissolves in menganese giving rise to & solid
gsolution. Divergence of the two curves will be greater,
the higher the temperature since the quantity of gas
dissolved in the solid is a function of pressure. KM
then, is the nature of the curve which will result from
the behavior of the type of case (b).

It now remsins to indicate how Case (e) and Case (4d)
behavior willishow up on our experimental p-t diagram.
Case (c), as was shown, results in the formstion of &

compound, while Case (@) results in the formation of two
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partially miscibie solid solutions. If either of these
two types of behavior are encountered the cﬁfve KM will
not continue to diverge steadily from KL but at a certain
temperature and pressure a sharp break will occur as
shown at M. This inflexion will correspond, in either
case, to the formation of & compound; the gas phase will
begin to disappear as concentration of gas in the con-
densed phase increases. Thus the pressure will drop at
constant temperature as shown by MN. Points on this line
do not, of course, represent equilibrium conditions since
with the appearance of the third phase the system becomes
diverient. A%t a given temperature, then, both pressure
and concentration can be varied by the experimenter.
Corresponding to MN, & p=¢ or isothermel diagram can

be drawn which will be of the type given in Fig. 1.

The pressure cannot continue to drop to zero, how-
ever,.because eventually & gas pressure will be reached
which will be equal to the dissociation pressure offthe
compound. An equiiibrium will then’be established which
may be represented &as,

Mnxl\l% = Mn, + N%

N representsvthis peint at which equilibrium is first
established. Here there are three phases so that the
system has again become umivariant. N, then, is & point
on & univarient curve; this univariant curve must be the

decomposition curve of the compound. From here it is
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easy to obtain other points on the decomposition curve,
by simply varying the temperature. Thus if the tempera-
ture is raised & little, the equilibrium will shift to
the right. When equilibrium conditions are again estab-
lished, it will be at higher values of temperature and
pressure and the point O will be obtsined. In s similar
menner a further increase of temperature will result in
the point N, and so on to as high a temperature as the
 apparatus will stand. Informetion as to the formation
of a solid solution in addition t6 the formation of &
compound can, it is hoped, be gained from the slopes of
these decomposition curves as was indicated above in
the general discussion of the Case (d4) type of behavior.
Decomposition curves of the lower nitrides, as has
alreaéyfbeen stated, are to be cbﬁained in a modified
apparatus. This comprises the second stage of the wofk.
The apparatus which has been built for this work is
a,good deal more complicated, than the previous one. It
consists of a small flask, to which is attached a McLeod
vacuum gauge, an open monometer and & Toepler pump. The
outlet from the pump was drawn out intb a capillary and

e device for collecting and measuring the ejected ges

was mede to fit over it. The MclLeod Gauge was included

because it is altogether probable that the lower nitrides

will have very smell dissociation pressures even at

~..relatively high temperatures.
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The use of this apparatus can be explained most
readily, by reference to Pig. #. The nitride richest
in nitrogen is introduced into the flask, and the eppara-
tus evacuated. The temperature of the flask is now raised
to some suitably high value, corresponding to which the
compdun& has an appreciable decomposition pressure of,
say, + to 1 atmosphere. The gas is then pumped off by
means of the Toepler pump and the escaping gas collected
and measured. If*this is done gently, allowing sufficient
time, it should be possible to break down the richest
nitride to the next richest compound. In other words,
the concentration of ges in the condensed phase is slowly
lowered to such a point that the nitrogen rich compound
ceases to exist. This would correspond to & point such
as C in Fig. ¢. If the pum@;ng is continued, the pressure
“should &fop along the verticie C%, after which the
pressure at & fixed temperature must always be equal to
the decomposition pressure of the second nitride, which
will correspond to the horizohtal AB. The decomposition
curve of this compound can then be obtained by varying
the temperature, in the same menner as has been described
with the first apparatus. The same processes can then
be repeated for the iower nitridesa Pressures may be
read from the open monometer or from the McLeod gauge as

reguired. This apparatus, it is hoped, can be made to
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gserve two purposes, first, to measure decomposition
pressures, and secondly, to determine formulase by measur-
ing, accurately, the volume of nitrogen resulting from

the various stages of decomposition.

This then, seems to give a fairly comprehensive view
of the aims and methods of the present research. There
are other complications and difficulties, but these will

be discussed as they are encountered in the text.
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reconcile the formation and decomposition of these sub-
stances with the predictions of the Phase Rule.

N. H. Warren; was the first to observe a reaction
between nitrogen and manganese. ‘He investigated the
action of ammonia on seversl of the common metallic ele-
ments by the flow method. "He noticed that when chrom-

ium, nickel, cobalt or manganous oxides were employed

& nitride of the metal was obtained. Use of the chloride

gave the same &ffect more readily. He did not, however,
anslyse for nitrogen in any case but iron, and so did
not assign any formulae.

0. Prelingerszas unable to confirm Warren's claim
of the formation of a nitride when ammonis gas is passed
over heated manganous oxide. In the following year he5
showed, however, that when manganese is oxidized in air
some nitride is formed; and thaet when finely divided
menganese obtained by heating the amalgam, is heated in
an atmosphere of nitrogen, or the mercury’driven off
in this atmosphere, mengenese péntita&initriie MugNo
is formed. He describes the substance as having & dull
metallic lustre, and when in a finely divided condition
is somewhat darker than the powdered metsl. On heating
in & stream of hydrogen, ammonia is formed, whilst if
hydrogen sulphide is substituted for the element ammon -
ium sulphide results. On treatment with ammonium

chloride solution, ammonisa, hydrogen, and the double
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chloride of mangesnese snd ammonis were obtained,

UngNp + 20NH,C1 — 12NHz + 2Hp + 5(@4)2&1@14

On fusion with caustic alksli s great éeal of ammonisa
was liberated. When this ﬁitride is heated in ammonia
it forms menganese tritadinitride Mhaﬂz. Prelinger says

thet the tritadinitride may alsc be prepared by substi-

. tuting ammonia for the nitrogen in the Preparation of

the pentitadinitride. This nitride is darker in color

then is the former, and it readily acquires & bright
metelic lustre under pressure. It behaves towards hydro-
gen, hydrogen sulphide and caustic sode in the same way
as does the pentitadinitride. Nitric acid dissolves the
tritadinitride only when hot; hydrochloric acid acts on
it only in the presence of platinum, aqua regia dissolves
it slowly; sulphuric scid acts only when hot, and with
the concentiated acid sulphur dioxide is formed; acetic

acid has no action and water slowly forms ammonis. When

it is heated in nitrogen the pentitedinitride is formed.

Prelenger coneludes with the assumption thaet mangsnese
is gquinquevalent in the pentitadinitride and tervalent
in the tritedinitride.

A, Guntz4 observed what he believed to he traces of
& nitride among the products which resulted when mengsnese
was heated in an atmosphere of nitrogen peroxide. W. C.
Hareaus5 egain tried heating the metel in en atmosphere

of nitrogen. A4s a result ef this work he concluded that
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at 1210 to 1220°C a nitride is probably formed.

Three years later Haber and Von Oordt® reviewea the
subja@t and criticized the donelusians of ?relinger and
the others. They were of the opinion that production of
substances having different meximum concentrations of
nitrogen on nitrogenation with nitrogen and ammonis was
not possible. They attempted to explain the low nitrogen
content obtained on nitrogenstion with nitrogen by the
assumption that residusl oxygen in the gas used hed par-
tially oxidized the manganese. It may be said, however,
that all later researches have eénfirme& Prelinger's
results.

Wedekind and Veit', the next workers in this field,

verified the existance of the two compounds which Prelinger

=

0. :
‘hed described. They &ffected preparation by passing dry

ammonia gas over the powdered metal which was heated in
a,porcelaiﬁ;tube.' They extended Prelinger's work by try-
ing the preparation at the temperature of the oxyhydrogen
flame, and notice&:that the resulting body had & pronounced
magnetic property. This ieadéto-the conclusion that &

new nitride MnyNg had been formed. This hitride is quite
strongly'magnetie and shows considerable permanent mag-
netism. The magnetie property incresses with the complex-
ity of the compounds, thus, the heptitsdinitride is the
most magnetic while the tritadinitride is the least

magnetic. When heated the ferromagnetism was destroyed,
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but returned on cooling.

Henderson and Galletlys were the next to investigate
the manganese nitrides. They were extending the previous
work of Beilby and Henderson? who in an attempt to find
a.material suitable for use in tubes for conducting ammon-
ia at high temperatures had tried several metallic elements.
In extending these investigations Hendersom and Galletly
ﬁrie& among others, mangenese. They found that when
mangsnese in the state of a fine powder was heated to
shout 800° in & repid stream of ammonia it is resdily con-
verted into a nitride snd at the seme time a large percent-
age of the ammonia is decomposed into its elements. Two
&ifferent specimens of the nitride were found fo contain
15.6 snd 14.0% of nitrogen respectively; while the formula
MngN2 requires 14.5%. Evidently the conversion of the
metal to the nitride is practically;gémplete. With coarse
powdered metal and at lower temperatures they obtained
products containing 10.1 to 11.8% nitrogen, but these when
examined under the microscope were found still to Qontain
particles of the metal, all of which showed rounded edges
as if they had been in a partially fused condition. They
described the properties of the nitride MngNp and showed
them to be identical with those previously déscribed by

Brelinger.
In the same year Zukovlo fotlowing the lead of
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Wedekind and Veit, tried to use the magnetic property of
the nitrides to determine the resction limits. The
beginning of the action of nitrogen on manganese was
found to occur at 780°¢, The equilibrium pressures of
nitrogen over different manganese nitrogen prepsrations
were also investigated. From,his results he thought he
gcould draw the conclusion that the nitrides consist of
solid solutions of nitrogen in manganese. ~He also inves-
tigated the electrical conductivity of the nitrides and
found them to be of the same order of magnitude as for the
pure metal. .

Fischer anﬁ'Sehroeterll have prepared & nitride by
a;metﬁod which is altogether different. This is the
famous method which they have employed for fixing nitro-
gen to & great many substances. Nitrogen in contact with
manganese was rendered active by passing an electric
discharge through it. They mede no attempt to amalyse their
product, but merely dissolved it in acid, added an excess
of alkali snd noticed that emmonia was given off, Their
product‘was’probahly'a.mixxure of nitrides.

2lpublishe& & paper on the

In 1916 N. Tschischéwskyl
influénce of atmospheric nitrogen on iron and steel. In
the course of this work he investigated the action of
both ammonie and nitrogen on mengenese. He used the
flow-method but introduced refinements which hithertd

‘ha& not been used. His aim was, primarily, to shed some
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light on the question of stability of these nitrides and
on the influence of temperature on the course of the
reactions. 97.1% mengemese, prepared by the Goldschmidt
method was used.’ The apparatus consisted of & long fused
silica tube, a portion of which lay within & Heraeus elec-
tric furﬁéce. Into one end of this tube the ammonia and
nitrogen were ihtroiueed after purification, from their
respective containers. The gas supplies were controlled
by stop-cocks so that a supply of each was available at
all times. The other end of the tube wag open to the
atmosphere to permit the escape of the excess gas. Through
this end of the tube the porcelain boat containing the
samgla of menganese was introduced. Temperatures were
measured by means of s thermoejunctioh,'Within the tube,
and placed immediately above the boat when in its position
inside the furnsace.

