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I. INTRODUCTION

The development of the nitriding process was the first
importent step in the application of iron-nitrogen alloys. Prior
to this, nitrogen was considered to have only a detrimental effect
on the mechanical properties of irons and steels. Most of the
early work, for exsmple, by Whrren(l), Braune(2’3’4) and Strauss(5’6)
vas thus concemed with the effect of nitrogen on physicel proper-
ties. Fry‘s(v) work on the modern nitriding process, and the grow-
ing success of commercial nitriding, however, created renewed interest
in the iron-nitrogen system. The development of the carbonitriding
process by Cowan and Brice(g) following the original studies by
Machlet(9), and the use of nitrogen as an alloying element in stain-
less steels(lo), increased the importance of nitrogen as an alloying
element in steels. Further, one finds suggestions in current litera-
ture that nitrogen plays a significant role in various phenomena like
blue brittleness, strain aging and temper-brittleness. Nitrogen has
also been recognized as a powerful austenite stabilizer(ll). In oxder
to achieve a complete understanding of these effects of nitrogen, it
is important to know the phase relationships in the binary iron-
nitrogen s&stem vhich forms the basis of the other complicated systems.

The literature on the iron-nitrogen system is abundant with pro-
posed iron-nitrogen phase diagrams. The various phase diagrams sug-
gested by Fry(lz), Sawyer(IB), Epstein and coworkers(14’15), Lehrer(lé),

Eisenhut and Kaupp(17), Hggg(18’19) and Palatnik(zo) differ consid-
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erably from one another. It was therefore necessary to redetermine
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the iron-nitrogen phase diagram. It was with this goal that this
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investigation was undertaken. i ]
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II. REVIEW OF PREVIOUS WORK

The early work on.the iron-nitrogen phase diagram was mostly
concemed with the nature of the various iron-nitrogen phases. No
attempts were made at first to propose any definite phése diagram,

Remsen(zl) appears to be the first to investigate the reaction
between iron and nitrogen. He stated that a cyenide is formed when
iron and certain non-nitrogenous organic compounds are heated to-
gether in nitrogen. This suggests the Bucher(zz) process, in which
iron catalyses, at red heat, the formation of cyanide from nitrogen,
carbon and alkalies.

Fbwler(23) studied the form in which nitrogen exists in steel,
and stated his agreement witﬁ an earlier writer Stahlschmidt(24)
that only one nitride of iron, FezN, exists. About two years later,
Harbord and Twynam(25) recognized that nitrogen may be both mechan-
ically occluded and chemically combined in steel.

Braune(2’3’4) believed that nitrogen occurred in steel as the
nitride Fe5N2 in solid solution in ferrite., He found a pearlitic
gtructure in iron containing over 0.2 percent nitrogen. This eutec-
toid structure in the iron-nitrogen system is now named "Braunite"
in his honor.

Andrew(ll) reported that nitrogen lowered the critical points
of iron, and he clagsified nitrogen as an austenite stabilizer.

Tschischewski(zé) considered the needle-like constituent in

nitrided iron to be the compound FelzN. He reported that the maximum
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solubility of nitrogen in alpha iron was about 0.02 percent, since
no evidence of nitride needles was found in iron containing nitrogen
up to this limit. He also appears to be the first to suggest that
iron-nitrogen alloys can be hardened by quenching from about 700° C,
presumably by the formation of martensite. Comstock and Ruder(27)
supported this suggestion, and showed that the eutectoid trans-
formation can be suppressed by fast cooling from a high austenitiz-
ing temperature.

The first systematic attempts to set up a constitutional dia-
gram for the iron-nitrogen system seem to have been made independ-
ently by Sawyer and Fry.

(13)

Sawyer used thin discs to achieve homogeneous nitrogéhé
izing throughout his samples, and then studied the phase relation-
ships by microscopic examination and thermal analysis. The phase
diagram proposed by Sawyer is shown in Figure 1(a). His heating
curves indicated a thermal arrest point at 620° C corresponding to
a eutectoid betwee;x the alpha phase and Fe8N. The alpha iron at
this temperature contained a maximum of 0.108 percent nitrogen.
Sawyer also observed a second- arrest point at 700° C correspording
to a eutectoid between Fe8N and Fe N. He believed that the vuter-

most layer of his nitrided samples was Fe,N, and that Fe6N e}qd Fe

4
were the two intermediate layers. " 7

8N
.

Fry(7’12) based his diagram on the results-of microscoplc \>

I

examination and magnetic measurements. [This diagm, presented in

Figure 1(b), indicates an increasing solubility-of nitrogen in alpha
Iy
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iron with increasing temperature, and shows the nitrogen content of
the alpha phase to be 0.015, 0.2 and 0.5 percent nitrogen at room
temperature, 550° and 580° (eutectoid temperature) respectively.
Fry fixed the eutectoid composition at 1.5 percent nitrogen, and
believed it to consist of the alpha solid solution and the compound
Fe N, Fry observed two layers in his nitrided blocks, and called

4
them Fe N and Fe, N, FezN being the outer one. He did not show any

4 2
relation between these two phases. Fry's diagram, however, does not
apply strictly to the iron-nitrogen binary system, since his samples
contained about 0.13 percent carbon.
The third proposal on the phase diagram was advanced by Epstein

(14,15). The diagram is shown in Figure i{c).

and his coworkers
This work was essentially a modification and extension of Sawyer's
and Fry's investigations. Epstein employed microscopic and thermal
methods, and reported x-ray data on some of the iron-nitrogen phases.
In this thermal analyses, he found a double arrest at 578° and 604° C

in a sample containing 0.19 percent nitrogen, but he neglected these

points and maintained that 0.5 percent nitrogen is soluble in the

’ alpha phase. Epstein observed two thermal arrests in high nitrogen

samples, similar to those reported by S'awyer, but he did not see
any indication of the second eutectoid (Figure 1(a)) and therefore
proposed a peritectoid reaction in place of the second eutectoid of
Sawyer. The x-ray investigation by Epstein was incomplete, but it
indicated that the outermost layer had a hexagonal close packed

structure. Epstein reported three nitrides: FezNy (hexagonal clgse

-

packed), and Fe 4N and FegN (based on metallographic work).

’
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Breamley and Haywood(zg) determined the iron-iron nitride
- eutectoid temperature and composition as being 608° C, and 2.0
percent nitrogen respectively. This was based on metallographic

3 work.
g (18519)

investigatea the iron-nitrogen system with parti-
cular emphasis on the crystal structure of the various iron nitro-
gen phases. This phase diagram is shown in Figure 2(a). He found
four distinct phases in the iron-nitrogen system. These were alpha,
garma, epsilon and zeta, with progressively increasing nitrogen con-
centration. The alpha phase had a body-centered cubic structure

and contained a small amount of nitrogen in solution. H;gg could
not detect apy'measurable change in the unit cell dimensions of the
alpha phase with increasing nitrogen content. The next phase, gamma,

was a face-centered cubic phase resembling asustenite in the iron-

-t

‘ carbon system. The compound FeAN, occurring at about six percent
i
nitrogen, was according to Hagg the same as the gamma phase, with

the exception that the former had en ordered arrangement of the

nitrogen atoms. The nitrogen atoms occupied the positions@? %? %? b

or (l’ L ;? in this ordered phase. The diagram in Figure 2(a) shows
L & &

o L

i that this ordering tekes place simultaneously with the restriction of
the solubility limits of the gamma phase at about 600° C. The exact
nature of the diagram above the euteétoid temperature was not deter-
mined by Hggg. The epsilon phase had a hexagonal close packed arrange-

n
ment of iron atoms, and extended according to Hagg from 8 to 11 per-

cent nitrogen. The lattice dimensions changed regularly with increasing
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nitrogen content. Lastly H;gg detected a new phase, zeta, with an
orthorhombic structure (a = 2.758, b = 4.819, and ¢ = 4.419 Z)
starting at about 11.2 percent nitrogen. The theoretical composi-
tion of FezN corresponds closely to the low nitrogen end of the
orthorhombic zeta phase. H;gg states in his paper that the struc-
tures he determined were dependent only on the nitrogen content,
and not on the temperature or manner in which the alloys were
formed. He therefore shows no change of the phase boundaries with
changes in temperature.

The next two investigations of the diagram were carried out
similtaneously by Lehrer and Eisenhut and Keupp. The two diagrams
proposed by these authors are however in some disagreement above
the eutectoid temperature.

Eisenhut and Kaupp used carbonyl iron after thoroughly decar-
burizing and annealing under pure hydrogen. Their phase diagram
was based on x~ray studies of nitrided powdered iron. Their dia-

"
gram (Figure 2(b)) shows essentially the same phases as Hagg's

»diagram, with one significant difference. Eisenhut and Kaupp found

that the gamma (austenite) and the gamma prime (Fe AN) were two dis-
tinct phases, and that there was a two phase field (gamma plus gamma
prime) between them. FEisenhut and Kaupp found an appreciable in-
creagse in the lattice parameter of the alpha phase with increasi:g
nitrogen content. They employed this variation to determine the 5
alpha solubility curve: 0.34, 0,39, 0.42, and 0'.32 percent nitro- -

gen at 700, 620, 591 and 450° C respectively. They determined the
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eutectoid temperature and composition to be'59l° C and 2.35 percent
nitrogen respectively. The gamma phase occurred above the eutectoid
temperature, and its limits were 1.1 and 2.0 percent nitrogen (lower
limits) at 620 and 700° G, and 2.75 percent nitrogen (upper limit)
at 650° C. These were again determined by x~ray lattice parameter meas-
urements on the gamma phase. Eisenhut and Kaupp found a peritectoid
reaction at 650° C, betwem the gamma phgse (2.75 percent nitrogen) and
the epsilon phase (5.8 to 5.9 percent nitrogen) yielding the gamma
prime phase containing about 5.8 percent nitrogen. The gamma prime
phase was found to have a face-centered cubic structure and re-
stricted homogeneity limits. The epsilon phase was reported to have
a close packed he;agonal structure and a wide range of homogeneity.
The lower limit of the epsilon phase was 6.1, 5.8 (or 5.9), 6.85

and 8.1 percent nitrogen at 700, 650, 600 and 450° C respectively.
No evidence of the zeta phase was obtained by Eisenhut and Kaupp.

A careful examination of the data presented by these investigators
for points above the peritectoid reaction at 650° C shows a discrep-
ancy between their results and the phase diagram. Their specimens
containing from 4.6 to 6.2 percent nitrogen, and quenched from above
the peritectoid temperature contained epsilon and gamma prime pheses.
These data are inconsistent with the peritectoid reaction.