The proceedure followed was; after heating the fmrnace
to & éertain temperature, the flow of nitrogen was started
sand the boat or bosts containing the weighed samples of
mengenese were inserted into the open end of the tube. It
was left here for about 5 minutes until all the air was
expelled. The flow of ammonis was then started and the
nitrogen turned off. After another & minutes the bosat was
pushed into the furnsce, by means of & wire, to & position
immediately below the thermo-couple. Introdueing the cold

“poat invariably lowered the temperature 850 to 700, As soon
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as the furnace had regained its former temperature the
time was taken. From this the flow of ammonis was contin-
ued for one hour. After this period the boat was drawn
into the cool end of tube, and allowed to Gool in a stream
of nitrogen. The proceedure in the nitrcggnation with
nitrogen itself was the same except that & continuous
stream of nitrogen was maintained; that is the metsl was

heated and cooled in a flow of nitrogen.
Anelysis of the product was %ffected in two ways,

First, the increase in mass of the sample was determined
Ey weighing; and secondly, the contents of the boat were
dissolved in 10c.c. of concentrated hydrochloric acid,
heating slightly if necessary. The nitrogen was deter-
Amine&‘quantitatively from this sélution«by means of the
Kjeldahl method. Nessler's reagent was used at the eon-
élusion of}the &istillatién to be sure that no ammonis
remained in the solution. The quantity of nitrogen de-
termined by titration should, of course, agree with the
inocrease in weight of the sample.

This whole process was repeated st tempersture

intervals within the range 330° to 1300°C. The results

of the nitrogenations with both gases are expressed
graphically in Fig. 4.

From the figure it is seen that the curve expressing
nitrogenation with emmonia shows & maximum in the neigh-

borhood of 600°C corresponding to 14.3%9% of nitrogen.
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This investigator s&lso records the fact that the reaction
is strongly exothermic as shown by the observation of
spontaneous temperature increases of as much as 10° in the
neighborhood of 600°, In this he is in agreement with

- Haber and Von Oordts, above, who has also noticed that the
tamperature rose as soon &8s the reaction commenced, pro-
ducing sufficient heat to cause the solid phase to glow
with & dull red incandescence. Tschischewsky also records

the very interesting fact that the quantity of nitrogen

fixed by the manganese differed by the two methods of
determination, viz. the percentage of nitrogen determined
by noting the increase of weight of the metal was not in
agreement with the amount determined by the Kjeldahl
method. The former method indicated a percentage of

about 20 in the region of éOOQC while the Kjeldahl method
es has been shown gave 14.39% of nitragen at this tempera-
ture. He followed this further end proved that on
dissolving the product in acid in preparstion for the
Kjeldahl, gas was evolved. &nalyéis of the escaping

gases showed that the &ifferénae of'these percentages is
actually evolved. It is to be noticed that Pig. 4 expresses
nitrogen pereentageé as determined by the Kjéldahl method.
Although Tschischewsky did not himself, indulge in eny

3peculatibns as to the cause of this evolution of gas, it

is obvious that not all the nitrogen is fixed in the same
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mepner by the metel. The 14.39% is no doubt combined with
the metal according to the formulse Mn,No. As regerds the
additionsl 5.6%, however, there are two possibilities.
Pirstly, this quentity of nitrogen mey be dissolved in
ﬁhe golid phsse as 8 solid solutign, eand secondly, it mey
“be combined in some more complex manner then the sghove
formule indicates. One guess whi&h is not unreasconsble
is thet it is combined in the form of a pernitride, in
which case it is concievable that on disselving in acid
the nitrogen so Fixed does not reset with the scid to
produce the ammonium salt, but is evolved ass elementary
nitrogen. The possibility of a solid solution slso may
explain the facts because it is well known that elementary
nitrogen in contact with acid solutions does not givaA
rise to ammonium salts. Here then is an interesting ques-
tion which is still open.'

As regards the nitroganation.with,nitrogenhEig. 4 shows
e meximum corresponding to 7.85% nitrogen at sbout 1000°%c.
The,formula_Mnéﬂg requires'g.aé%, so that the agreement
here is not so close. o

In genersl, then, Tschischewsky has shown that nitro-
genation with emmonie at 600° to 700°C gives rise to &
nitride of the formula MnzNgo, while nitrogenation with
nitrogen at about'1000° results in & nitride of the for-
mula.MhSKg. The reason for these two end products,

resﬁiiiﬁg as they do from preparations carried out at



24

the same pressure (atmospheric) does not stend in agree-
ment with the genersl theory outlined in the introduction.
A very plausible explanation has been given by Gunnar HEgg,
eand will be considered later when his paper is reviewe&;

The following year the Japanese investigstor, Torsjiro
Ishiwara}s’again.tock up the study of the magnetic suscepti-
bil;ty of the mangsnese nitrides. Various workers had
previously made experimentel determinations of the suscepti-

* bility of metallic mengenese and had obtained wide varistion

in the numerical velue. The suggestion had been mede that
their anomalies may have their explanation in occurrence

of nitrides as impurities in the metsels. Such nitrides

were known to have a magnetic property from the work of
Wedekind and Veit and others who have already been mentioned.
Manganese is very close to iron in the periodie arrangement,
and like iron none of its sslts or compounds are magnetic
except the nitrides. Ishawara, then, tock up the wuestion
of the magnetic susceptibility of the nitrides in order to

determine whether mengenese is really & pseudo ferromagnetic

elemenﬁ.
- The method of his investigation may be outlined as
follows. Samples of nitride were prepared in the usual

way, by heating the powdered metsl in an atmosphere of

nitrogen or ammonia at & given temperature, and chilling
‘before removing the product from this atmosphere. Such a

process mey result in the simultenecus production of more
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then one compound as waes subsequently shown. The product

so cbtainea was then exemined thermo-magnetically; thet
is, the magnetic susceptibility of the sample was deter-
mined over a wide range of temperatures., If a ferromag-
netic compound is present, &t & certain high temperature
it will decompose, and decomposition will be evidenced by
8 falling off in the value of the magnetic Susceptibility.
Reasoning backwardS»th&n, & decrease in the value of the
magnetie_suseeptibility with time may be taken as indics-
tion of the decomposition of a ferromagnetic nitride. In
some cases he made use of the reverse process, that is
the susceptibility was determined while the compound was
being formed. "

Ishiware summarizes the results of his observetions
as follows:~ (1) Manganese and nitrogen give rise to three
ferrgmagneti@ substances in the temperature interval 600
to 1600°G.; namely two nitrides and probably a solid solu-
tion. One of the nitrides is Mngﬁg. The composition of
the,othér two could not be‘ascertained; but they are
differentiated from one another by their charscteristiec
thermomagnetic curves and by their critical points.

(2) Ammonia affects mangsnese at high temperstures
in thé éame way ag does nitrogen, an exception being the
case of & parsmegnetic nitride MngNs.

{&} In regard to the ferromagnetie substance ManNg
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which Wedekind and Veit obtained by heating manganese in
ammonis, we could not confirm its existance.

(4) The various values of susceptibility of menganese

by different physicists may well be explained from the

present experiments, as due to the effect of nitrogen

present in the sir or from other sources. 4As the ecorrect
velue of the susceptibility of pure mangesnese we msy there-
fore take 9.66 X 107°, o

In only one cese, then, was the composition determined
anﬁ~this‘was for the ferromagnetic nitride Mngﬁg. The
method employed was to hezt powdered manganese in en atmos-
phere of nitrogen at 1000°¢. At 30 minute intervals the
weight of the product snd the susceptibility were measured.
After 90 minutes the weight increase had become very small,
but was still measursble. This small residual increase
was considered to be due to oxidation, as the flow-method
of prepsration can never hope to exclude all traces‘of
oxygen. Calculation revealed 9.96% nitrogen which is
trifle too high to eonform to the,formulaaMnﬁﬁg, for which
the value is~9.26% nitrogen.

It is seen that these investigators made no serious

attempt to determine the conditions of formation of these

compounds.

14

G. Tamm has masde some interesting measurements

of the velocity of formation of the nitrides of seversl
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elements. The rate of action of a gas on = metsl can be
determined by observation of the color changes of the
metal, which are due t0 changing thicknesses of the sur-
face layer of reaction product. When the action of the
ges on the metal is rapid, such observations determine

the rate of‘ﬁiffusion,of the gas through,the surface layer.
Metal surfaces were exposed to pure nitrogen, at different
temperatures. Manganese at red heat, it was foun&, may
show 8ll colors up to extreme red; or it may show no change,
depending on the original character of the surfasce. The

. veloeity of layer formation for some cases was given
graphically by straight lines when x, the layer thickness
is plotted against log t. Unfortun&tely'ﬁhis was not done
for menganese. In general, howevee, Tamman's gurves showed
that for the same sample there may be severél intersecting
lines, @& second line deseribing the thickening of & second
layer after the first layer has scaled off. Another cause
of uncertain slope of these straight line curves was thought
to be the different rates of penetration by the gas through
different exposures of the atom grating of the layer.

In 1929 GabrieluValengkil5 16, published two papers
on,thé action of gases on metals. Both adsbrption and high
temperature sorption werse studie&.~'His~high temperature
work was carried out slong somewhat similar lines to the
present reaearch, and is undoubtedly the most comprehensive
study of its type that has ever been made of this system.
It will, therefore, be reviewed rather fully here.
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The Study of Absorption

The method deals, for the most part, with the measure-
ment of volumes and pressures. The apparatus was cunningly

constructed in such a manner that by meens of a system of

stop-cocks, it could be used for both the adsorption snd
the sorption measurements. By closing the stop-cocks the
low pressure instruments were cut off from the rest of

the system. Only the part of the epparatus which was used

in the sorption determinations will be described.

‘The megsuring instruments consisted of a constant
pressure thermometer which differed from the classiecsl
$ype in that the open-air manometer was joined sepsrately
to the top of the gradu&té& cylinder. The advantage of
this was that the narrow branch of the usuwal Y-tube was
eliminated. »The,gr&duated cylinder of this instrument
nwas reéther large and for this reason wes enclosed in s
glass water jacket to insure & constant temperature. The
use of the thermometer is simple. The mercury reservoir

is simply moved so &g to meintain & constant pressure.

Volume changes are then aeterminedfhy ebserving the change
in the pegition of the miniscus in the graduated cylinder.
The cylinder had a volume of 230 c.c. and was calibrated

to -bc.ec. This wes the only volume calibration necessary.

PFrom this instrument & capillary tube, interrupted by a
three-way sﬁep»ecdk; legad to a tube containing the metal

which was situated in an electric furnace. The third
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opening of the stop-cock was used for evecuation and for
introducing fhe pure dry nitrogen. All the connecting
tahing, which was at atmospheric temperature, @as of

capillary size to reduce the error involved in assuming

constant conditions for it. The vessel which contained
the sample of metal to be stuaied wes of glass or quartz

depending on the temperature to be used. It was a tube

%8 cm. long, closed &t one end, and projeciing horizontally
into the furnace for a distance of 10 cm. The open,end
projected out of the furnsce a distance of 25 cm. and was
Joined to the cepilleary coming from the gas'thermometer

by means of a cemented joint. This joint was cooled by
wicks dipping into water. Températures were read by means
of & platinum, platinum-rhodium thermocouple.

| The fiist part of Valenski's work deals with & pre-~
1imin$ry§invgstigation of the amounts of air and nitrogen
which are adsorbed by the glass and quartz tubes in the

furnace. In the work on adsorption all observations are

carrecte&:forftha,gas tsken up by the tubes. In the case

of sorption, however, such corrections are unnecessary

since the volumes taken up &re sufficiently large to
render adsorbed qnantities,negligihle; fn genersal, he
finds, that‘pyrexgl&ss on heing heated 1iberates;such»&
small amount of gas that it can be neglected. Quartz on
the other hand, liberates gases in such quantities that

an error approaching *4 c.c. for every 60 sq. cm. of
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surface 1is possible.
Sorption was studied by what is admitted to be &

'rapid' method in an attempt to settle;

(1) the boundaries of feeble absorption and those
of/strong absorption.