(16)

Lehrer's phase diagram, shown in Figure 2(c), shows a eutec-
toid reaction at 650° C, whereby a epsilon phase containing 4.5 per-
cent nitrogen decomposes on cooling into gamma and gamma prime

phases. This eutectoid reaction is consistent with the results of
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Eisenhut and Kaupp mentioned above. Lehrer based his phase diagram
on thermodynamic and magnetic investigations, and his diagram agrees
in all respects with the one proposed by Eisenbuit and Kaupp with the
exception of the region above 650° C.

Palatnik(zo) did not do any extensive work on the phase bound-
ary relationships, beyond confiming the x-ray data reported by
Hggg on the structures of the gamma prime and the epsilon phases.

Norton(zg) confirmed the existence of the phases reported by
Hggg. He, however, put the upper limit of the epsilon phase at 10
percent nitrogen instead of 11 percent as obtained by H;gg, and
corresponding lower limit of the zeta phase was set by Norton as
10,2 percent instead of H;gg's 11,2 percent nitrogen.

Following these phase-diagram investigations, there have been
two separate investigations on the alpha solid solubility curve. The
first was by Portevin and Seferian, and the other by Dijkstra.

Portevin and Seferian(jo) used an entirely different technique
in preparing their iron-nitrogen alloys. Recognizing the diffi-
culty in obtaining thoroughly uniform samples by nitriding in ammonie,
they introduced nitrogen by arc melting their iron in an atmosphere
of nitrogen. They then obtained the transformation points of their
alloys by a dilatometric technique. Portevin and Seferian demon-~
gtrated at first that no material change in composition of their
alloys took place on alternately heating them to 900° C and cooling
from that temperature in air. Thus haviné proved the applicability

of the dilatometric method they found the critical points of several
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iron-nitrogen alloys. The alpha solubility curve %as thus plotted.
The maximum solubility was, according to these investigators, about
0.13 percent nitrogen., Thisg differs radically from the findings
of Fry and Eisenhut and Keaupp.

Dijkstra(Bl) has recently used anelastic measurements to deter-
mine the alpha solubility line. His results also show a much lower
solubility than that indicated by Fry and Eisenhut and Keupp. Dijk-
stra's values of solubility are: 0.075, 0,050, 0.035, 0.025, 0,015,
0.010, 0.005, and 0.003 percent nitrogen at 575, 500, 450, 400, 350,
300, 250 and 200° C respectively.

In addition to the determmination of the phase boundary relation-
ships in the iron-nitrogen system, the structural characteristics
of the various phases have been studied by several investigators.

Emmett and his coworkers(Bz) have reported on the variation of
the lattice constants of the epsilon phase with changing nitrogen
content. Osawa and Iwaizumi(BB) have also studied the variation
of lattice parameters of the alpha, gamma prime and the epsilon
phases. They do not observe any significant changes in the cell
dimensions of the alpha phase with increasing nitrogen content.

Brill(34), quite independently of H;gg, has shown that the
gamma prime phase has an ordered structure, and Hendricks and
Kostings(BS) have postulated on the structural relationships be-
tween the epsilon and zeta phases. They have also suggested a way
in wh;ch the epsilon phases change structurally with increasing

nitrogen content.
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The most recent investigation of the strueture of the iron-
nitrogen phases was carried out by Jack(3 6) . He has based his
conclusions on a very careful stu&y of superlattice reflections in
the gamme prime and zeta phases. The gamma prime phage has,
according to Jack, a face-centered arrangement of the iron atoms,
and the nitrogen atom is the center of the unit cell., The true
unit cell of the zeta phase (containing 11.3 percent nii:.rogen) is,
according to Jack, made up of two base-centered orthorhombic struc-
tural units of the iron atom arrangement. This true unit cell has
the dimensions: a'! = 2a = 5,512, b = 4.820, and ¢ = 4.416 kX, It

contains eight iron atoms at 000, %00, -}:% o, %-]2*0, 0 %%, -]2-‘-%%,

151 1 111 121 1
Z%-z-, %%—2-, and four nitrogen atoms atz‘é"z, ’2"3'2': %'@%} and

o %%. The iron atoms are in approximately hexagonal clcse~packed
array. In each layer plane of octehedral interstices one-half of
their number is occupied in a manner that allows each nitrogen atom
to have unoccupied holes above and below it in adjacent planes.

Each nitrogen atom is surrounded by six iron at;)ms, two at distences
of 1.949 kX, and four at 1.940 kX giving an average iron-nitrogen
distance of 1,943 kX.

An attempt has been made in this review to present the high-- P

lights of previous work on the iron-nitrogen phases and the équi]ti-.— f‘

brium relationships existing among them. Differences between various
investigations have been pointed out, and in some cases discrepancies
between the experimental results and the proposed phase diagrams have

been emphasized, since these points will be referred to in the forth-
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coming discussion of the resulis of this investigation. A review
of the investigations on the effect of pressure on the rhase dia-
gram, and other essentially thermodynamic studies on the iron-
nitrogen system is not included herein, since this in all propriety
belongs to a later chapter dealing with the thermodynamic calcula-~

tions on the iron-nitrogen system.
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III, EXPERIMENTAL PROCEDURES

A large variety of experimental methods have been used by
previous investigators in determining the rion-nitrogen diagram.
These include microscopic exemination, thermal analysis, magnetic
a.fxd electrical resistance measurements, dilatometric measurements,
x-ray diffraction and anelastic experiments.

It mey be proper to discuss at this point some advantages
and disadvantages of the methods used so far., The heating and
cooling curves on iron-nitrogen alloys are rot absolutely reliable
in studying the iron-nitrogen system, since the composition of most
alloys tends to change during heating or cooling unless extreme
care is taken to use a proper neutral atmosphere. Further it is
well known that thermal analysis is usually inaccurate in deter-
mining changes in the solid state with the possible exception of
strong eutectoid reactions. Metallographic investigations are also
complicated by possible changes during cooling. The dilatometric
technique is also liable to have the same objections as the thermal
analysis. X-ray lattice parameter measurements are usually quite
satisfactory in determining phase boundaries if the cooling rates
are fast enough to prevent structursl changes.

With the above analysis of the various techniques in mind,
two methods were utilized in this investigation of the iron-nitrogen
diagram. These were:

l. A controlled atmosphere nitriding technique, and

dho 2382
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2. X-ray diffrection studies on the iron-nitrogen alloys

J produced by the above,

Y

The first method represents an addition to the methods used
so far in studying this system, and is therefore described in some
detail in the following pages. A brief description of the appara-

tus and rav materials used, and the x~ray method, is also included. 1

A, Ray Materiels

’ Carbonyl iron powder was used in preparing all iron-nitrogen

rohfi

alloys. The powder was obtained from the Genersl Aniline Works; a ;
division of the General Aniline and Film Corporation, New York, ) J
Table I shows the chemical composition of this material as deter- |
mined by the Watertown Arsenal Laboratories, Watertown, Massach-
usetts. The carbon content of this iron was reduced to 0.01 percent
1 by a decarburizing treatment prior to nitriding. This was achieved
by passing wet hydrogen over the carbonyl iron which was at the
nitriding temperature. 1
The controlled atmosphere nitriding process required the use
of hydrogen and emmonia, Ammonia was obtained in tanks from Armour
. and Company, Boston, Massachusetts. It contained not less than
2 99,98 percent smmonia by volume. Hydrogen was also obtained in 3..,,.
tanks from the Air Reduction Company, Bogton, Massachusetts and 3

contained less than 0.5 percent oxygen.

1 Prepurified nitrogen was used for flushing the nitriding fur-
{ naces. This was obtained from the Air Reduction Company in tank

P :g:»,/ »
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Table I

Chemical Anaiysis of Carbonyl Iron Powder

‘ Constituent Amount, Weight Percent

Carton 0.030 (reduced to 0.010 -
0.015 by wet hydrogen
treatment)

Copper Kl

Chromium "

Manganese "

Molybdenum "

Nickel n

. Nitrogen 0.003

Phosphorus Nil

Silicon 0,001

Sulfur Nil
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containers. The gas contained less than 0.001 percent each of

hydrogen and oxygen (by volume).

B. Nitriding Apparatus

The experimental set-up used in all nitriding eitperiments is
shown schematically in Figure 3. The nitriding was done in furnaces
of the electric resigtor type, using chromel windings. One furnace
was made with Kanthal wirdings, for use at high temperatures. The
furnace contained a quartz nitriding chamber. The sample of carbonyl
iron powder was placed in an alundum boat at the center of the nitrid-
ing chamber. The nitriding chamber was sealed before any gas was led
over the specimen. The thermocouple tube shown in Figure 3 contained
two chromel-alumel thermocouples, one for regulating and the other
for measuring the temperature. Temperature variation along the
length of the specimen as studied by exploration was less than 0.5° C.
The temperature was also checked periodically during the nitriding
rung, and the maximum deviation from the desired temperature was
less than 2.,0° C. This variation includes all sudden changes in
‘i;emperature.

The amfjpnia-hydrogen gas mixture which was used in any parti-
cular nitriding experiment was made up by mixing ammonia and hydro-
gen withdrawn from their tank-containers. The flow rate of each
constituent was regulated and measured by accurately calibrated
manometers, and a careful check was kept to minimize any errors due

to possible fluctuations.

e
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C. Experimental Procedure

The experimental procedure used for the controlled atmosphere
nitriding technique was evolved after many trial runs. The pmced—
ure adopted was as follows.

A measured amount of carbonyl iron powder was spread uriformly
in a new glundum boat. This was then inserted 1nto the ni‘triding,
chamber which was maintained at the nitriding temperature. .During
this operation, prepurified nitrogen was passed through the cham~
ber. The chamber was then appropriately sealed and the flow of
prepurified nitrogen continued for about five minutes. After this,
a stream of wet hydrogen was introduced through the inlet tube, and
passed over the sample. This decarburizing process was continued
for about six hours, after which the desired ammonia-hydrogen mix-
ture was passed over the sample for a period long enough to attain
equilibrium. The equilibration time was determined, as described
later, to be about sixteen hours. At the end of the nitriding
period, the ammonia-hydrogen mixture was shut off and the container
was flushed for one minute with prepurified nitrogen. The seal was
then broken, with nitrogen still flowing, and the sample was quick-
1y withdrawn into a beaker of cold water. This last step was
carried out in legss than thirty seconds. The samples were then
cleansed with alcohol and ether, dried and prepared for x-ray and

chemical analysis.

4
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D. Chemical Analysis of the Nitrided Alloys

The nitrogen content of the samples thus prepared was deter-
mined by the micro-Kjedahl method. These determinations were made
by the Watertown Arsenal Laboratories, Watertown, Massachusetts.

The analyticsl method* was tested for'reproducibilit& and vas found
to be accurate within about 10 percent of the nitrogen cdntent for
low nitrogen samples (0.1 percent), and about 1 to 5 percent of the
nitrogen content for high nitrogen samples (containing up to 11 per-
cent nitrogen). The micro-Kjedahl method was also compared with the
vacuum fusion technique of nitrogen determination, and a good agree-

ment was found between the results obtained by the two methods.

E, X-Ray Examination of Iron-Nitrogen Alloys

The x-ray diffraction method was used for identification of
the phases present in the alloys prepared in the nitriding experi-
ments. The samples were always quenched from the nitrogenizing
temperature, and thus information regarding the high temperature
structures was obtained. The quenching rates employed were high
enough to suppress any structural changes except the martensite
transformation in samples containing low nitrogen austenite. The
disappearing phase method and the lattice parameter variation
technique were used to determine the phase boundaries. The re-
sults of the latter method were always preferred, since the x-ray
nethod is not sensitive enough to detect small amounts of one phase

present with another.

* A detailed description of the analytical method and test experiments

is presented in Appendix I,
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Powdered samples were‘used to ensure homogeneity of nitrogen
content in the specimens, and the "powder method" of x-ray analy-
sis was used. A Debye-Scherrer camera with a radius of 57.3 mm.
was used., Phragmen No. 2 camera was also employed for some accu-
rate lattice parameter measurements. The high angle lines in the
photograms with the Phragmen type of focusing cameras were invari-
ably diffuse, and thus no significant advantage was gained by the
use of this type of apparatus.

In all of the photograms of this investigation, the character-
istic radiation from a cobalt target was employed. This radiation
was chosen because iron acts as a filter for the Kﬁ radiation and
also gave good superlattice reflections due to an increase in the
relative influence of the nitrogen by depressing the atomic scat-
tering factor of iron by the absorption-edge effect.

The structure and lattice constants of the various phases was
determined from the Debye-Scherrer and Phragmen photograms in the
conventional mammer. The lattice parameters thus calculated are
given to four significant figures. The fourth significant figure
is, however, printed in small numerals since the technique employed

was not precise enough to guarantee its accuracy.

¥, Phase-Boundary Determination by the Controlled Atmosphere

Nitriding Method

This method consists in principle of nitriding iron with a gas
phase of controlled "nitriding power", and then correlating the

nitriding power of the gas phase with the nitrogen content of the
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iron-nitrogen alloy produced.

If a gas phase containing a known element is allowed to come
into equilibrium with a solid, the element will so distribute it-
self between the gas and sclid phascs that its thermodynamic poten-

tial is the same in both., A definite reiationship therefore exists

between the concentration of the element, or its partial pressure,

in the gas phase and its concentration in the solid. The con-

ar

trolled atmosphere nitriding method used in this investigation
rests on this fundamental principle.

The logic of the method can be explained with reference to

Figure 4. Figure 4(8) shows a hypothetical phase diagram for the

iron-nitrogen system. The principal reaction in the nitriding

process can be stated as follows:

=
L
=

NH3 {gas) = N (Dissolved in an iron-nitrogen phase) +

]
3 3.
‘L; l 5 5 52 {g&S) (1)
; The equilibrium constant Ky for reaction (1) at temperature T,
: is
3
i _ 3/2
; KT =ay X PH (2)
3 2
] P,
{ 3
where ay is the thermodynamic activity of nitrogen in the solid
phase, and Py and Py are the partial pressures of hydrogen and
2 3
amonia in the gas phase. Rewritting equation (2) as in (3) below
~ .
i . pNH
, =Kp 3 (3)
3 ~ & T P 3 /2
¢ ) Hy

of WaCaind,
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it is evident that the activity of nitrogen in the solid is a
function of the gas composition. The activity ay is a function of
the nitrogen content. Therefore the concentration of nitrogen can

be expressed as follows:

p 3/2
2

N=f_p_N_H3_ ' (4)
H
The equilibrium constant KT is obviously constant at constant tem-
perature.

It can be seen from equation (4) that the concentration of
nitrogen in the solid phase will increase steadily with increasing
ammonia content in an ammonia-hydrogen nitriding mixture. Such a
behavior is shown schematiéally in Figure 4(b) for the slpha phase.
When the ammonia concentration reaches the value A' and the nitro-
gen content of the solid is A, the gamma prime phase may exist
together with the alpha phase. For this mixture therefore the
nitrogen content of the solid may be anywhere between A and B
(the lower limit of the gamma prime phase - see Figurg 4(a)).

Any further increase of ammonia concentration in the gas will only
produce the gamma prime phase with an increased nitrogen content,
until at an ammonia concentration C!', the gamma prime phase with a
nitrogen content C is capable of co-existence with an epsilon phase
of composition D. A further increase of ammonia concentration will
only serve to produce epsilon phases of progressively higher nitro-
gen contents as shown in Figure 4(b). A series of nitriding experi-

ments made at temperature T; with progressively increasing ammonia
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concentrations in the gas mixture, can thus yield data to plot the
curve abcde. The points a, b, ¢ and d where discontinuities appear
in this line represent the phase boundaries of the corresponding
phases. The plotting of ammonia concentration along the ordinate
of the diagram in Figure 4(b), instead of the true variable (pNHB/
pH23/2), and a possible deviation from Raocult!'s or Henry's Laws

can alter the curvature of the lines Oa, be, and de. However, the

nitrogen concentrations a, b, ¢ and d at which the discontinuities

by the equilibrium relationships embodied in the phase-diagram

shown in Figure 4(a), Particular emphasis is laid on this fact

because it forms the basis of determining phase boundaries by the |
technique used in this work. |

" Under actual experimental conditions it is difficult to obtain
a plot like Figure 4(b), due to the presence of a side reaction ’
represented by the following equation

NHy (gas) = N, (gas) + 2 K, (gas) )

This reaction of ammonia dissociation proceeds simultaneously
with reaction (1), and its extent depends upon temperature, flow
rate of the gas mixture, and the catalytic conditions which prevail
during a particular nitriding experiment. The composition of the
nitriding mixture - ammonia and hydrogén - changes as it passes
through the nitriding chamber due to a progressive dissociation of
ammonia. Therefore the composition of the gas mixture that is in

equilibrium with the sclid phase cannot be measured accurately,

G A oA T S0 L e ) Mhumuui'
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except at low temperatures where the dissociation reaction can be
suppressed almost completely.

The method used to overcome the difficulty introduced by the

catalytic dissociation is illustrated in Figure 4(c). The dashed
line I in this plot is the same as the line oabcde in Figure 4(b),
and represents the conditions where the ordinate is the ammonia
content of the gas phase in equilibrium with the solid phase. This
is equal to the composition of the inlet gas, ags plotted in Figure
) 4(c), only wheﬁ there is no catalytic dissociation. As is commonly
the case, however, the gas phase in contact with the iron specimen
contains less ammonia than the inlet mixture, due to catalytie
dissociation. This decrement is proportional to the amount of
catalytic dissociation, and can be held constant when the amount
of the latter is constant. When such a constancy of catalytic dis-
J sociation is maintained, a curve like the full line II in Figure

4(c) can be obtained. This curve is similar to the dashed line I,

il

except that the ammonia concentration in the inlet gas required to
produce a certain nitrogen content in the solid is higher. The
pointg a', b', ¢! and 4' on this new line II still represent the
ph;se boundaries, as these are independent of the amount of cataly-
tic dissociation and are fixed by equilibrium relationships in the
solid phases. It is important to mention here that the ammonia
concentrations for this line II, like that corresponding to the
point a' cannot be used in computing the thermodynamic functions
s for reaction (1). This investigation was, however, primarily con-

cerned with phase boundary determinations, and thus the presence

N |

/i




- 28 -

of catalytic dissociation did not interfere as long as the amount
of this dissociation was kept reasonably constant to obtain data
to plot curves like the line II in Figure 4(c).

An increase in the amount of catalytic dissociation, if this
higher value can be maintained reasonably constant throughout an
isothe;mal series of nitriding experiments, can only raise the line
IT in Figure 4(c) vertically without changing the nitrogen contents
at which the discontinuities in this line would appear. These nitro-
gen contents represent the phase boundaries, and are the intersec-
tions of the sloping single phase lines with the horizontal tﬁo
phase lines,

The theory of the controlled atmosphere nitriding method is
explained above. The application of this technique depends on the
following conditions:

(a) The catalytic dissociation of ammonia should be held con-
stant throughout an isothermal gseries of experiments.

(v) The iron-nitrogen alloy should be in equilibriuﬁ with the
gas phase in contact with it.

(¢) The nitrogen content of the alloy, characteristic of the
gas phase and temperature of investigation should be
determined. '

A considerable amount of experimentation was necessary to deter-
nine the optimum operating condition satisfying the three conditions
set forth above.

The temperature, gas flow rate and the catalytic conditions

prevailing during a particuiar experiment have been mentioned
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earlier as the variables governing the degree of ammonia dissocia-
tion by reaction (5). The first two variables were held constant
without much difficulty. A careful check was kept over these, and
if any irregularities were observed, the results of the experiments
were discarded. The catalytic conditions in the nitriding chamber
depend on the nature and amount of various surfaces that come into
contact with the gas mixture. Quartz is known to be a relatively
inert catalyst for the dissociation reaction, and therefore the
nitriding chamber, inlet and outlet tubes for the gas mixture and
the thermocouple tube were made of guartz. Iron is a good catalyst
for the dissociation process, and thus special care was taken to
use the same amount of powder and spreading it uniformly in the
alundum boat. The boat got contaminated with iron and thus a new
boat was used for every experiment. Having taken these precautions
it was assumed that the catalyvtic conditions were held approximately
constant, and the results of experiments conducted in this manner
seem to justify this assumption.