(2) to get an idea of the increase in velocity of
abgorption with increase in tempersture.

(8) to get an idea of the number of different com-
poun&é Whieh me&y form.

(4) to examine the question of whether at & certain
temperature there exists a pressure below which absorption
is impossible.

He made use of & dynamic method which consisted of
measuréing gas pressgrgs &t nearly constant volume, at
different temperatures; To prevent the lessening of
activity with the progress of the reaction, the tempere-
ture wasg inereased‘r&pialy and‘preséure measurements were
mede at frequent intervals. The spparastus was not used
in the exact form as was descrihe& above. The mercury
reservoir of the gas thermometer was removed and the
bottom of the calibrated cylinder sealed. By so doing
the whole volume of the cylinder is available as dead-
space. This volume is guite large and if sbsorptions are
small in comparison, then the volume of gas will remain
almost constant.

First of all an expansion curve of the apparatus was
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cbtained by admitting nitrogen to nearly stmospheric
pressure, then heating and observing the increase in
pressure at various temperatures. The results of these

experiments are expressed graphicaliy in Fig. 5 in which

& b 1is the expansion curve. The praceedure then was

to introduce the sample of metal (3.4 grains), refill

the apparatus to 760 mm. with.puré nitrogen énd start to

increase the temperature. The temperature was increased
and the new pressure measuré& every guarter of an hour.

In this way four samples of chromium and two of mangsnese
were studied. Fig. & shows the results for the two kinds
of menganese only, viz. that prepared by the aluminothermic
and that prepsred by the Moisson process.

In discussing these cu#ves Valenski points out that
é»reaétion, actually, hes no absolute beginning. To speak
of the beginning of a reaction is to speak relatively,
thus the relative beginning depends upon the sensitivity
of the method of measuring. In these experiments a pressure

drop of 1 em. in & quarter hour wes considered to mark the

‘beginning of the reaction. The sensitivity of this method

is sdmittedly, not sufficient to indicate the zones of

~ weak sbsorption. Thus the manganese samples bbth start
to react at 460°, )The velocities, however, are not the

~same, but are functions of the origin of the metal as

shown by the curves in Fig. 5. The velocity in both cases
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varies rapidly with temperature. The éurveS~l'and 2, for
Moisson end for aluminothermic menganese respectively are
continuous. The velocities are greatest in the neighbor-
hood of the points of inflexion, while the metals are less
active between these points. The pressure falls to nearly
zero so0 that it is obvious that the dissociation pressures
of the compound or compounds present must be very low.
Since the curves &re continuous it is impossible to say
how many compounds are formed.

The foregoing experiments were preliminary to the
more éqcurate work on absorption. The curves given in
Fig. b were used as a guide in choosing tempsratures for
fhe.subsequent experiments. The apparatus used was that
described at the offset, that is the mercury was replaced
in the gas thermometer, after the completion of the pre-
liminary experiments. By means of this instrument the
volumes of gas absorbed were measured. Abéorpticns.were
determined by filling the system with nitrogen to.?éo mn. ,
raising the temperature to the desired value and main-
taining & constant pressure by raising the mercury reser-
voir of the gas thermometer. In other words absorptions
were made at constant pressura an& at constant tempersature,
The temperatures ehdsen were; for aluminothermic menganese
and also for Moisson menganese 610°G; for aluminothermie

mengenese, 800°C; for sluminothermic and Moisson mengsnese,



33
1000 C. Pig. 6 represents greaphically the results obtained.
Grams of nitrogen per 100 grams of mangsnese are pletted
against the time in hours.

In exactly the same manner the action of nitrogen on
pyrophorie menganese was studied at 390°, 800° and 1000°C.
These sbsorptions are represented graphically in Fig. 7.

From these experiments Valenski concludes that the
guantities of nitrogen absorbed by the mangenese diminishes
" repidly as the temperature is raised. At 390°C, 15oé grams
of nitrogen are attached to 100 grams of pyrophoric mengsn-
ese. This is & product containing 15.3% nitrogen, which is
seen to agree fairly well with the formils MuzNg which re-
quires 14.5% nitrogen. He remarks that since there is no
marked diacéntinniw between the properties of the metal
and those of the product, it seems extremely improbable
that a definite nitrogen compound is formed under these
conditions. This conclusion, however, isfmégé provision-
ally, to be cénfirmed'byvthe~study~of dissocistion,
Examinatioﬁ of the abéorption,ourves suggests the following;
(1) In comparing the results obtained with the two states
of division of the metal ( i.e. pyrophoric snd compact) it
is seen that the curves for the compeact metels do not
represent the true limits of nitrogenation. Gradually,

as the leyer which is formed on the surface thickens, the
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absorption decreases until it becomes indeterminable.
These metals, therefore, broaden the studies of the phen-
émenqn of absorption.
(2) étflOOOOG,,the Moisson menganese absorbs in less than
fwb haurs as much as theipyrophoric mangeanese.
(3) Tiie- aluminothermic msnganese, however, presents &
,#ety’éeriqas gnomgly at this temperature, since it fixes
13.8 grams instead of 6‘8 grams of nitrogen for 100 grams
of the metel. A verification of this fact is seen in the
results of Tschischewski ( see Fig. 4;), whose experiments
;1astea only one hour, but yet at 1000 © gave & result of
7.85% of nitrogen. This anomsly could be explained by
a&mitting the possibility of decomposition of the nitrogen
compounds. Such & point of view could be verified by the
study of dissociation.
(4) Usually small quantities of impurity may exercise s
éafalytie action, first, in displacing the start of the
absorption reaction and second, in modifying the velocity
of the reaction. In general, the aluminothermic metal
seems to be more sctive than the Moisson metal. Differ-
engés, however, are lessened with increasing temperature.
So much, then, for the absorption experiments. These
conclusions will be given further consideration in the
grand summing up, following the sccount of the dissoecistion

experiments.
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The Study of the Dissoclation of the Metallic Nitrides.

Before proceeding to the study of dissociation it
should be mentioned that & few brief preliminery experi-
ments were made. The experiments consisted simply in
evacuating the spparatus used above, containing the product
of nitrogenation, and then heating quickly by stages to get
some ides of the decomposition pressures which were to be
encountered.‘ The paper says very little about the results
cbtained from these experiments. From them, however, and
from the preceeding study of absorption, Volenski says
that two classes of facts show the divariance of systems
in certain zones of temperature and pressure. These are;
(1) The lowering of the amounts of nitrogen absorbed by
thg perPharic,manganese with rising temperatures under
760'm,m_, and |
(2) The difficulty of decomposing, completely, these pro-
&néts‘under reduced pressure of 107° m.m. It was because
of these facts that the detailed study of~thé phenomenon
of dissociation has been made at fixed pressure and temp-
erature.

‘For these experiments the necessity of reducing the
iaad-épace was realized and the epparatus was modified
accordingly. The tube containing the nitrogenated sample

to be hested wes mede smaller. A tube 20 cm. long end
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having an interior diameter of 0.6 cm. was used. Near
one end of this tube a short side srm was sealed on, and
the end to be inserted in the furnsce was sealed off juét
a8 in the sbsorption experiments., There are now two open-
ings. One of these was comnected by & cemenmted joint to
the capillary tube coming from the gss thermometer of the
apparatus previous described for the absorption experiments.
In other ﬁor&s the spparstus was the sseme aa.wasvfbrmerly
used, the following additions being mede to it.
(1) The other opening of'tha sample tube was joined by
ﬁeéns'of‘a secon&,eémente&fjoint to & tube 820 mm. long
and 1.8 mm., in dismeter. This long tube was bent close to
the cemented joint in such a wayathatathe-1asty?603mm. were
in a verticsl position with the~open,enﬁ,&irectgd,&ownwards.
This open end was dipped into an dpen,vesselfcont&ining‘
ﬂmercuxy. A baremeter tube (filled with mercury) was dipped
into the same mercury vessei, go that the mercury tolumn of
the baramatet Stood beside the long tube, for convenient
pressure comparison. In this way the pressure in the appar-
atus was indicated directly, by the heights of the two
mercury columns. &.cérreetion was made for the cepillary
effect in the tube of smeller dismeter. Both the tube and
the barometer were corrected to 0°C.
(2) The three-way stop-cock was turned so that the gas
Mﬁhéxmbmeter wag excluded. To the third opening & McLeod
gagga,anﬁ‘a;Geisglax,pump wére attached. Aigraduate&,tube

was placed over the exhsust orifice of the pump so that
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the geses escaping could be collected for snalysis.
In general the procqé&ure was as follows. A weighed
samplé of the nitrogen product was introduced into the
N tube in the electric furnsce. The system was then pumped
srinan down to 10°% mm, pressure. Thevcurr&at;was then started
in the electric furnace, and the temperature increased to
& certain value, while the vacuum (107° mm.) was msintained
by the Geissler pump, which, all ths while, exhsusts the

gas into the gradusted tube where it is collected over

mercury. The temperature was reised only when after two
hours, the gas given off was less them 1/30 @.c. The
whole of the gas was enalysed et the end of each such
experiment. Agalysis of the gas was carried out by divid-
ing it into two parts by mesns of & Doyere pipette. Into
the first portion a pellet of potessium wes sdded and the
shrinkage in-volume‘abserved wes considered to be the
~amount of COp present. Pyrogallic acid was then added
end the volume of Og estimeted in the same way. To the

second portion a known volume of oxygen weg added, =znd

then & pellet of potassium. From this absorption the
amauﬁt~of hy&xogen.ié estimaté& by noting the difference
between this and the former contr&ctions; The non-absorb-
ahlayga& was then considered to be nitrogen.

In this way the dissociation iscbar was obtained.
The product richest in nitrogen (1%.3%) was heated under

& pressure of 760 mm. of nitrogen at rising temperature
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end the volume of the gas lost was measured. From these
the equilibrium concentrations were cglculated. Fig. 8
shows the isobare so obtained. The time represents the
number of hours &t the end of which &1l variation of vol-
ume appeared to have ceased. The equilibrium was demon-
gprate& by varying the temperature, and it was proven
possible by so doing to extract nitrogen from, or sdd
nitrogen to the metal. For menganese the quentity of
nitrcgénuahsorhea &ecragseﬁiregularly4from 15.4 grems per
100 grams Mn at 390°C to é grams per 100 grams Mn at‘1050°
as shown by the isobare in Fig. 8.

The dissocistion isotherms were then obtained by

altering the pressure end agein repeating the whole process

until equilibrium was sgein established. The resulting
isothermsl curves are shown in Fig. 9; that at 11?5°being
dus to Zukov who was mentioned earlier (reference 10).
Valenski tabulates his remarks on this work and on
the curves obtained a8 follows:
(1} The time required for the variation in pressure to
ﬁecems negligible varies greatly with temperature. In
some csases equilibrium5was established in 10 hours, but
for low temperstures the time is great; in fadt the time
required in establishing the 7600 curve in Fig. 9 was
three months. Temperature, however, is by no means the
only factor which controls the time required for equili-

brium to become established. Previous thermsl treatment,
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gige of the apparatus etec., are other factors which may
change the time.