Several experiments were conducted to determine the time neces-
sary to attain equilibrium, In these experiments the time of nitro-
genizing was varied, vhile holding the temperature of operation and
the catalytic conditions constant. The results of a typical series
of runs are presented i1 Table II. It was concluded from these data
that a period of sixteen hours was more than sufficient to attain
equilibrium, ‘

Some trial runs were made to determine the best way of retaining

the nitrogen content of the alloy when it was taken out of the
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Table II

Determination of the Equilibration Time

" Nitrogenizing Temperature - 550° C
Constant Composition and Flow Rate of the Inlet Gas.

Nitrogen, weight percent

Sample No. Duration, hours in water quenched samples

' 7-H 1/2 0.74 ~ 0.77 (0.755)

g8-H 1 435 ~ 439 (4.37)

3 9-H 2 5.56 - 5.62 (5.59)

g 10-H A 5.51 - 5.55 (5.53)

3 11-H 8 5.60 - 5.58 (5.59)

; 12-H 16 5:56 - 5.49 (5.53)

’ 13-H 24, 5.55 = 5.58 (5.57)
5 14-H 32 5,50 - 5.50 (5.53) i
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nitrogenizing chamber for chemical anaiysis. The results of this
preliminary work¥* showed that the nitrogen content was either in-
creased or decreased during cooling depending upon whether the
cooling conditions exerted a nitrogenizing or dénitrogenizing in-
fluence. It was therefore necessary to adopt the procedure of
water quenching with the assumption that this retained &1l the
nitrogen existing in the sample under the nitrogenizing conditions
of the experiment.

The principles ané the experimental procedures used in the
épntrolled atmosphere nitriding technique are described ‘above. The
method of interpreting the results obtained thereby is illustrated
by Figure 5. This diagram summarizes the results¥** obtained in an
isothermal series of nitrogenizing experiments at 500° C. The
fmmonia contents of the inlet ammonia-hydrogen gas ﬁixtures, and
‘the nitrogen contents of the solid samples are plotted along the
ordinate and abscisse respectively. The experimental points are

joined by a line similar to the line II in Figure 4(c). The phase

;; Boundaries are determined by the intersections of the horizontal

C%wo—phase lines with the sloping single phase lines. For example,
the gamma prime line intersects the alpha-gamma prime line and the
gamma prime-epsilon lines (Figure 5) at 5.45 and 5.75 percent nitro- -

gen respectively. These two compositions therefore represent the

* The results of all preliminary investigations are presented in
Appendix II,

%# The results of all controlled atmosphere nitr1d1ng experiments
are presented in Appendix III,
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homogeneity limits of the gamma prime phase at 500° C. The maximum
solubility in the alpha phase can be similarly read off from Figure
5 as being about 0.05 percent nitmgen. This is the nitrogen con-

tent at which the alpha-phase line intersects the horizontal alpha-

garma prime line. The lower limit of the epsilon-phase can be fixed

as 7.7 percent nitrogen ~ the point of intersection of the epsilon
and gamma plus epsilon lines.

A similar series of experiments was carried out at 500° ¢
using a high-nitrogen alloy as the starting material, In this case
the equilibrium was thus approached from the high nitrogen side.
The boundaries of the gamma prime phase determined from the results
of these experiments .are in good agreement with those mentioned
above. This shows that this technique of determining the phase

boundaries in the irovn-nitrogen system gave reliable results.
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IV, EXPERIMENTAL RESULTS AND DISCUSSION

The iron-nitrogen phase diegram was determined by analyzing
the date¥* obtained by the controlled atmosphere nitrogenizing
process, and the x-ray investigation of numerous iron-nitrogen
alloys. Before presenting the phase diagram, however, it seems
desirable to describe the various iron-nitrogen phases individ-
ually.

The iron-nitrogen phases detected in this investigation are
described in order of increasing nitrogen concentration. The re-
sults of this investigation are also discussed in light of previous

work summarized earlier.

A. Alpha-phase (Nitrogen-ferrite)

The alpha phase has a body-centered cubic sﬁructure, and is
capable of containing a small amount of nitrogen in solution. This
phase resembles the ferrite phase in the iron-carbon system and may
thus be named nitrogen-ferrite. The lattice parameter of nitrogen-
ferrite is affected only slightly by the presence of nitrogen.
Experiments conducted to study the variation of lattice parameter
with increasing nitrogen content showed a lack of consistent measur-
able change. The adoption of the back reflection x-ray techniques
did not yield very reliable resulis. The x-ray method of phase

boundary determinations was thus not applicable in this case.

* The detailed results of all nitriding experiments and x-ray
structure determinations are presented in Appendix III.
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These results are in direct contradiction to the findings of

(27) vho found an appreciable increase of the

Eisenhut and Kaupp
ferrite cell dimensions with increasing nitrogen content, and used
this behavior to detemmine the alpha solubility line. As already
indicated in the preceding review of early work on the iron-nitrogen

"
system, Hagg(ls)

did not notice any appreciable cﬁange‘iﬁ the ferrite
cell dimensions, The results of this investigation confirm H;gg's
findings.

The solubility of nitrogen in the alpha phase was therefore
determined by the controlled atmosphere nitriding method. The re-
sults of a typical series of nitriding experiments at 590°‘C (the
first eutectoid temperature) are plotted in Figure 6. It can be
seen from this plot, that the solubility limit at 590° C is 0,10
percent nitrogen by weight. Table III lists the results of similar
investigations at temperatures both below and above the eutectoid
temperature. These are also plotted in Figure 7. The solubility

limits determined by Dijkstra(Bl) are also shown for comparison.

The agreement between the results obtained by Dijkstra's anelastic

" measurements and the controlled atmosphere nitriding method used in

this investigation is quite good.

As shown in Figure 7, Dijkstra's curve crosses the solubility
limit determined in this investigation., The differences between
the two sets of values, though small, may be siénificant. Dijk-
stra's anelastic measurements were done on quenched samples. It

is possible that a slight precipitation may have occurred in his
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TABLE III

Solubility Limit of Nitrogen-ferrite (X)

-~ 37 -

Nitrogen
Temperature © C Weight Percent
(910) (0.00)
700 0.07
| 650 : 0.086
590 0.10
l 550 . 0,070
500 0.050
450 0.033
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samples quenched from above 500° C. This would account for his
lower values for the solubility limits for £he highef temperatures.
On the other hand, the precipitation of the stable nitride (gamma
prime) from the nitrogen-ferrite may be very sluggish in the lower
temperature range and thus Dijkstra’s values in this range may ex-
ceed the saturation limit. The method of controlled atmosphere
nitrogenizing used ig this investigation is more reliable since
the measurements are carried out at temperature.

The solubility limit given in Figure 7 is notably lower than
the one reported by Eisenhut and Kaupp, but as already pointed out,
the latter is based on x-ray paraemeter measurements which appear

(30)

to be questionable. Seferian's results are of the same order

of magnitude, but slightly larger than those shown in Figure 7.

B. Gamma-phase (Nitrogen-austenite)

The gamma phase, or nitrogen-austenite, as it may be labeled
to distinguish it from the structurally similar austenite phase in
the iron-carbon system, has a face-centered cubic arrangement of
the iron atoms, and it contains nitrogen in solution.

Nitrogen austenite is stable above the eutectoid temperature
of 590° C. When cooled from above this temperature it decomposes
into a pearlitic structure if the cooling 'is sufficiently slow.

To prevent this pearlite reaction, all samples prepared in this
investligation were water quenched from the nitrogenizing tempera-

ture. In spite of this rapid cooling, it was not possible to
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preserve the low-nitrogen samples in a completely austenitic con-
dition, due to the formation of martensite during the quench.
Samples containing more than 2.4 percent nitrogen by weight re-
mained completely austenitic, whereby one may infer that the Mg
temperature for irog—nitrogen alloys of these compositions is
below room temperature. Samples containing less than 2.4 percent
by weight had two structural components: austenite and martensite.
It was safe to assume that compositions containing only austenite
and martensite were completely austenitic at the nitriding tempera-
ture which was also the quenching temperature.

The lattice parameter.of nitrogen austenite increases with in-
creasing nitrogen content. Figure 8 indicates the results of x-ray
diffraction measurements. The data of Eisenhut and Kaupp(17) are
also given in the same figure. Their lattice parameter values lie
consistently above those found in this investigation. Their values
are, hovever, based on Debye-Scherrer film measurements, while the
present values are based on the results obtained by using the
Phragmen number 2 focusing camera, and the cosine® @ method of
extrapolation.

The lattice parameter vs. anitrogen content line shown in Figure
8 was then used to determine the homogeneity limits of nitrogen-
sustenite field. The usual lattice parameter method was followed.
Thus the higher limit of the gamma-phase filed was found to be 2.64,
2.80, 2.75 and 2.70 at 625, 650, 675 and 700° C respectively. These
values are in good agreement with those reported by Eisenhut and
(17) (16) .

Kaupp and Lehrer
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TABLE IV

Homogeneity Limits of Nitrogem-austenite )

Temperature Lover Limit Upper Limit 3
°¢ (Weight Percent Nitrogen) . i
i . —
‘ 910 (0.00) (X-Y¥) -

700 - 2,70 (¥~€) i

- 675 1.40 (X-=Y) 2,75 (¥-¥€)

650 1.64 (X=¥) 2.80 (§-€-¥)

625 - 2.64 (¥-¥)

590 (eutectoid temperature) 2.35 (K=Y —Y') by extra-

polation

o p— - _A\'Scimm-c - "E‘ s N R 2
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The lower limit of the nitrogen-austenite field could not be
determined by x-ray methods, since the samples of this chemical
composition contained only small amounts of retained austenite.
The controlled atmosphere technique was, therefore, emplcoyed to
gsecure these values. The results of these experiments indicate
that the lower limit is 1.40 percent nitrogen by weight at 675° C.
The lowest nitrogen content at which only austenite and martensite
existed in a sample quenched from 650° C was 1.64 percent by weight.
This value approximately defines the low nitrogen limit of the
austenite region at 650° C. The line drawn through these two
points coincides with the phase boundary reported by Eisenhut and

Kaupp and by Lehrer.

C. DNitrogen-martensite

Nitrogen-austenite was found to transform into a body-centered
tetragonal structure during cooling. Rapid quenching did not sup-
press this transformation. The transformation thus appears to be
of a martensitic type, and the body-centered tetragonal struchure
is named nitrogen-martensite. Metallographic examination of mas-
sive semples quenched from the austenite field reveals that nitrogen-
mertengite has a characterigtic needle-like shape, and it responds
to tempering in a fashion similar to the iron-carbon martensite.
Figure 10 illustrates the microstructure of a thin foil specimen
con£aining about 2.0 percent nitrogen by weight.

The tetragonality of the nitrogen-martensite increases with

increasing nitrogen content. Figure 9 summarizes the results of

—
=
DT
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Figure 10. Phovomicrograph Showing Nitrogen- f
¥
s Martensite in a Matrix of Nitrogen-
: Austenite. : i
g
Nitrogenigzed at 700° C for 2 hours in a gas stream
containing 7.0 percent ammonia. Nitrogen content §
about 2.0 percent by weight. Quenched from 700° C ¥
; in ice water. No tempering. Picrel Etch. &
’ Magnification X130,
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some x-ray measurements in this respect. The values shown in this
plot are not highly accurate, since the Debye-Scherrer metnod was

used for the determinations.
(17)

-~

gonzl nitrogen-martensite, and this investigation confimms its

Eisenhut and Kaupp have reported the existence of tetra-

existence.

D. Gamma-prime phase (Fe;N)

The gamma-prime phase has a faceicentered cubic structure,
and it exists in a very limited range oi‘ composition.

An x-ray diffraction pattern of this phase with cobalt K
radiation gave several faint lines in addition to ‘those normally
given by face-centered cubic structure. These lines appear to be
superlattice reflections corresponding to the (100), (110), (210),
(211), (221), (310), (320), and (321) planes. The relative inten-
sities of these lines, and their spacings are in very good agree~
ment with the recent work of Jack(36) on the structure of the gamma-
prime phase. These results therefore confirm Jack's interpretation
of the crystal structure of this phase.

The unit cell dimensions of this phase increase with increasing
nitrogen content. The lattice parameter changed from 3‘,'783 kx units

at 5.29 percent nitrogen to 3.79, kx units at 5.71 percent nitrogen

3
by weight. The variation of lattice parameter being very small,

and the x-ray techniques used being incapable of much greater accu-
racy, this lattice parameter variation could not be used to determine

the phase boundaries of the gamma-prime phase.

A

A
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TABLE V :
- 3
|
Homogeneity Limits of the Gamma-prime Phase (“')
Temperature Lower Limit Upper Limit
°¢c (Weight Percent Nitrogen)
eutectoid temperature 5.30 -
650 ( \‘ _&_xl
625 - 5.6 t
) 5,30 -
eutectoid temperature) 5.30 - |
s (ectota temg %
550 5.45, 5.48 5.70, 5.80
500 5.45 5,75, 5.80
. 450 5.47 -

x’)
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The homogeneity limits of the gamma-prime phase were therefore
determined by the controlled atmosphere nitriding technique. The

results are presented in Table V.

E. Epsilon phase (Fégﬁl

This phase has a hexagonal close packed structure and exists
over a wide range of nitrogen concentrations.

The lattice parameters and the axial ratio c/a change appre-
ciably as the nitrogen content of the epsiion phase varies. (Fig-
ure 11). The lattice parameters and the axial ratio do not change
linearly with increasing nitrogen content, indicating that Vegard's
Rule is not obeyed in this case. The best fit is obtained by curved
lines, and these lines are extrapolated to lower nitrogen contents.

The lower homogeneity limits of the epsilon phase were deté%»
mined by measuring the lattice parameters of the epsilon phase in
the two-phase field and then finding the composition of the epsilon
phase from the curves in Figure 1l. The results are presented in
Table VI and Figure 12.

It can be seen from Figure 12 that the epsilon-phase field ex-
tends above the gamma-prime-phase field. Several attempts were made
to produce samples containing only the epsilon phase with nitrogen

3
contents near its lower limit of hbﬁogeneity. However, the tempera-

tures at which this ﬁkase is stable are quite high and the congequent

erratic nature of the cdtalytic dissociation of ammonia prevented

adequate control of the composition of the sample produced by
»

s
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TABLE VI

Homogeneity Limits of the Epsilon Phage

Temperature
°C

Weight Percent Nitrogen
Controlled Atmosphere

675

650

’ 625

550
500
450

X-ray Method Nitrogenizing Method
4.35 -

5.0 -

4.5 ~

6.2 -

6.6 ~

7.35 -

7.70, 7.75 7.70

7.95 7.95

- 49 -

Phase
Equilibrium

Y-¢&
& -’
Y-¢e-¥
¥/~ &
¥- €
¥/- &
¥ -¢&
¥ - &




s ey, v

kil A P —— — . 4 o~ - ham s e R e s i o e e '
Svretogeny eren - [ B TIPS e WE

13731 138 parey R
Lie ¢ Toad
HEfdt 3t
iRy ’
SN B .
} syysl e .
e &+ M
e HN v {
o R0 |}
0" u .
Hiif 3 ,
_ 1 I 2
, O e
. T .
- i
. Sy T
H M o i } ¢
! )
i <o~ {Y o H S S BT
w. v~ - ; X
' 3
o . i ]
Lo r s el 1
e e 4 -t Amepe- . R
“ EE I K i X ; -
H 1] L i 1 T por Yi* T
) Lo i i ,« i + ! - 068
| - eebe s fo g ) D DT RS otl_wlslo 4...~+.I cacd o Jeeden l.va [ SUULS S SN - N | £ |r«.‘».‘.mvn.rl)v
H * - > . . - H
i ! LI ] T s LB
s . « K O { ‘ - ' : LY R s T D =
. , i R ) S S o : 1t c .
_ s RO U RS s P . - . — SN DU SR
V ” s i O I I E 74 TR o ,
| ; . i . . . - 7 | P .
: - ! S NS I 1 IR £ R 20 = S ,
. = : - PR i § A IR
s S BN T =BT ,
i S0 I IR P R - S
! A SEINE T e
X Eaal 2 IR A4 o,
T " PYAS Paned ep Tre qraytee
T HED DN EEERENESS &3 R e R
: il efiae R . 4L K Y. YRS I PR Sl '
| I TS B R SRR S IS0 PR
i B DN bl eh2 o AT Y v.v.v..:.w~ ]
i AN BLOgH JUU SE EERINRHEA S 1 & ol I
' S b i3] Lot TR EZE S L i £ R DY SN ;
AN B SR ot  Eeeie e H
{ SYYEY R4 . SCIE STICT JET B NCE ¥ PaCT R T
L R B S W e B | SO ot
: A e AR SEI BRI § MR R B
, . P I T, I § LD -
| PES 23t ™ R T 1 & = paraerts
AT I ER | 1 I
PSPl LN - - ! PAwrlS SN IO iy
m&ﬁ: . R R | A o e
) RN 0 A | Rt O
. - — - R 3 By - - o —
¢ H -0 T A § SIUR R SR IR
i : DO LD P S N the T
. H B ECITES AR | SRR T 3
: 1ilt SN : BRTHE R . ¥
{ e oy renT > res Wi T res r .
; e I IR § e AR T .
, al . ULt © 4
\ . T m.} Ty TR M V;
{ .- R EeSR FSORE St EI
AT e o
i 5 > L Py - P At — .7
_, : T " RN (R T
; s = .4 s T SR
7 Hreed AT TRy tap=s fas \ataare: ; ] Sanet vl -ttt e IRCr B fetie alat §
- qhies : waltes I ' i 55 T m + R -
! > s « i
. e EETR Ot Eott SO OO R TR T e S ATt B aet=s 11 , -1 -
) g COTTCSTIE VoEzT RNl S T M FS IS EEIN ) N CEa0 POt ok s B RIS VUt T A RN = i
i L FREt It S S TR O TSR O S PO DU 5t car =N TR MY T R L R 7
. R NAR A N X g et S s . [ AR N
- - + 4 - f= B 2] 3 ~ ey X oy pumpog & g . v - -
a4 EPYORTL KO OO N 1 IORET COMY IO St N St {88 co6 ] S T ¢ SR B F IS ICed TN ab 4
: LT s et e - U T R TSR TSN W i i
1

BILASAHOVESY R 'AOOMUON ONI ANYIWOZ NOOG XBUOD *SNOISIAIG OTZ Ad 091 “SHALAWITIUMW ‘GIiE€ "ON

.

+

N

v

‘l
AL L.




alid

- 51 ~

nitrogeniziné. As a result, no samples containing oﬁly the low
nitrogen epsilon phase could be produced. An attempt was made to
obtain such a sample by heating a high nitrogen epsilon phase to
ebout 675° C and quenching it after its nitrogen content had ap-
proached the desired value. These attempts, however, proved
futile due to a very rapid dissociation of the epsilon phase which
could not be controlled. Due to the lack of a single phase para-
meter measurement in the low nitrogen region, the values in Table
VI had to be based on the extrapolated lines shown in Figure 11.
The controlled atmosphere nitriding technique was also used
to determine the lower limit of the epsilon phase at 450 and 500° C.
The results obtained by this method are included in Table VI and
are in good agreement with the results derived from lattice pare-

meter measurements.

F. - Zeta—-phase (FegN)

The zeta phase has an orthorhombic structure, the unit cell
dimensions being approximately a = 2.75, b = 4.8é and ¢ = 4.43 kx
units respectively. This phase could be produced only by nitrogen—
izing at 450° C and existed at nitrogen concentrations above 11.1
percent by weight. Several attempts to approach this composition
at 475 and 500° C were unsuccessful.

The x-ray technique used in this investigation was not accurate
enough to warrant any interpretation of the atomic arrangement of

this phase. The x-ray diffraction patterns obtained by using
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cobalt Ko( radiation were, however, in good agreement with the
structure proposed by Jack(36)°

The lower limit of the zeta phase was found to be 1l.1 percent
nitrogen at 450° C which is also in agreement with Jack's work.

It may be added that this investigation confirmed the existence

n e (18)

of this orthorhombic phase originally proposed by Hagg , and

recently reinvestigated by Jack.

G. The Iron-Nitrogen Phase Diagrem

The various single phase regions hereto described individually
are fitted together to form the constitution diagram shown in Figure
12,

The phase diagram shows the presence of two eutectoid reactions.
The first eutectoid contains the alpha and gamma-prime phgses, and
the other reaction involves the decomposition of the epsilon phase
into an eutectoid containing gamma and gamma-prime phases.

The first eutectoid has been suggested by several previous in-

vestigators(lz’la’14’15’16’17’18’19’30), No attempt was made in

this investigation to determine thé eutectoid temperature precisely.

This was teken to be 590° C which is consistent with the most recent

determinations by Lehrer(l6) and Eisenhut and Kaupp(l7). Other de-

términations range from 580° C suggested by Fry(7’12) to 608° pro-
posed by Bramley and Haywood(zg).