(2) Below 800°C the equilibrium is very difficulf to eb-
tain, end it is impossible to get reversibility by lowering
the temperature. Becsuse of this the measurements af low
temperatures are to be regarded with suspicion.

(8) Experiments with large quantities of‘nittiaes gave
erronsous results due to the difficulty of obtaining a
temperature which is absolutely constant at &ll points, the
hotter points imposing their tension on the others.

(4) In regard to the importance of the time factor it is
éointé&.out that the speed of the phenomenon mey be divided
into two components:- (a) the velocity of the reaction
between the surface layer of each metellic particle and

the gas to produce equilibrium. (b) thé~spee& of diffusion
to the interior of each particle to:produce homogeniety.

If the first factor is the greater, then each particle
will show & gradient of concentration (of nitride), decreas-
ing from its centre to its periphery. If this state of

| affairs obtains the classicsl definition of the term
equilibrium must be modified. Suppose, for instence that
st & certain tempersture the equilibrium pressure has not
been obtained but that the slow diffusion of nitride is
going on from the centre outwards towards the periphery.

If now the temperature is lowered it is quite possible

ﬁh&t a Getectable absorption will be observed becsuse the
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surface layers have been dissociated and are in & condi-
tion to reabsorb. This might be taken to indicate equi-
librium, but is not & true state of equilibriunm.

The ourves shown in Fig. 9 are p-c ocurves and like

Fig. 1 they should show tﬁeffl&t regions corresponding to
~€ha decomposition of & compound; thet is to say, if three
phases are present thé.syaﬁem is univarisnt. Fig. 9, how-
ever, does not show these flat regions. ~Ya1enéki compares

these ecurves to those which he obtained for ehxogium and

which did show the flat regions. The curves of Fig. 9 are
‘he says, analogous to the descending branches of the
ehrsgium curves. (i.e. parts of the curves which are at
lower pressures th&n is the flat portion.) This similsrily
is taken to indicate that the flat pértiohs on the mangsnese
isothermals do occur at higher pressures. The appsratus
he used, however, did not permit him to take readings at
higher pressures.

Here the paper ends sbruptly in its consideration of

the ménganeSe-nitrogenﬂsystem exdept for the insertion of
the final conclusions which are tabulated as follows:

(1) Manganese to & pressure of 1} atmospheres prob-
&bly'éifes only solutions of the nitride in the metal.
Comparison with the chronium curves show that the pure
nitride exists at greater pressures.

(2) The aluminothermic manganese gave great absorption.

This, then, is a fairly complete account of the work
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of Gabriel Velenski. It is to be noticed thet this worker

~hes not concerned himself with the number of compounds, nor

have any of the curves obtained shown éiscontinuitiés which
are conclusive proof of a definite state of combinstion.
Further remarks, however, will be withheld until the X-ray
study of Gunnar H&ggl7 has been reviewed.

The X-ray analysis of the manganese nitrides, prepared
by the nitrogenation of mengsnese with ammonia, has shown
that faur‘nitride phases exist. The analysis shows, in
general, that the nitrides of the transition elements show
great similarity in crystal structure, and are distinguished
sharply from the nitrides of the other elements.

The nitrides were prepared by heating the finely
powdered metal in & porcelain boat in a tube through which
ammonia, or in some cases nitrogen, was passed. The samples
S0 prepared were‘analysea first by the micreeKjeldahl method
ené were then investigated by the‘Xﬁray‘mathad. The powder
teehniqué was used in the X-ray analysis. &.preliminary
L-ray analysis showed that the samples so produced were
uhusually heterogeneous, sinee the photographs showed s
great number of very weak lines. In order to get clear-
cut photographs it was found necessary to homogenize the
sémplesa Homogenization was brought &boufsby heating the
preparations for 135 hours at éOOQC in sealed glass tubes.
It was noticed that preparations, whose original eoncen-

tration was greater then 12%, produced & residusl pressure
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in the tubes after the long heating, and showed & loss of
weight. This is proof that partial dissociation had taken
place. None of the preparations with a content of nitrogen
below l&%, showed & loss of weight. The richer nitride
must then have a dissocistion pressure greater than one
atmosPherg at 60006., g fact which sppesrs astonishing
when it is remembered that these nitrides hed been preparsd
by nitrogenation with ammonia at é@@qc, and under & pressure
of one atmosphere. The fact that such nitrides sre produced
however, has been showen before by & geeat many investigators
of whom Tschischewsky is & good example. See Fig. 4 in
this connection. The explanation is given as follows;
The fact that nitrides are formed at'éOOO, which have a
dissocistion pressure of more than one atmosphere, seems
to suggest that the nitrogen fugacity due to the diésaeiatbon
of smmonie must have been greater than one atmosphere.
?his is ridiculous because all preparations were carried

out under atmospheric pressure. Moreover, it is known

‘ﬁhaﬁ the nitrogen fugacity (or partial pressure) in ammonia

at 666°C is about % atmosphere. The cause of this apparent
gontradiction lies in the fact thﬂt in the preparation no
thermodynamic equilibrium existed. The ammonia streams
continuously over the nitride, but because of the very slow
rate of decomposition of this nitride very high nitrogen
fugacities may arise from it. If, then, the nitrqgen
fugacity of the nitride is greater than that of the ammonisa
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the nitrogenation may be considered fto be the result of
two reéetions, thus;

Laf

. f
Mn + xNHz== Mn,(N}vx—t- BNy ----(1)
. L 8

(M) = Ma(N)y_p+ gy ---=-(2)

If the velocity of (1) is greater than the velocity of (2),
ﬁh@n sbviously Mn(N)x'is,the end product. If, now, it is
assumed that for some reason the nitrogen mblecule aiffuses
more slowly through the condensed phase than do the ammonis
or hydrogen molecules, then the high nitrogen fugacity is
explained. From these assumptions the mechanism of the
reaction may'be expleined as follows. The smmonia diffuses
into the metal and there it is practically completely
dissociated. The hydrogen resulting from this dissociation
diffuses rapidly out into the gas phase where the dissocia-
tion equilibrium cannot be established becaﬁse of the
streaming, the hydrogen concentration in the streaming
ammonis being very small. The elementary nitrogen on the
other hend diffuses very sléwly from the solid phase so
théﬁ its concentration in the solid phase must rise. Hence,
the nitrogen concentration (fugacity) in the condensed phase
msy be great, and so give rise to & nitride which will be
rich in nitroggn anafhave & dissociation pressure greater
than the pressure of the reacting gas. This, ss far asg the

candidate is aware is the only explgnatidn given for the
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experimental fact that nitrogenation with smmonis results
in a product richer in nitrogen than does nitrogenation
with nitrogen.

The conclusion:which have been drawn from the Xéray
an&lysis are illustrated graphically in the schematic
phase disgram, Fig. 10. In the neighborhood of 0% nitrogen
are»shown,the,twc allotropic forms of manganese, alpha and
beta. Investigation of the concentratidh changes between‘
o &nﬁqéb&ut 14% nitrogen by weight, revealed four crystal-
lographieallyfﬁistinct,nitri&e phases. The nitrogen poorest
of these is the delta phsse, which shaw&& homogeniety in |
the region of 2% nitrogen by.weight. It exists only above
59006, aeeompasing below this~tamperatﬁrefte;giva a&lpha
mengenese end the epsilon phese. The epsilon phase occurs
in the neighborhood of concentration of sbhout é% nitrogen
by weight. The homogeneous state of the next richest
nitride‘phasé, the zeta,.begins at about 9% nitrogen. The
fourth nitride phase, the ets phase, was found homogenized,
only in the preparation, highly nitrogensted with smmonis.
It was found to be homogenabus in the region of 14% nitrogen.
| It must be un&ersto§ﬁvthat the disgram is only tentative.
The eﬁistances.qf~the,faﬁr~nitriie phases is definitely
established, but this does not:say thet they axre compounds.
Some of them, at least masy be solid solutions. fThe,boundaries
of the regions of homogeniety which were aséertained with

some degree of certainty are represented by lines, while
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those which could not be determined are not ruled to rep-
resent a definite boundary.

The region of homogeniety of the delta phase is very
uncertain. The diagram merly indicates ﬁhat in the neigh-
berhood of 2% nitrogen, below sbout 500°C, no phase exists
in a state of homogeniety. It shows clearly that it could
net be &eci&edfwhether at high temperatures this phase
coincides with the epsilon phase or not. In order to keep
the disgram free from hypothesis, however, these two phases
have been drawn separately. For the same regson, the
nitrogen poorest limit of homogeniety of the epsilon phase
at high temperatures (above about 600°C), is alse very
uncerteain. The other limits 0£~homegeniety; with the ex-
ception of thase of the mangsnese phases, are kﬁdWﬁ‘Qith
e fair degree of certainty. The limits of the manganese
pheses show, very schematically, the solubility of nitrogen
in the alpha and beta manganese respectively.

A large part of this paper is given over to crystal-
lographic date, which need not be mentioned here. The
conclusions which are of interest, from the view point of
the present problem, are given very completely in the
dlagram, The formulae which correspond to the yarious,
phases may be written as follows:-

eta-phase -- MngNz (14.28% nitrogen)
zeta-phase -- MngNg (9.2% nitrogen)
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epsilon-phase =--- Mn,N (6.8% nitrogen)
delta-phase —-——— ?
No formule can be written for the delta phase. This is
thought to be either & solid solution, or & crystal mod-

ification of the epsilon phase. HEgg made an attempt to

produce & preparation of nitrogen éoneentration between

e those of the two phases, that is between 2 and 6%. It

f%?@fﬂ was hoped that such a prepsrstion would shQW<therlines of

"""" both phases simultaneously. Eefwas, however, unable fo
effect the preparation.

This work definitely supports that of the earliex
investigators concerning the existance of at least three
distinct nitride phases. Aside from the crystallographic
data, however, no physicsl gquantities are given.

5till more recently, Dupare, Wenger anﬁ‘Gimerm,,lS
have investigated the influence of the following factors
on the nitrogination of menganese by nitrogen;

(1) Composition and source of the manganese.

(2) Temperature.

------ (3) The time of the reaction.

(4) Pressare

'(5) Catalysis.

| 'This work has shown that the maximum temperature st

whieh‘the nitride is formed, and also the gquantity of
nitrogen which is held, depends upon the type of manganese

used (i.e. upon the somrce). In this they are in agreement
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with Valenski. It is believed that the variation is due
to different quantities of aluminum and silics present ss
impurities in the different mangsneses.

The study of the influence of pressure has shown
that ﬁhere is very little increase in the rate of absorp-
tion between O and 10 stmospheres. There is, however, a
8efinite increase between 10 and 20 atmospheres.

The catalytic affect of lithium nitride was studied.

The lithium nitride used (LiNg) contained 28.9% nitrogen.