The eutectoid composition, as determined by the intersection
of the homogeneity limits of the austenite phase (Figure 12), is

2.35 percent nitrogen by weight. This value is in agreement with
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the results of Eisenhut and Kaupp and Lehrer, but differs appre-
ciably from the values ranging from 1.5 to 1.8 percent nitrogen
suggested by Fry(lz), Sawuer(IB), Epstein and coworkers(14’15) :
and H;gg(18,19)° 3

The present experimental ?v?dence in favor of the proposed
value of 2.35 percent nitrogen is, however, quite reliable and
satisfactory. - '

This eutectoid eutectoid reaction can thus be stated as

follows: ) 4

o == X /
At 5907 C x:>..35 o0 T ¥ 5,30 X

The subscripts indicate the nitrogen content in weight percent.
The existence of the second eutectoid reaction shown in

(16)° The tempera-

Figure 12 has been proposed earlier by Lehrer
ture of this eutectoid reaction is fixed at 650Y C. Iron-nitrogen
alloys near the eutectoid reéion quenched from 650Y+2° C contain
either gamma + gamma prime or gamma + epsilon or gamma-prime +

epsilon depending on the exact quenching temperature and composi-

tion of the alloy. These results show that the eutectoid tempera-

ture is 650° C. Lehrer(lé) has also proposed the same temperature

for this eutectoid reaction and Eisenhut and Kaupp(l7) have proposed
that a peritectoid reaction takes place at this temperature. Epstein
(14,15)

and coworkers have also reported the existence of thermal
arrests at 660° C. The reaction temperature of 650Y C is thus in

good agreement with results of previous work.
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Epstein and his coworkers like Eisenhut and Kaupp have suggested
that a peritectoid transformation takes place at this temperature.
Lehrer, however, has indicated an eutectoid reaction. Epstein and
his coworkers have based their proposal on metallographic investi-
gations in vhich they were unable to detect the presence of an eutec-
toid. The reliability of this negative reasoning may, however, be
questioned. The inconsistency found between the. experimental re-
sults of Eisenhut and Kaupp and their proposed peritectoid reaction
has already been pointed out earlier. Their results show that their
samples containing from 4.6 to 5.2 percent nitrogen by weight and
quenched from above 650° C cor tained epsilon + gamma prime. If a
peritectoid reaction were to occur at this temperature,. such samples
should not contain the gamma prime phase. Their experimental re-
sults which contradict the possibility of the peritectoid reaction
can, however, be easily explained by the occurrence of an eutectoid
transformmation at 650° C as shown in Figure 12. The variation of
the lattice constants of the epsilon phase plotted in Figure 11,
and the values in the gamma prime plus low nitrogen epsilon-phase
field demonstrate that the epsilon phase definitely exists at
nitrogen concentrations less than 5.3 percent. The lattice constants
of the epsilon phase have two different but constant values in
the two two-phase fields; the low nitrogen epsilon + gamme~prime
field, and the gamma-prime + high nitrogen epsilon field., Further-
more, an observation of the relative intensities of the strongest

diffracted lines from the epsilon and gamma-prime phases showed
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that the amount of the epsilon phase decreases gradually as the
composition of the iron-nitrogen alloys quenched from slightly
over 650° C increases. From 5.2 to 5.4 percent nitrogen, the x~ray
diffraction patterns do not contain any lines belonging to the
hexagonal epsilon phase. The epsilon phase reappears at increas-
ing nitrogen content with alloys up to 5.98 percent nitrogen con-
taining the gamma-prime phase in addition to the hexagonal phase.
A similar variation is found at 660 and 675° C, the nitrogen con-
centrationé, however, being slightly altered in accordance with
the phase diagram given in Figure 12, The results of lattice
parameter measurements, and obserjation of the intensities of the
strongest diffraction lines of the gamma-prime and epsilon phases
therefore confirms the existence of a eutectoid reaction at 650° C
originally proposed by Lehrer(lé)e

The eutectoid composition was fixed at 405 percent nitrogen
by weight by the lattice parameter measurements made in this in-
vestigation. This agrees with that inferred from the observations
of the intensity of the strongest line of the epsilon phase. The
velue of 4.5 percent determined in this investigation is also in
agreement with Lehrer's results.

The eutectoid reaction at 650° C is summarized by the relation

0 n. . Y /
At 650° C: EAos-" g0 * Y 5.3

where the subscripts indicate the nonvariant compogitions in weight

percent nitrogen,
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The zeta phase, whose existence is confirmed by the results
of this investigation, is shown to begin at 11.1 percent nitrogen.
The exact shapg of this phasge boundary, and the upper limit of
the zeta phase, is, however, unknown.

The iron-nitrogen phase diagram, redrawn to show the composi-
tions in atomic percent nitrog;q is shown in Figure 13. The two
eutectoid reactions are again summarized below with the subscripts

showing the corresponding nonvariant compositions in atomic percent

nitrogen. ,
o . b4 = X b4
At 5907 Cs 8.76 0.398 T 17.8
. e \‘ .XI'
At 650° C: {'Is.,s = 103 ¢ 17.8

In conclusion it is important to emphasize that the phase dia-
gram determined in this investigation resembles that of Lehrer more
closely than any other published diagrams. However, there are a
number of differences in detail. For example, Lehrer was unable to
measure the solubility limit in the alpha phase and thus accepted the
higher value of 0.42 weight percent reported in the literature. The
maximum solubility of nitrogen in nitrogen~ferrite is fixed at ¢.10
(weight percent) by this investigation. The homogeneity limits of
the gamma phase have been determined more accurately and the meximum
solubility of nitrogen in the gamma phase is shown to decrease as
the temperatures rise above 650° C. The epsilon-phase field has
also been more thoroughly investigated and in particular the homo-

geneity limits near the eutectoid composition of 4.5 percent nitrogen
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have been determined. The boundaries of the gemma-phase field
fixed by this investigation are slightly lower than those proposed
by Lehrer. Further, the presence of the eutectoid reaction at

650% C and the existence of the zeta phase are definitely confirmed.
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V. THEORETICAL CALCULATIONS OF THE EQUILIBRIUM RELATIONSHIPS

The iron-nitrogen system is essentially different from the
usual binary systems of metallurgical significance in that it con-
tains a gaseous component. Due to this important factor, the
equilibrium relationships in the iron-nitrogen system cannot be
completely represented by the conventional two-dimensional phase
diagram (Figures 12 and 13). In a metal-gas system, pressure is
an important variable and its effect on the phase relations must
be considered. A three-dimensional diagram with temperature,
composition and pressure on the three axes is therefore necessary
to show the effect of these three variables on the phase relation-~
ships in the iron-nitrogen system. In the following discussion,
the fugacity of nitrogen is used as the third variable since it can
be computed directly from the equiiibrium constants of the phase
reactions. To convert fugacity into pressure it is necessary to
extrapolate the equation of state for nitrogen, but this is not
attempted since the extrapolation is much too large to be justifiable.

The thermodynamic calculations carried out as a part of this
investigation and the method of computing the fugacity axis of the
three~dimensional equilibrium diagram are presented below.

No attempt was made to determine the equilibrium constants
of the reactions involving the iron-nitrogen phases. The equili-
brium constants have been measured by earlier investigators and

since these are used freely in the following treatment, a brief
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review of the literature is included here.

For the sake of uniformity, all the iron-nitrogen phases are
referred to in the manner described in the previous chapter. The
iron-nitrogen compound labelled Fe4N in the literature is called
the gamma-prime phase. Similarly, the compound Fe3N (containing
about 8 to 11 percent nitrogen by weight) is designated as the

epsilon phase. The chemical reactions involving these compounds

are also appropriately modified in the following discussion.

A. Thermodynamic Properties of the Iron-Nitrogen Phases

The specific heats of the gamma-prime (FGAN) and epsilon
phases have been determined by Satoh(38)q His method of sample
preparation and his treatment of experimental data are not very
satisfactory. However, no other determination of the specific
heats being available, his values are accepted with reservations.

The heats of formation of the gamma-prime and epsilon phases
have been measured by Fowler and Hartog(39) and by Satoh(Ao)o
Fowler and Hartog, however, employed erroneous data for the heats
of solution of ferrous sulfate and ammonium sulfate and thus their
values are not very reliable.

‘The equilibrium relationships between iron and the iron-
nitrogen phases (gamma prime and epsilon) have been investigated
by Noyes and Smith(Al), by Emmett and his associates(32’42) and
by Lehrer(43)° Noyes and Smith employed’a static method of reach-

ing equilibrium in the iron + iron-nitrogen phases + hydrogen +

ammonia systems. They did not identify the exact nature of the
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iron-nitrogen phases involved in their work. Emmett and his co-
workers improved upon the experimental techniques used by Noyes
and Smith. They adopted the dynamic method of reaching equili-~
brium, and studied the equilibrium relationships in the alpha +
gamma-prime + ammonia + hyd?ogen and gamma-prime + epsilon +
emmonia + hydrogen systems. Lehrer, who also used the dynamic
method of equilibration, investigated the equilibria involving
the gamma phase in addition to those studied by Emmett and his
coworkers. Further, Lehrer's investigations covered the tempera-
ture range of 345 to 744° C, while Fmmett and his coworkers limited
their work to the renge of 400 to 575° C. The results of these
two independent investigations by Emmett and his coworkers(32’42),
and by Lehrer(AB) are in good agreement with each other, and thus
appear to be quite reliable.

Kelley(44) has computed the themodynamic functions of the
gamma-prime and epsilon phases from the date of Satoh(38’40), Noyes
and Smith(*!) | Emmett and his associates(3242)  ana Lehrer(43),
Kelley's computations involve the questionable data of Satoh's(BS)
specific heat measurements. Therefore his equations camnot be used

vith certainty at temperatures beyond the range investigated by

Lehrer - 345 to 744° C.

B. The Alpha~Gamma Equilibrium

Zener(45) has recently proposed a thermodynamic method* of

* A detailed derivation of the formulae suggested by Zener, and a
criticism of the assumptions involved are presented in Appendix IV.
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studying the phase relationships in medium alloy steels. Though
his treatment was mainly concerned with iron-carbon-~alloy systems,
it can be applied to the iron-nitrogen system as the basis of his

method is quite general.