It was,not, then, & homogeneouéknitri&e. ‘Phe threshold

df absorption of & mixture containing 10%CLiHX,ana 90% Mn
was studied as & function of temperafure. The positive
influence of the catalyst was clearly shown. The threshold
temperature of absorption was lowered, and the rate of
fixation of nitrogen was increased. Dissociation was slso
accelerated. The catalytic affeet_is{explaine&.by the
fact that the hiNx dissociates at & lower temperature than
does the.manganese nitride. The nitrogen so liberated
(referred to as nascent nitrogen) then fixes itself to the
ﬁanganese, - The lithium was then-removed,‘renitrogenatea,
and ageain diésoci&ted in the presence of manganese. The

process was repeated until the mengenese was saturated.

- The absorption threshold for pyrophoric manganese prepared

by the method of &. M. Campbe,ll19 was found to be 500°C,
while 740°C is given for compact mengenese. The time

factor was unimportant. Equilibrium was resched within
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from one to two hours.

B. Neumsnn, C. KrBger and H. Haeblerzo have desceribed
8 new:metho& for &eterﬁining the heats of formation of
nitrides directly. The metal is heated in & smell electric
furnace, contained in a bomb eslorimeter, in nitrogen under
pressure. In this way manganese nitride was formed at
500 to 1000°C,'undér 10 to &5 atmospheres.of nitrogen.
Analysis showed the compound to be very nearly MngNs. The
heat of formation is given as;

8in + Nz = MngNg + 57, 180( * 400)cal.

The nitride was thén burned ih oxygén in & bomb calorimeter
and the value 682,400 cal. determined. This method is not
thought to be as accurate as the former. These experi-
mentally determined heats of formation sgree poorly with
values caslculated from dissociation pressure dsta. This
fact indicates that the dissociation pressures of these
nitrides are not known with sufficient accuracy to permit
the estimation of the influence of the formation of solid
solutions. More accurate dissociation pressure data must
‘be obtained, in order that thermodynsmic equations may

be used for the calculation of heats of formation.



- EXPERIMENTAL -




80

of the éree-way stop-cock, B, was sealed on, making an inverted
T-piece. The stop-cock was used in such & manner that the
two remaining arms were in a straight line to permit s free
paseage along this line. (i.e. 1 to 2)

In constructing the manometer raiher wide tubing was

used. The closed side was made of an 850 mm. length of tub-
| ing of 10 mm. inside diameter. The open side was made of
tubing 12 mm. inside diameter, and was continued upwards an
additional 200 mm. in order that higher pressures could be
read. The lower ends of these tubes Wére Joined by & loop
of smaller tubing &s shown at c.

The flask was heated by an electric furnace which was
aiso built in the'laboratory. Two metal cans were used for
the rigid parts. The inner c&n‘was chosen of such a size that
about 1% in. clearance was obtained between the walls of the
can and the walls of the flask at their largest diameter.
This can was wrapped with & double layer of asbestos paper
over which 18 feet of nichrome resistance wire was wound in
the form of & coil. The loose ends of wire were insulated
by running them through nearrow porcelain tubes, and were lesd
out tq meke contact with the 110V power supply. The smalle:
can was then placed inside = larger one and the space betweén
them packed with powdered ashbestos. The outside of the outer
- can was 6oated with a layer of asbestos mud. Control of the
temperature was &ffected by including variable resistances in

the electrical circuit. The furnace was supported in an
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upright position so that the flask was contained in it. A1l
space between the walls of the furnace and the walls of the
flask was packed loosely with the.powdered asbestos.,

| Temperatures were measured by an iron-constantan thermo-~

couplé, and potentiemeter indicator. This instrument is s
product of Leeds and Northup and Co. (No. 8658, Cat. 87-34).
The wires of the junction are no. 28,‘d.c.0.. The junction
is mede by merely twisting the ends of the wires firmly to-
gether. Welding is not necesséry g0 that it is a simple
matter to renew the junction should the accuracy of the temp-
erature readings become doubtful. The dial of the potenﬁ-
iameter is calibrated every 10°E, but readings can easily be
estimated to a tenth part of these divisions. The maximum
error due to reading the scale cannot exceed 2°F. The cold
Junction is provided by a compensator built into the
potentiemeter unit.

| The closed limb of the menometer, as has been said, was
made from 10 mm. tubing, and, therefore, it encloses &
relatively large volume of gas. Because of this, its temper-
ature had to be controlled. This was done by enclosing the
whéle mapometer in & glass water jacket, made of tubing &.5 cm.
in diameter. No suitable thermostatic control was available.
Constant temperature, however, &t the time of meking obser-
vations was all that was required. This was accomplished Dby

cooling to slightly below 10°C by running tap water through
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the jacket. When the thermometer, immersed in the water,
showed & temperature less than 10°C, the flow of water was
stopped allowing it to stand stagnant. It fhus warmed
slowly and uniformly by'abserbing heat from the atmosphere.
The observation was msde when the water in the jacket had
reached 10°C. This technique was quite satisfactory since
yery;rarely'weré'more than two observations mede in a single
day.

The cathetometer used was a product of the Gertner Scien-
tifighCorporation, Chicago. This instrument had a range of
0 to 1000 mm., the upright being graduvated in mm. The movable
scale of the vernier enasbled vertical distances fto be measured
to the nearest 1/10 mm. The levelling bubble was quite |
sensitive.

Atmospheric pressures had to be known with an accuracy
at least equal to that of the manometer readings; that is to
1/10 mm. Three different barometers were used at various

times. The first was the stendard barometer of the Chemistry

Department. This was a very good instrument of the Fortin

type, manufactured by the Taylor Instrument Co. It was
equipped with & vernier, which enabled pressures to he mesg-
ured to 1/10 mm. Unfortunately this instrument was at the
mexrcy of everyone in the department with the result that it

was broken early in the term. It was necessary', then, to
improvise & barometer to replace the damaged one; so an instru-

ment of the syphon type was constructed from 8 mm. glass tubing.
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With this, pressures were determined by reading the difference
of the heights of the columns with the cathetometer. The
improvised barometer was checked sgainst the Meteorological
Stendard, snd was found to read 0.2 mm. too low in the region
735 to 755 mm. This instrument was used for two weeks, during
which time, the atmosphieric pressure was alweys well within
the above range. During the time that this berometer was in
use, 0.3 mm. was added to 81l pressure observations. 4n old
syphon-type barometer was finally resurrected, which was a
great improvement on our improvised instrument. The top of
the long column was equipped with a set of two stop-cocks,
between which was & mercury trap. This instrument was care-
fully cleaned and filled with dry mercury. To fill it with

- mercury the Hyvac pump was applied to the toﬁ of the long
column while mereury was poured into the short column in an
amount sufficient to céuse the long column to be filled past
the lower stop-cock and into the mercury trap. Both stop-
cocks were then closed and some of the mercury subtracted
from the short column. This instrument was slse read by mesns
of the cathetometer, and in the photograph can be seen stand-
ing beside the menemeter. Checking against the Meteorological
Stan&ara'showed very good agreement. This barometer is still

in use.

’Materials:
The metallic mengenese was purchased from the Johnson

Mﬁithey-co,, Toronto. The manufacturers analysis of the
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nmetal was as follows:

Mengenese=--------96,84%
Iron-----=-===--- 1.74%
SERTE 1007 E— - 0.61%

Carbon=e=mremem== 0:81% ¢ (>

To check this smslysis, J. K. Royal made two determinations
of the total metallic content. He gives (1) 98.67% and
(2) 98.79% as the values obtained from these determinations.
idéing thé'percentages of iron and manganese, given by the
menufecturer, it is seen that 98.58% is the value given for
the total metallic content. The enalysis of J. K. Royal,
then, agregs very well with that of the manufaeturer.

The metal was delivered in the form of & fine powder.
In or&er-to get an idea of the state of division of the metal
I have measured some particles by & microscopic method snd
from these measurements the area per grsm of the sampie has
been calculated. A preliminary examination of some particles
showed the 8 mm. objective of the microscope to provide the
most suitable magnification, with the ocular micrometer in
place. The’ocular‘micrometer then had to be calibrated for
use with the 8 mm. objective. This was done with the help
of a stage micrometer on which was etched a line divided into
ten equal parts. This line was 1/100 mm. in length, so that
esch small divisioﬁ représente& 1/1000 mm. Calibration of
the ocular micrometer was affected by using it to measure

one small division of the stage micrometer scale. Five meas-
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urements were made and the mean taken, thus:

Stage ' Ocular
Micrometer Miorometer
001 mm. . 2,509 divisions
" 2,506 "
5 2.500 "
" 2,448 1t
n 2.486 "

" Mesn = 2,489 "

From this mean vélue it is seen that,-- |
.00l mm. e 2.489 scale divisions of oculsr micrometer
hence 1 scale div. of ocular micrometer = .000408 mm.

Measurements of particles were made in the following
menner. A small qﬁantity of the powdered metel was shaken
from & camel hair brush onto a glass slide. This small sam-
ple was then searched for the largest particle it contained.
When found, the large particle was measured in length and
breadth by means of the ocular micrometér. The particles
were usually irregular in outline and in meking the measure-
ments an attempﬁ Was made in every case to obtain an gverage
dimension. In this wey the largest particle in each of

twelve samples was measured. The values obtained were:-

Length ‘ Width
2.8%9 divisions 2.298 divisions

4,272 " 2,188 "
4.424 M 2.689 "




56

Length (con.) Width
4,888 divisions 5.557 divisions
4,444 " 3.219 "
5.081 " . 315 "
6.060 " 2.985
d.429 O 1.855 "
3.697 " 1.709 "
4,365 " . 2.633 "
2.381 " 3,842 "
5.850 " 2,716 "
Mean = 4.589 " Mean = 2.734 "

Then, multiplying by .000408, the distasnce which is equival-
ent to one division of the micrometer scale, we obtain:

Mean length = .0018 mm.

Mean width - .0011 mm.

This is taken to be the largest particle which will be found
in any sample of the metal. If, now, the smallest particle
is of molecular size, then for the mean particle these dimen-
sions may be halved, giving:-

Mean length = .0009 mm.

Mean width = .0006 mm.

The particles, as has been said, were seen to be very irregu-
iar in outline. Epr this reason the mean particle was
considered to be c¢ylindrical, for the purpose of cecalculation;

since g cylinder presents a great many surfaces. Our




87

measurements, then, give the dimensions of this mean cylinder

as, -~

Radius .0003 mm.

1

Length = .0009 mm.

To find the number of mean particles per gram;

Volume of mean particle = 3.14(.0002)2.0009 = 254 x 10" 2cu. mm.

and since 1 gm. lin occupies lOOO :V 134.8 cu, mm,
7.42 12
then no. of mean particles per gram = 135 x 10°°= 5.32 x 10tl
2564

To find the area of the mean particle;-

area of the curved surface = & x 3.14 x .0003 x .0009 = -9
16.96 x 10

area of the two ends = 2 x 3.14 x (.0003)%= 5.65 x 10~

Total ares = 2.26 x 10-10 sq. mm.

Therefore, the area per gram;

2.26 x 10710 ¢ 5,32 x 10" - 120.2 sq. mm.

The nitrogen used in the nitrogenation of the metallic
mangenese was ordinary 'tank' nitrogen, obtained from the

Canadian Liquid Air Go. Befbre being admitted to the appara-

tus it was run through a purifying train which containeé& the
following: two suiphuric acid traps to remove moisture and

traces of compressor oil; =& spiral of copper gsuze, heated

in a combustion tube by a @®mall electric furnace, to remove
traces of oxygen; and finally, a straight piece of eombﬁstion
tubing on the bottom of which was a layer of phosphoric

anhydride, to remove any remaining traces of moisture. From
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here the purified nitrogen was conducted to the apparatus by

& piece of pressure tubing attachea to one arm of the three-

way stop-cock.

Experimental
For the purpose of determining its volume, the apparatus
was cdnsidered in three parts, the flask, the capiilary
connecting tube and the closed limb of the menometer. The
volume of each of these waé determined separately. The flask
wes weighed first, when dry and agaiﬁ when filled Wifh dis-
tilled water at 19.2°,

Weight of flask + water at 19.2°C 701.82 gus.,

it

Weight of dry flask --=-e-comeeea- 169.22 gms.

R

From which the volume was calculated to be 542.49 c.c.
The capillary section was calibrated by filling it with merc-
ury éndcdraining the mercury into a weighed beaker and again
weighing. This gave;

Weight of beaker + Hg at 21.0°C - 95.2148 gms.

Weight of dry Dbeaker ------------- 38.1724 gms.
from which the volume was calculated to be 4.07 c.c. A meter
rule was screwed to the board on which the manometer was
mounted in such s menner that the zero mark on the meter
stick was at the point where the capillary from the flask
was joined to the top of the closed limb of the msnometer.
The volume calibrations of the limb of the menometer were

maﬁe with reference to the lengths measured downward, on the
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meter stick. The method was to drain successive 10 cm. into

a8 weighed beaker snd weigh.

Length of
closed limb

10 cm.

20
50
40

80

60
70
80

"
n
1

w

"

Weight of beaker
+Hg at 21.09C

148,20 gms.

856,91
- %64.10

472.00

581.21
689.91
798.47
905.95

"
i3

"

"

w
14

"

The date obtained was;

Weight of beaker

38.1724 gms.

w
"
"
"

n
-

W

The followiﬁg table gives the totallvolume of the system when

Various lengths of the manometer are included:

Length of
closed limb‘

10 cem.

20
30
40
50
60

70

80

w
n
"
n
"

"

LA

Total volume

. of system

554.7 c.c.

562.8
570.7
578.7
586.8
594.8
602.9
610.7

"

w
"
114

1

i 3

"

The quantitieS‘giveﬁ in this table were plotted graphically so

that the volumes corresponding to intermediste lengths could

be interpolated quickly.
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Ihe Expansion Curve

The first stage in the experimental work was to find the
curve expressing the expansion of the gas in the system. This
curve, as has been pointed out in the introduction, (see Kn
in Fig.3) will vary from the straight line relation 6f the
gas laws'because, as pressure increases, the volume of the
system also Increases with the fall of the mercury miniscus
in the closed limb of the manometer. The curve, therefore,
will be characteristic of the apparatus 2nd must be determined
experimentally.

The Hyvac pump was connected to the arm 2, Fig. 11, of
the three?way stop=-cock, and pumping was continued for two
hours to be sure that all moisture was remové& from the glass
walls. The stop-cock was then moved to the position which
close&,the system but, at the same time, left a passage through
the stop-cock from 1 to 2. Nitrogen from the tank was run
through the purifying train and through the stop-cock in the
direction from 1 to 2. The flow of nitrogen was continued
for % hpurrtd expell all air from the purifying train and
connecting tubing. The stop-cock Waé ﬁhen;mQVed to the posi-
tion which provided & passage from 1 into the system. Care
wes taken that the rate at which gas was admitted to the
system was slbw; By so doing the pressure in the purifying
train was always &ths 1 atmosphere, and henge no air could

~leak into it. In this way Ary nitrogen was admitted to the
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then resealed. The weight of the mengenese sample was:-

Wt. of Mn + watch glass---/5.4777

Wt. of wateh glasgme—=en---= 5.&776
Wt. 0f M ~-m-mmmmcmm e 10.0001 grams.

The system was then evacuated and charged with nitrogen
to abdat 1 atmosphere in the same memner as for the expasnsion
curve. The proceedure of heating and measuring the edrres-
ponding pressures was carried on as before. Here, however,

a greater‘perio&.of time was allowed at each temperature, to
be sure that no slow process was taking place.

The most important of the dsta obtained‘is given in
Table 11 tnder the heading of 1st charge of Nitrogen. The
great length of time require&~fqr these experiments indicates
the slow rate of the reaction at these temperatures. The
data is expressed graphically in Fig. 12.

The spparatus wes designed to enciose a comparatively
small volume of nitrogen in order to enhance its sensitivity.
The possibility of the fbrmation of'selii so1utions was
reslized, and in consequence, an attempt was mede to have an
spparatus as sensitive to absorptions of small volumes of
gas as was compatable with the object of ulfimate nitrogen~
ation of the metal. For this reasson it was calculated that
four charges of nitrogen, each representing a pressure drdp
of %+ atmosphere due to nitrogenation, would be required for

8 10 gram sample of the metal. These calculations were based
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on the assumption that MngNs represents the ultimate product,
with 14.5% of nitrogen. I have numbered these charges 1, 2,
etc. as shown in Table 11. The data obtained for the 2nd
and 3rd charges is shown graphically in Fig. 13.

The form of the curve obtained for the lst charge of
nitrogan indicates that absorption proceeds with apprecisgble
velocity at a tmmpér&ture of 510°C. For subsequent charges
of nitrogen the temperature wes raised quickly to this value
since repetition of thg whole curve; as was done for the lst
charge; was an obvious Waste of timé. Thus, the regions of
the curves in Fig. 13, which are drawn With & broken line,
were not determined by experiment but were swept through by
raising the temperature quickly to & high value. The regions
shown as,a;soli& line, however, are plotted from the experi-
mental data. The regions of the curves which represent the
experimental figures are, first, a short length in the
neighborheodfof l00° to~20@°3; second, the vertical portion
at high temperature representing the decrease in pressure
due to sbsorption; and third, a single point to which the
systemfwaé eooled after the rate of absorption had decreased
to such & low value as to warrant the discontinuation of
nitrogenation for this particular charge. This single point
was used to calculate the amount of nitrogen present in the
condensed phase sfter nitrogenation (i.e. before recharging

with nitrogen.)
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The velocity curves, shown in Fig. 14, for the 1lst and
Snd charges were also plotted from the data. These curves
represent the decrease in gas pressure as & fanction of time
at conétant temperature. In the case of the 3rd charge no
such curve has been plotted, becsuse here, the temperature
wes raised in an attempt to incresse veloeity. The attempt
was successful in that the veiccity was increased and, as
Fig. 13 shows, the pressure actualiy fell‘belDW'l atmosphere
in reasonable time. Unfortunately, however, the pyrex glass
softened and«collapse&. The fact that the flask was distorted,
and hence its volume calibration destroyed, 4id not revesal
itself until the 4th charge of nitrogen was being heated.
The rapid increase in temperature then caused the flask to
crack. lThis put an end to the first attempt to attain maxi-
mum nitrogenation. It appears from this that a pyrex flask
at 625°C (gas temperature) has softened to the point Wheré
a.pressuré of 50 mm. causés it to become distorted.

Before proceeding to summarize the conclusions which
can be drawn from these experiments, there is another matter
which deserves attemtion. This is the memner in which the
smount of absorbed nitrogen was calculated, at the end of each
charge. These calculations can be explained best, by referr-
ing to Fig. 13. These curves illustrate how, for each charge
of nitrdgen, thefsysﬁem_was carried through & sort of cycle,

Initislly, the nitrogen was admitted, at about 100°C, to a
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pressure of approximately one atmosphere. In this region a
few points were obtéinea, and a short section of the p-t
curve was plotted. From the coordinates of any point on this
ghort curve, and the volume of the system, the amount of gas
present in the system before any sbsorption had taken place,
can be calculated. This, however, was ne&er done until after
the final point at low pressure (i.e. after absorption) had
been obtained because the temperature of this finel point
could never be adjusted, conveniently, to an exact value.

After the short length of the p-t curve had been ob-
tained the temperature ( and hence the pressure) was raised
o & high value. Absorgtion then took place With disappear-
snce of the gas phese end, consequently, the pressure
decreased. When it was seen that absorption would proceed
no further, the temperature was then brought back to some
low value and s final point determined which lay beneath the
initiel short length of the p-t curve. In other words,
there had to be somﬁlpoint on the initial,ﬁurve which had
the same or&in&te as the final point. Then, having obtained
such a,point, the‘pressures, before and sfter whsorption,
cﬁuld.be compared at the same temperature. The initial
pressure was interpolated from the short length of the p-t
curve.’ This could be done quite aceurately since a large
piece of graph paper was employed. On this the experimental
curve was plotted on‘a,scale sufficiently large that each

" small division of the paper represented 1 mm. pressure.
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Phus, fractions of & millimeter had to be estimated. The
érror due to interpolation of the graph could not have ex-
ceeded 0.5 mm.

The volume of the apparatus, then, is the sole remsining
factor which is necessary for making the calculations. This
glso was variable because the length of the closed 1imb of
the manometer changes with changing pressure. In the section
describing the calibration of the apparatus the volumes
corresponding to different lengths of the masnometer were
given. The slope of the curve which was plotted from this
data was found to be 0.080. That is, for every mm. change
in piessure the volume of the system changes by 04080 C.Co
The volume of the apparatus, then, was determined as follows.
At the same time that the final low temperature point was
determined, an observation was made of the length of the
closed limb of the manometer which was included in the system.
‘From this length measurement the total volume of the system

was interpolated from the length--¥olume curve. This gave

the volume of the system after absorption had taken place.

The values obtained for the three charges were:

Length Total Volume
23.1 om. ' 565.5 c.c.
32.1 " 572.5 "
21.1 " 563.8 "

Then multiplying'theﬂpressure drop due to aﬁsorption by 0.080

(the slope of the length-volume curve)} the decrease in volume



67

accompanying the decrease in pressure is obtained. This
decrease in volume, when added to the final volume gives the
initial volume of the system at the comparison temperature.
This method of determining the initial volume had to be re-
sorted to becauée, as had been ssaid, it was not convenient
to set the temperature of the furnace to é precona%évéd.value.
The sources of error in the estimation of the smount of
absorbed nitrogen are:
(1) An error csused by including the volume of the capillary
éentre—seetion with that of the furnace for the purpose of
calculation. The temperature of this small volume of 4.1 c.c.
could not be determined, since & temperature gradient existed
from the furnace to the menometer. This error may amount to
0.7 c.c. at the temperatures in the region in which volumes

were measured, and will result in a volume too great. The

volume of the system, at these pressures, was about 580 c.c.

so that the error may be estimated as sbout 1 in 580.

(2) Two small errors due to interpolation of the two graphs.
The direction of these cannot be determined. The error in
reading the length-volume graph cannot exceed 1 in 580, while
that in reading the p-t curve will be very smsll, about

l:in 200.

(3) An error due to reading the temperature from the potenti-
éméter indicator, which cannot exceed l°G, This error must

not be greater than 1 in 390.
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(4) There is another possible source of error which is very
diffieult to estiﬁate. The gas inffhe flack may be at a
higher temperature at the walls of the flask than at the
centre of curvature whers the thermo-junction is separated.
The flask, however, was quite large én& for this reason con—v
vection should be efficient.

From the above it will be seen that the calculated
gquantities of absorbed nitrogen must be guite accurate.
Assuming that the first three errors are in the same direc-
tion, then adding, it is estimated that the maximum error due
to the first three causes cannot exceed 1 per cent.