The compositicn of the alpha and gamma phases in mutual equi~

librium obey the fundamentel laws of thermodynamics. Zener has

suggested the following relationships:

A 3 °

G | B LATYH (6)
cY N

3 i

of %

cj-cj = AFg,e/RT (7

where:

Ct. = Mol fraction of element j in the alpha phase
Ctj = Mol frection of element j in the gamma phase
F = Ratio of interstitial positions to number of lattice
atoms in the alpha phase.
. gf = Ratio of interstitial positions to number of lattice
atoms in the gamma phase.
AFg = Standa.. free energy change associated with the trans-

fer of one mole of element j from the alpha to the

gamma phase. .

AFg.e = Standard free energy change associated with the trans-
fer of one mole of iron from the alpha to the gamma
phase. @

R = Gas constant

T = Absolute temperature
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~ 3
The quantities (5 and (b can be easily evaluated for the iron-

nitrogen system. In the face-cenbtered cubic gamma phase, there are

four atoms of iron and four possible interstitial positions (in the
center of each edge, and the center of the cube) per unit cell, with
the result that (}‘ is unity. In the body-centered alpha phuse,

there are two atoms of iron and six possible interstitial positions
(the center of each face and the center of each edge) per unit cell.

o«
Thus (5 is three.

< o
Substituting these values for ‘} and (b respectively, and

solving the two equations (6 and 7) simultaneously, one obtsains:

AF2 /R :
il A (8)
J 1- i e Fj/RT
3
0
CK. :éFFe/RTA FO/RT (9)
J 1-3e 7j

To solve for the compositions Cl\? and CNX of the alpha and
gamme. phases in mutuval equilibrium in the iron-nitrogen system,
it is necessary to know the values of AFi"',e and AFﬁo .

A Fﬁ is comptg.t.ed from equation (6) and the compositiors of
the alpha and gamma phases at the eutectoid temperature. These

are 0.10 and 2.35 percent nitrogen by weight as determined ir\l this

investigation. UThen

&t 590° G c‘;‘ = 0.003975
(863° K) cg = 0.08755°
and C%
AFG=RX T X ln =g
3 CN
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or

AFg = ~7186 celories per mole ' (10)

AFI?I is assumed to remain constant at temperatures between
1500 to 590° C. The value of AT given in equation (10) and the
known values of AFii’,e(l‘é) were used in equations (8) and (9) to
compute the coumpositions of the alpha and gamma phases in mutual
equilibrium. The results are presented in Table VII. Experimen-
tally determmined values are included in the same table for the
seke of comparison.

Figure 14 shows the computed composition of the alpha and
gaima phases in mutvual equilibrium. The experimentally determined
values are also shown in this plot. It can be seen from this dia-
gram thet there is good agreement between theory and experiment.
Howsver, the number of experimental points being limited, no
definite conclusions can be drawn regarding the propriety of the

assumptions involved in the theoretical calculations.

C. The Fugacities of Nitrogen at the Gamma Phase Boundsries

As already pointed out, it is quite important to study the
effect of pressure on the phase relat.ions:hips in the iron-nitrogen
system. Instead of caleulating the pressure component of the
equilibrium diagrem, the following treatment is based on the cal-
culations of fugacity. Fugacity is expressed in the conventional
units of number of atmospheres of nitrogen. !

The calculation of fugacity in the gamma phase is based on

the known solubility of nitrogen at atmospheric pressure, and the
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TABLE VII

Alpha~Gamma Equilibrium

Temperature °C Alpha Phase
Calculated Experimental,

% 1500 +0,081
L 1400 0.000
1350 -0.024
1300 -0.038
1250 -0.049
1200 -0.053
i 1150 -0,051
1100 ~0,043
1050 ~-0.036
i | 1000 -0.024
950 -0.011
% 910 0.000
850 +0.020
800 +0.037
k 750 +0.059

' 700 +0.074, 0,070
675 +0.081

650 +0.088, 0.086
o oo 600 +0.098

o 590(eutectoid)  +0.10, 0.10

¥ : (temperature)
TR T St iR T - -

- 65 -

(Nitrogen, Weight Percent)

Gamma Phase

Calcnlated Experimental.

+0,21

0.000
-0.075
-0.127
-0.180
-0.207
-0.217
-0,213
-0.190
-0.140
-0.075

0.000
+0,177
+0.398
+0.750
.17
+1.41, 1.40
+1.67, 1.64
+2.18

+2035’ 2035
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homogeneity limits of thé austenite field determined in this
investigation.
The solubility of nitrogen in pure iron has been measured by

(47) (49,50)

Iwase ’ Hayasi(AS), Sieverts and his coworkers » and by
Martin(Sl). The experimental methods used by Iwase and Hayasi
were not very good, and their results are therefore of question-
able value. Sieverts and his coworkers, and Martin used the con-
ventional Sievert!s type of apparatus for measuring the solubility
of nitrogen, and the results of these investigations are in fair
agreement., Martin's experimental techniques were superior to those
used by Sieverts and therefore his results are used in the follow-
ing calculations.

Figure 15 shows the solubility of nitrogen in gamma iron under
atmospheric pressure of nitrogen, based on Martints data. The
solubility at temperetures from.590° C to 900° C is determiAed by
extrapolating Martin's data, Table VIII shows the results of this
extrapolation,

The solution of nitrogen in gamma iron obeys Sievert's Law,

Welght percent nitrogen in austenite = KgJFEQ; (11)
vhere K; is the solubility in weight percent at atmospheric pres-
sure of nitrogen, and pN2 is the pressure of nitrogen in atmospﬁeres.
The use of fugacity (sz) instead of pressure (pNZ) enables one to
use this relationship to high values of fugacity where nitrogen
would ordinarily deviate from the ideal gas law. It is further

assumed the activity of nitrogen dissolved in the austenite phase

can be correctly represented by its weight percent.
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TABLE VIII

Solubility of Nitrogen in Gamma_Iron

Under Atmospheric Pressure

€
Solubility or KT

Tempersturs °C (Nitrogen, Weight Percent)
1191 1.82 % 10 (Martin)
1135 1.88 % 10°  (Martin)
1065 1.96 x 1072 (Martin)
1000 2.03 X 107°  (Martin)
946 2.09 X 107> (Martin)
900 214, X 107% (Extrapolated)
850 2,20, X 1072 (Extrapolated)
800 2.25, X 1072 (Extrapolated)
750 2.3, X 1072 (Extrapolated)
700 2.36 % 1072 (Extrapolated)
675 2.39, X 107 (Extrapolated)
650 2.42, X 107? (Extrapolated)
625 2.45, % 1072 (Extrapolated)
590 2.49,, X 1072 (Extrapolated)

AP % X~ T AN, ST S
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Since Kg is equal to the solubility of nitrogen at atmospheric
pressure (fugacity of one atmosphere), the solubilities listed in
Table VIII represent the values of K; .

Now the fugacity of nitrogen can be computed from the relation-

ship

Y

&

Table IX shows the values of the fugacity of nitrogen corres-

- (weightpercent nitrogen.)2 (12)
2

ponding to the homogeneity limits of the austenite field. The

upper homogeneity limits of the gamma field were based on experi-
mental data obtained in this investigation. The compositions at
the lower limit of the austenite field were obtained by applying

Zener's method discussed earlier, together with the present experi-

mental data.

D. The Fugacity of Nitrogen at the Alpha Phase Boundary

Above the eutectoid temperature (590° C), the alpha phase exists
in equilibrium with the gamma phase. The fugacity of nitrogen at
the solubility limit of the alpha phase is therefore equal to that
calculated for the lower limit of the austenite field at the same
temperature. This is shown in Table IX.

Below the eutectoid temperature the alpha phase exists in equi-

librium with the gamma prime phase. The fugacity of nitrogen corres-

ponding to the ferrite solubility limit can therefore be calculated

from the equilibrium constant of the reaction.

¥/ = oL + N, (gas) (13)
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TABLE IX

Tugacity of Nitrogen at the Phase Boundaries in-

the Iron-Nitrogen System

3 Temperature Fugacity of Nitrogen, in Atmcspheres
°c___ Phage Equilibria

L+Y’ A+Y ¥+ Y+Elow ¥ ¥iow ¥4Ehigh 5
nitrogen nitrogen nitrogen

. 850 647 ;

800 311.2 g

g 750 1053 ]
700 2439 12990
675 VAT 13160 26540 34570 |
650 4682 13320 13320 13320 42360 !

| ' ’ (€ - ¢ -’ eutecioid)

625 €067 11600 52550

Fj 590 8479% 9100%  9100% 42230

(k- ¥~ ¥ eutectoid)

550 6668 40930

500 4893 35920

450 3553 28920
¥ The value of 9100 is based on the extrapolation of Martin‘s(5 1)

data, and is discarded in faver of the value of 8479 based on equi-
~ . librium measurements. Rounding off the last two figures, the fugacity
‘ of nitrogen at the {-¥-¥’eutectoid temperature is taken to be 8500
atmospheres.
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The equilibrium constant, Kl’ of this reaction is

' a
Kl - dfog (14)
/
2y
where a, and a  are the activities of alpha and gamma-prime

phases respectively. Assuming that the alpha phase is almost pure
iron and that the gamma-prime phase is pure, the following sim-
plified relationship is obtained,
- A
Lt Kl = J'N = e Fi/RT (15)
2
The standard free energy change, F°, of reaction (13) obtained

from Kelley's(AA) work is as follows:

} AFO = T720 + 32.56T log T - 17.86 X 1073 T — 107.10T (16)

e

The fugacity of nitrogen is obtained b& solving equation (15) and
3 . (16). The values thus obtained correspond to the fugacity of nitro-
; ‘ gen at the solubility limit of nitrogen-ferrite and the correspond-
ing lower 1limit of the gamma-prime phase (Table IX). 4
The calculation of the fugacity of nilrogen at the eutectoid
temperature is quite important. The value based on the alpha-gamma~ §,

prime equilibrium is 8479 atmospheres, which compares favorably with

the value of 9100 atmospheres obtained from the solubility relation-

ships in the austenite field. The first value is more accurate,

g

i since it is based on reliable equilibrium data, while the latter

! involves an extrapolation of Martin's(sl) results. Rounding off

: = & . the last two digits, the fugacity of nitrogen at the eutectoid tem-
k: ;‘ ' perature (590° C) is taken to be 8500 atmospheres.
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E. The Solubility of Nitrogen in Ferriie