Unfortunately, however, the failure of the pyrex flask
Guring the heating of the third charge renders the final per-
centage of nitrogen doubtfull. If tima permits it will be
checked by analysis.'yfhe percentages of nifrogen in the con=-
densed phase after the lst and 2nd charges, on the other

hand, must be accurate.
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Discussion of Results and Conclusions

Although these experiments failed in that the object of
ultimate nitrogenation was not achieved, there are, neverthe-
less, several conclusioﬁs which can be drawn from the data:

(1) The first indication of dissppearmnce of the gas phase
ocourred at 126°C. This is revealed in Fig. 12, by the small
initisl drop in pressure. Following this small initial drop,
however, the p-t curve again runs;pérallel to the expansion
curve until a temperature of‘ahout121590 is reached. Thus,
continued nitrogenation for some resson is inhibited. It is
probable that the surfaces of the menganese particles become
covered by a skin of nitride which is impermeable to nitrogeﬁ.
In this skin the concentration of nitride is high so that, in
éccordance with the Law of Le Chatelier, further resction is
prevented. Nitrogenation at this low temperature has'hever
before been observed. If it does represent compound forma-
tion, one would expect the pyrophoric metal to form a nitride
at this tempersature. G. Valenski, however, gives 390°C,

The mass of nitrogen corresponding to this small decrease
in préséure has been estimated. ?hiS~Was done by cooling back
and comparing gsy pressures, before and after absorption, in

the manner previously described. The calculation gave

.1134 gms. as the mass of nitrogen absorbed. From this and
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the following data;
Area of Mangenese Sample = 1219 sg. meters
Effective area of Np molecule = 772 x 10716 sq. mm.
Avogedro's Number = 6.06 x 10%%
the number of'layers of nitrogen.was calculated to be 5700.
Wheh the crudity of the measurement of the ares of the sample

is teken into account, this figure may well be accepted as

evidenée in favor of the ‘'skin theory'’ given in the previous
paragraph.

(2) Progressive nitrogenation was found to take place with
apﬁréciable,velacity,at 510%%. Fig. 14 shows the velocity
curve for this temperature. The’p-t curve, however, had
commenced to bend downward at 390°C. (see Fig. 12). It is
interesting to note that thié latter tempeﬁature éorréSponds
to shat cited by G. Valenski for the pyrophoric metal.

(3) The velocity of the chenge is lessened progressively
as ﬁofe"hitrogan is fixed. The velocity of the rgaction

below & composition of 3.6% nitrogen is quite rapid. As

Fig. 14 illustrates, & pressure decrease of 12.6 mm./hr, was
observed. When the pressure had fallen to about 750 mm.,
however, the curve broke sharply. It was hoped that the
greater pressure, after the introduction of the &nd charge,
would again hasten the reaction. This was not the case,
however, for the velocity remasined constant some 200 hrs. at

1.6.mm./hr. Both curves show the same form, that is & straight
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portion which slopes off asymptotic to the axis of time.
After some 560 hrs. treatment, the rate for the 2nd charge be-
came so slow that it was revealed by an spproximation that
about 2% years would be required to fix 14.5% nitrogen. Re-~
charging the third time did not»greatly:increase this rate.
Because of this higher snd higher temperatures were tried
iesulting'finally'in the failure of the pyrex flask. The
maximum rate obtained at these higher temperatures w@s 2.5
mm. /hr. |

(4) No nitride phase of & composition less than 8% of
nifrégen gives rise to & solid solution by aissolvéng gaseous
nitrogen. This is concluded from the fact that all the p-t
curves were of the form of Fig., 12, The two final curves
were not obtsined in full, but by comparing the esrlier high
temperature points (i.e. before spprecisble absorption hed
taken place) with the expansion curve, it was shown that the
curves hsad been.parallal. The curves of Figs. 12 and 18, then,
are of the type of K x L of Fig. & of the theoretical intro—

duction.
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The Silica Apparatus

The first attempt to produce meximum nitrogenation, as
has béen seen, ended in the failure of the pyrex flask. The
reaction, at the highest temperature that the pyrex flask
would stand, was extremely slow. With the hope of increasing
the velocity by obtaining higher temperatures, & silica flask
was constructed for the apparatus. |

‘Phe design of this flask had to be modified because of
the‘limited smount of quariz tubing available. The recess
for the thermo-junction was sealed through the curved part of
the flask, below the,ngck, rather than through the neck. The
tube by which the flask was commected to the apparatus was
sealed to the neck. fhe‘maﬁganese sample was introduced
~through this latter tube Wefore the flask was attached and in
consequence of this the other side-tube, formerly used for
this purpose, was omitted.

Attachmant to the apparatus was accomplished by the use
of a short piece of pressure tuﬁing which was wired securely
over the ends of the glass and silica tubes. Heating of the
rubber pressure tubing was feared, becasuse the silica tube
was quite shprt. In order to prevent this & small water
jacket was fitted over the joint end cold water was run through
it whenever the furnace was hot. It was necessary to use the

furnsce in & vertical position with this flask.

T The accompanying;photograph shows the new arrangement.
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The small water-jacket enclosing the pressure tubing can be seen
quite clearly.

The quartz flask was smaller than was the pyrex flask. Its
volume, which was calibrated with water as before, was found to

be 471.6 C.Co» From this and from the volumes of the other

parts of the apparatus, a volume-length curve, similar to that

for the former apparatus, was plotied.

Proceedure: - The expansion curve was not repeated for this

apparatus. The manganese sample was introduced, at once, into
the flask. The flask was attached to the apparatus and after
obtaining -the short, low-temperature section of the curve, the
temperature was raised to & high value. The mass of this
fresh sample of manganese was,

Wt. Manganese + watch glass = 16.2189

Wt. watch glass -=~-=-=-m=- = 8,2170
Wt. of Manganese =-----==-= = 8,0019 gms.

The experimental mthod was exactly the same as that des-
’cribed for the gurves of Fig. 13. A smaller sample of the metal
was taken because the volume of the new system was less and,
therefore, the amount of nitrogen available for each charge, was

lesse.

Data; - The experimental velues are shown in table TIL, and
are expressed graphically in Fig. 156, Not all of the experiment-
al figures are reproduced, but just enough to give the curves

of Fig. 1bs The table shows that the nitrogenation has been
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csrried to five charges of the system. Actually, two more
charges were mede, but the data obtained had to be discarded for
reasons which will appear later.

Discussion of the data: The velocities of absorption for the

1st and 2nd charges were much higher than for the corresponding
charges of the former apparatus. This is remarkable because the
temperatures weré& not greatly different in the two cases. In
this fact, confirmation is seen, of the conclusion of G. Valenski,
that the velocity of nitrogenation depends upon the previous
history of the metal. Thus, in the first apparatus the metal
was subjeeted to prolonged heating before progressive nitrogena-
tion set in, while in the latter temperature was raised at once,
to a high value. Mangenese does undergo an allotropic change,
but as G. Hagg's X-ray study has shown (see Fig. 10}, not below
750°C. That béta mangenese reacts with nitrogen at a slower
rate then does alpha mengenese, then, cannot explain the differ=
ent rates. It is, in all probability, a surface phenomenon.
Velocity curves, are not given because the temperature
varied during the course of the nitrogenation. 4 velocity curve,
of course, must be obtained for constant temperature in order
to be of theoretical significance. The curves 1 and 2 of Fig.ld
show the first of the high temperature points in the neighbor-
hood of 1 atmosphere pressure. This indicates how the pressure
fell, during the course of a single night, by more than an atmos-
phere. By use of the expansion curve, however, the avergge vel-

ocities have been approximated as 13.9 mu/hr for the lst and
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ll.z.mm/hr, for hte 2nd charge. These approximations are based

on the total time of nitrogenation and must not be confused with
the dp = 12.6 mm/hr. shown for chargelin Fig. 14, which refers
onlydgo the linear part of the curve.

It is to be noticed that in the second apparatus a closer
approach to ideal behavior wes obtaiyged, than in the first appar-
atus. On recharging the apparatus with nitrogen the second time,
the velocity was again increased bhecause of the increased gas
pressure, in accordance with the Law of Le Chatelier.

- On proceeding to the 3rd charge it wes found that the vel-
ocity had‘».greatly decreased. The averagéd velocity here was
about 2.1 mm/hr° Because of this the temperature was raised to
67700, then to 688°C and finally to 717°C. At this latter temp-

erature the rate was very slow. Curve 3 shows an almost flat
portion between 688°C and 717°C which indicates an approach to
equilibrium conditions. The calculated nitrogen content here is
9.32%, which (see Fig. 10) indicates that a good deal of MnéNz

is present. The final point, then, must represent a gas pressure
in the system‘which is nearing the dissociation pressure of this
nitride at 717°C.

The velocity during the 4th charge was slightly greater,
smounting to 5.7 mm/hr. This increase was due, no doubt, to the
higher initial pressure. Here, reversibility was obServed for
the first time. This was shown by the rising pressure at the
high temperature end of the curve 4. The final point must re-

present a dissociation pressure. The coordinates of this point
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are: temperature 71000, pressure 1188.1 mm, This corresponds to

a compostition of 10.1% nitrogen. Reference to Fig. 10 shows
that this composition lies in the region of homogeniety of the
lngNgo phase. |

It was decided, for the next and 5th charge, that a very
high initial pressure be used in an attempt to bring the composi=-
tion into the region of heterogeniety between the MngNg and the
MngNe, phases. It was hoped that & dissociation pressure in this
region would furnish some information as to the question of solid
solution. Unfortunately, however, the high pressure appears to
have caused a very slow lesk in the apparatus, probably4in the
rubber connection. - The curve obtained drops across those of the
two previous charges without showing any sign of dissociation.
This is seen in Fig. 15 in the neighborhood of 4.

The fact that the apparatus was leaking could not be decided
at once. The velocity of nitrogenétion increased to 8.9 mm/hr.
This appeared suspicious but could not be regarded as conclusive
proof of leakage because there is & plausible explanstion.

This explanation is as follows. The decomposition pressure

which has been measured corresponded to composition of 10.1% nitro=
gen. The formula Mnglo, however, requires 9.56% nitrogen. There=
fore, the dissociation pressure, which is high, may be due to the
dissociation of a layer of a higher nitride on the periphery of 
each particle. This layer will be rich in the nitride MngzNp and

hence will have a high dissociation pressure. Subsequént heating
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may cause this layer to diffuse inward, resulting in & solid
solution having a lower dissociation pressure. There are, then,
two opposing tendencies; formation of the nitride tends to pro-
duce heterogeniety, while diffusion tends to produce homogeniety.
A.preponderance of the former could account for the high dis-
sociation pressure. This, then, is a possible explanation of the
failure of curve 5 to indicate dissociation.

Because of this explanstion the experiment was not stopped
immediately. It was not until after two more charges of nitrogen
were admitted that the apparatus was definitely shown to be faulty.
As the experiments were continued the leak became greater until
finally, all doubt was removed. Subsequent analysis of the nitride
has shown it to be rather badly oxidized. It appears also, that
in the tests and experiments subsequent to the 5th charge, some

of the nitrogen was either given off or, replaced by oxygen.

Gonelusions:= The only conclusions which can be added to those

already given are:

(1) The velocity of the nitrogenation process depends upon
thewpfevious heat treatment which the system has received below
600°C. |

(2) The dissociation pressure corresponding to & composition

of 10.1% nitrogen is 1188.1 mm at 710°C.
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Anslysis of the Two Sagmples of Nitride.

The nitrogen was estimated by the Kjeldahl Method. The usual
technique was modified slightly. Copying the princile employed
in the modified method used in estimating traces of nitrogen in
iron and steel, the acid solution of the nitride was added drop
by drop, from a tap-funnel, to the boiling alksali. This modifi=-
cation was adopted after several poor results were obtained by
the usual method. | _

The total metal was estimated by the method given by
Cummingland Kay in Quantitative Chemical Anslysis. By this meth-
od the metal is precipitated as phosphate, ignited and weighed as
pyrophosphate.

In the case of the nitri&e taken from the quartz apparatus,
'which'was known to be oxidized, & pyrolusite determination was
made. The method, taken from t?e text book mentioned above, was
that by which oxelic acid is oxadized by the dioxide. It is not
a good method for the estimétion of traces of pyrolusité, but
was the best available. The oxygen content of this nitride will

be in error on this account. The complete analysis gave;

For the sample of the glass apparatus,-
“ Manganese and Irof...... 91.50%
NilrOeNeeeescencaccnses BoB4 B
511iGONecccavcccsoscoscs ‘}6%”2${
Carbolesescesoocoosecses _ o12%
100.12%
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The carbon and silican are the manufacturers' wvalues.

The mangenese and nitrogen are the averages of two estimations.

Tor the sample from the gquartz apparatus,=-
Manganese and IrONeeeese.e...88.00%
HitrOZeNeossscoascsscssonss BaB6%
OXYEEMeovocoscssossccsonses «90%
$111C8Necvccssacscnssosscss oLl6%

Carbon...0’....".‘.0‘..0... .lz%

97 « 54%

The Oxygen is probably too low because of the difficulty of
estimating small gquantities of MnOg.

The analytical percentages of nitrogen agree very badly with
those calculated during the absorption experiments. In the case
of the gquartz apparatus 10.1% nitrogen was calculated at the end
of the 4th charge. It was not until after this, that the appar-
atus became faulty. The analysis, however, shows 8.36% nitrogen.
It appears that nitrogen has been lost. Furthermore, it is a
strange coincidence that both final products should have so near=-
1y the same nitrogen percentage.

At first it was thought that dissolved nitrogen was present,
which could not be determined by the Kjeldahl method. This lead
to the performence of several decomposition experiments. In one
of these experiments a weighed sample of the nitride in a porce-

lain boat, was decomposed in a quartz tube around which a small
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electric furnace was built. The nitrogen resulting from the
decomposition of the nitride was displaced into a Schiff
Azotometer by means of a stream of dry CO,. The method is

given in Cohens' Practical Organic Chemistry. It was discove
ered, however, that the glowing manganesé decomposed the 002
and itself became oxidized. Large volumes of CO were collected
in the azotometer. For this reason, this type of decomposition
had - to be abandoned.

4 further attempt was made by using the apparatus built for
the decomposition experiments. This apparatus will be deséribed
later. The apparatus could not be freed of microscopic leaks,
end these experiments also failed. Following these failures the
only alternmative was the complete analysis, the results which
have been given. It ié guite evi&ent from the shelysis that the
Kjeldahls have detected all the nitrogen present,
| The disagreement between the calculated and the analytical
nitrogen percentages can be explained quite satisfactorily.

In the pyrex apparatus, the flask ccllapsed without leaking,
and destroyed the volume calibration. Thus, the calculation was
made for a volume too small and gave a value too great. The
final nitrogen percentage in Table IT is in error.

Subsequent to the 4th charge, in the case of the quartz
apparatus, heating was continued for many hours at pressures

sligbply above 1 atmosphere. Because of the high temperature
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and the low pressure the nitride was decomposed, partially. The
liberated nitrogen leaked away, very slowly, and the pressure in
the system fell very slowly. The Pressure drop indicated a
progressive absorption, but actuelly, because of leakage, the

reverse was true. None of the erroneous values have been in-

cluded in the data. I believe that 2ll the nitrogen percentages

given in Table III are correct to within the error of the cal-

culation.
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Density of the Nitride Sample

The sample of the nitride used was that from the pyrex appar-
atus. This is the unoxidized sample, for which the best analysis
was obtained.

The pycnometer used was of the wide mouthed variety, provid-
ed with & ground glass stopper through which & good thermometer
was fitted. Weighings, with water, were made after the pycnometer
hed been immersed in a water bath thermostated to 26°C. The air
was removed from the powder by means of & water pump. The powder
was covered with about % in. of distilled water and the pump
attached to the capillary side arm. The water was allowed to boil
gently for a time, then the pycnometer was cooled in water and
pumping continued for not less than 2 hrs. with frequent shaking.
Of five determinations, the two which showed the best agreement

are glvene.

(1) Wt. pycuometer -+ water at 26°C = 55,8078

Wt.upyenometer + nitride = 56.0814
Wt. dry pycnometer = 21,0814
Wt. of nitride = 4,4900

Wt. pyc. + nitride + water at 26 C = 59,8758

Density = 5.6477




83

(2) Wt. pycnometer + water at 26°C = 55,8088

Wt. pyc. + nitride = 85.9070
Wt. dry pycnometer = 30,0814
Wt. of nitirde = 4,.,82b6

Wt. Pyc. + nitride + water at 2é’e = 59.7828

Density 5 5.6444

For purposes of calculation the density will be taken as
5,6, The final figure is doubtful because of the difficulty of
removing all the air from the fine powder. If there is an error

from this cause, the density will be too low.
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Caleculsation of Shrinkage of the Lattice

The composition of the sample (i.e. 8.,54% nitrogen) places
it in the region of heterogenlety bétween two nitride phases as
will be seen from Fig. 10, In other words, our sample is & mix-
ture of the two nitrides Mn,N and in Np. DBecause of this the
density of & pure nitride cannot be calculated satisfactorily.
There are, however, Some empirical celculations which can be
made which are of crystallographic interest.
The analysis of the sample has shown 8.34% nitrogen and
89.76% menganese (i.e. L.74% Iron). If we consider 100 gms. of
the sample, 89,76‘gms. will be manganese and 8.34 gms. will be
nitrogen. The nittide sample has a_&ensity of 5.6, therefore,-
Volume of Mn and Ng in 100 gms of sample = 173 CaCo

Similarly for pure menganese Whieh’has g density of 7.4%8,~
Volume of 89.76 gms of pure Mn = 12,1 C.C.

Similarly for solid nitrogen which has a density of 1.03 at -2583 C,-
Volume of 8.%4 gms of solid Np = 8.0 cocCos

Then adding the volumes for pure lin and N, we get 20.1 c.c.

Thus, the volume has decreased in forming compounds by~

20,1 = 17.3 % 2.86.Cs , 0L,

ilo and Np, together, have suffered a contraction of

2.8X lOO = 1509(20

&0.1

The decrease in density must be due to the zvesultant of two

component volume changes; (1) the Mn structure must expand while
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Summery of Conclusions

(1) A smell sbsorption of .1134 gms. of nitrogen by
10 gms. of manganese OGCUIS at 126°C.

(2) Progregsive absorption commences at 390 G , and
proceedé with appreciable velocitj at 510°C.

(%) The velocity of absorption decreases as the compo-
sition of nitride increases.

(4) No nitride phase of & composition of less than
8,54%Vof nitrogen gives rise to & solid solution by dissolv-
ing gaseous nitrogen.

(5) The velocity of the nitrogenation process depends
upon the previous heat treatment which the system has re-
ceived below 600°C.

(6) The dissociation pressure corresponding to a com-

position of 10.1% mitrogen is 1188.1 m.m. ab 710°C.

(7) The Kjéldahl method detects all the nitrogen present
in & éamplé which has stobd for some time at atmospheric pressure.

(8) The density of a sample conteining 8.34 % of nitrogen

is 5.6.}
(9) The formation of the MngNp phase is accompanied by
an expaﬁsion of the cubic lattice of alpha manganese. This

expansion is in the neighborhood of 30%.




“ APPARATUS DESIGNED FOR THE
DISSOCIATION EXPERIMENTS =



. Description of the Apparatus for the Dissociation

Experiments

The objects of the dissocistion experiments have been
pointed out in the theoretical introduction. None of these
experiments have been carriéd out, however, because both att-
empts to obtain the richest nitride, ended in failure. While
the slow process of absorption was going on this epparatus
was devised and constructedvand is now available to my succ-
essor in this work. |

The apparatus is shown diagramatically in Fig. 16. A is
the McLeod gauge, B is the Toepler pump and C is the device for
collecting the gas‘exhausted by the pump. The flask was made
small, D, about 50 c.c., and like those used in the previous
experiménts was provided with a recess for the thermo=function.
The stop-cock 1, is for the purpose of evacuation with the
Hyvac pump before commencing to operate the Toepler pump. Both
the'MGLeod/gauge and the Toepler pump are common devices and,
therefbre, need not be described here. The MecLeod gauge is a
factory made article, but the Toepler pump was constructed in
the laboratory. The device for collecting the exhausted gases
was also constructed in the laboratory, and may require some
explanation.

The exhaust ceapillary of the pump was bent upward for a
short distance and the end drawn down until the opening was

very small. This end is immersed in a small dish of mercury







-
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and over it the wide end of the left hand 1limb of the collector
is placed. This is shown at a. Vhen this end is immersed in
the mercury the whole limb from a to the stop-cock 2 can be
filled with mercury by menipulating the reservoir E and the
three Wsy stop-cock 2. When the pump is then operated, the ex-~
heusted gases are collected by displacement of mercurye.

The other two limbs comprise the device for measuring these
gases. Near the top of the centre 1limb is & small bulb. This
was made from a 5c.c. pipette the mark of which is at b. The
volume, between the stop-cock and b, has been carefully celibra-

ted by weighing the mercury delivered, thus,-

Weighing Bottle +Hg Weighing Bottle Hg at 25°C
74,6591 " 59,9881
74.6800 " 60.0090
74,6485 " 59.9775
74.7256 w 600546
74.7240 " 60.0530
74.6768 t | 60,0058

| Mean = 60,0147 gms.

Therefore, the volume is 4.4351l C.C.

Measurement of the amount of gas collected is affected quite

simply. The centre limb is evacuated by opening the stop-cock

and raising the reservoir E, thereby forcing the alr out through
the open arm of the stop-cock. E is then lowered and the stop-

cock turned so that the gas in the left limb is drawn over into
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the centre limb. The stop-cock is then closed, and the gas
imprisoned in the sentre limb is compressed by raising E until
the miniscis stends at the mark b. The . pressure can then be
measured accurately, by means of the cathetometer, from the
different heights of the mercury columns in the centre and right
hend limbs. Then, knowing volume, pressure, amd the room temp-
erature, the mass of gas is easily calculated.

ff;ff Attempts were made to use this apparatus for quick decom-
positions for the purpose of analysis of the nitride samples.
It was found, however, that the ground glass joint & was faulty.
The female part of the joint was made of soda glass and the male
part pyrex glass. This was necessary since only the flask, which
mist stand high temperatures, was made of the pyrex glass. 4
thin film of picene cement is applied between the ground surfaces.
Several different applications of the cement were tried but small
leaks always appeared. These leaks were often so smell that pres-

sure as low as 10'5mm could be obtained by continued operation

of the Toepler pump. Otherwise, the apparatus was found to be

very satisfactory. It has been left to the next experimenter to
install a more satisfactory joint between the hard'and soft glass

parts.
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