The fugacity of nitrogen at the ferrite solubility limit listed
in Table IX can be used to calculate the solubility of nitrogen in

alpha iron at atmospheric pressure. The relationship

Weight percent nitrogen in alpha iron = Kj X Sj%z @

expresses the Sieverts Law for the alpha phase. As already pointed

out K, is equal to the solubility of nitrogen at a temperature T

T
under one atmosphere pressure of nitrogen. Equation (17) may be

rewritten as follows:

- Weight percent nitrogen in alpha iron (18)

. N,

The solubility of nitrogen in alpha iron was calculated from
the ferrite solubility limit and the correspénding values of JTN o
The results are listed in Table X, converted to the more conven-—2
tional units of milligrams of nitrogen per hundred.grams of iron.
The solubility of nitrogen in alpha iron has been measured by
Iwase(47), Hayasi(As) and by Sieverts and his associates(l‘g)° The
results of these investigators are included in Table X for the sake
. of comparison, It can be seen from Table X that the theoretically

calculated values shown in the last column are consistent with the

experimental determinations considering the uncertainty of the

latter,
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TABLE X
t ) Solubility of Nitrogen in Alpha Iron at One Atmosphere of Pressure
; Temperature Solubility in Mg. of Nitrogen/100 gms. of Fe
°C Fxperimentally Determined ‘
Sieverts and Calculated in ;
Iwase Hayasi his coworkers this investigation ~
890 - - 1.15 - 18.4 -
880 - <0.04 0.92 - 2.69 -
, 852 2.2 - - -
850 - - 0.35 — 2427 20485
800 - - 0.10 - 2.00 2.09,
770 - 0 - -
750 - - 0.07 - 0.48 1.78,
722 2.1 - - -
J ' 700 - - - 1.494
- 675 - ~ - 1.37,
650 - - - 1.27,
625 - - - 1.19 4
622 1.3 - - -
590 - - - 1.086
550 - - - C.85
500 - - - O.'i’l5
450 - - - 0.55 4
h
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F., The Fugacity of Nitrogen at the Epsilon Phase Boundary

The epsilon phase exists in equilibrium with nitrogen-austenite
at temperatures above 650° C. Thus the fugacity of nitrogen at the
epsilon phase boundary is the same as that at the upper homogeneity
limit of the gamma phase. Table IX shows the values of the fugac-
ity of nitrogen at the gamma-epsilon phase boundary.

The calculation of the fugacity of nitrogen at the gamma-
prime epsilon boundary is based on the following reaction

g = + 2N, (gas) (19)

The equilibrium constant, KZ’ for this reaction is

a, o f°
kK = %X ‘% (20)
2 8
(3
vhere a o and a £ are the activities of the alpha and epsilon

phases respectively. Assuming that the alpha phase is almost pure
iron, and that the activity of the epsilon phase at the phase

boundary is unity, the following equation is obtained

: (
K, = f 21)
2 N2
In order to calculate K,, the reaction (19) may be split up

into the following reactions,

E + 3H2(gas) = K' + ZNHB(gas) --KB (22)
2NH (gas) = 3H,(gas) + N,(gas) = (23)
and V= o + By(ges) ~¥

vhere the last reaction is the same as that expressed by equation

(13).
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It is evident that the equilibrium constants of these reactions

are related to K2 as follows
K2=K3XK4XK1 (24)
The equilibrium constant K3 = (pﬁH /pg ) has been detemined by
3 "R

Lehrer(Aa). The value of K4 can be evaluated by using the relation-

ship

K, = e AFZ/ RT (25)

where Z&FZ is the standard free energy change for the reaction (23).

Kelley(u’) has given the following equation for computing AFZ.,

AT = 19120 - 27.92T log T + 438 X 1072 1° - 0.398

x 10° T + 30,787 (26)

The metﬁod of calculating the value of Kl has been described
previously.

The values of K3, K4 and Kl thus obtained are used in comput-
ing the fugacity of nitrogen at the epsilon-gammu-prime phase

boundary. The results of these calculations are shown in Table IX,

G. The Fugacity-Temperature-Concentration Diagram

The true equilibrium relationships in the iron-nitrogen system
can be shown in a three-dimensional fugacity-temperature-concentra-
tion diagram. Since this three-dimensional diagram is, however,
quite complicated, no attempt is made to show it in perspective.
Instead, several two-dimensional sections are presented.

It is important to note that the vapor pressure of %iron is

extremely small in comparison with that of nitrogen and it is

&
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therefore neglected in calculating the effect of fugacity on the
iron-nitrogen system.

Figure 16 shows the projection of the three-dimensional equi-
1ibrium diagram on the temperature-fugacity plane. This projection
contains two quadruple points, 1 and 2, At the point 1 four phases
exist in equilibrium: alpha, gamma, gamma-prime, and nitrogen gas.
The point 2 represents a similar situation where gamma, gamma-prime,
epsilon and nitrogen gas exist in equilibrium. It is possible to
look upon point 3 as a degenergte quadruple point, which is due to
the fact that the gamma-prime and epsilon phases have the same
composition at this point. Due to this degeneracy there are only
three three-phase lines meeting at this point.

Isothermal‘sectibns through the temperature-fugacity-concen-
tration diagram are shown in Figure 17. These sections are drawn
at 500, 590, 625, 650 and 675° C respectively¥ and are seif~exp1ana—
tory. The fugacity-concentration relationships in the alpha and
gamma phase are based on the squére root law of Sieverts. Table XI
lists the nitrogen content of the alpha and gamma phases as a func-
tion of temperature and fugacity. These values are used in the
isothermal sections in Figure 17. In drawing these sections, it is
assumed that the concentration of the solid phases in mutual equili-

brium (where no gas is present) is not changed by an increase in

* The sections are chosen below the lower eutectoid, at the lower
eutectoid, between the lower and upper eutectoids, at the upper
eutectoid, and above the upper eutectoid.
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The Composition of the Alpha and Gamma Phases as Affected

TABLE XI

Fugacity of
Nitrogen in
Atmospheres

100

311.2

400
900

2439

2500

3411

3553

3600

4682

4893

4900
6067

— I L I, . —- - - .
B - T = & = = “1 ori R sk e B £ _— o

by Temperature and Fugacity

Temperature °C
800 700 675 650 625 590 550 500 450

(Nitrogen, Weight Percent)

0.026) 0.015)0.0144)0.013¢) 0-012()0.011¢)0.0096)0.0076)0.006(K) ‘
0.0370) - - - - - - - - L 1
0.398(s) - - - - - - - - f

0.451(90.030()0.027(%) 0.025 ) 0.024#)0.022#)0.017()0.014 £)0.011 &)
0.6770) 0.045 (90.041 £)0.038 ¥)0.036 ¥ 0.033¢)0.026(x)0.0214) 0.017()

- 0.074(® - - - _ _ _ _ a
- 13170 - - - _ _ _ _
1.13() 1.18(¥) 0.0696)0.064)0.0608) 0.054H)0.0428)0.036#)0.028 &)
- - 0.080® - - - - _ _
- - 1.0 (® - - - - - -
S
(e
1.35(x) 1.42 (v)1.44 (¥) 0.0768)0.072(90.065 (90.051{) 0.043(%) 1
- - - 0.087®) - - - - - 4
- ~ - 1660 - - - i, - 1
- - - - - - - 0.050 ()
P!

1.58 () 1.66(r) 1.68 () 1.70(?) 0.084 £)0.076£)0.060 ¥)
- - - - 0.093(Y) - -




N

i C)

Fugacity of
Nitrogen in

Atmospheres

6400
6668

8100
8500

9025
10000
11025

11600

12100
12990

13160

13320

I T TN, e T S

Temperature °C

800 700 675 650 625 590 550

- 80 —

500 _450

(Nitrogen, Weight Percent)

- - - - 191) - -
1.80() 1.90(5)1.92(%) 1.94 (x) 1.96{Y) 0.087() 0.068 ) -
- - - - - - 0.070(%)

)

2.03 (3)2.13 ¥)2.16 (%) 2.18 (¥) 2.21(x) 0.098 ()

- - - - - 0,100 ()
- 235 (%)
_ ()

2.14(9 2.25(%) 2.28 (5) 2.30(¥) 2.33 (Y)
2.26(x) 2.37(%) 2.40(¥)2.43(r) 2.45(r)
2.37(%) 2.49(r) 2.52(¥)2.55 (¥) 2.58 (¥)

- - - - 2.64 (%)

- - - - (s
2.48(9) 2.61(r) 2.64 (1) 2.67 ()

- 2.70W - -

- (9 - -

- - 275 (v) -

- - (g) -

- - - 2.8 (v

_ - - (14+%)
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the ‘i‘ugacity., The .equilibrium relationship between nitrogen gas
and the gamma—pi‘ime and epsilon phases are not known, and thus the
boundafies.- between these phases are represented by dashed lines.

. ' Figure 18 s’héi:s, fge\;fgral iso-fugacity sections through the

- * *

- . thréb-dimnensional equilibrium diagram. These are constructed by

-

a -
combining the ‘diagramé shown in Figures 16 and 17. Figure 18(a)

A

shovs a sec:l;iorfl,at;"é fugacity of 1000 atmospheres of nitrogen, where

one three-vhase. equilibriim is indicated among the phases.alpha,

~

gemma and nitrogen.gas. A section at 5000 atmospheres (Figure 18(b))
contains two three-phase eguilibria: alpha +.gamma.+. nitrogen.gas;
and aipha + gamma prime + nitrogen gas. The temperatures of these
three~phase reactions change progressively.with increasing fugacity,
until they coincide (Figure 18(c)) to give a four-phase equilibrium
at a {gacity of 8500 atmospheres of nitrogen, which represents the
quadruple point 1 in Figure 16. Figure 18(d), represent;}ng’ an. 1go-

fugacity section at 10,000 atmospheres of nitrogen, .shows two threé-

phase reactions: alpha - gamma - gamme .prime and gamma - gamna prime -

g
nitrogen gas. The low nitrogen epsilon phage appears in Figure 18(e),
. . p

vhich is an iso-fugacity section through the quadruple point 2 in
Figure 16, This . section exhibits four-fold equilibrium.among th%‘
gamme, epsilon, gamma-prime and gas (nitrogen).phases. The three-
phage equilibrium among the epsilon, gamme-prime and .nitrogen gas

occurs at progressively higher temperatures as the fugacity is in-

creased (20,000 atmosphere section in Figure (f)). The highest
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temperature is 680° C and is uniquely defined by the degenerate
quadruple point 3 in Figure 16, This is shown by the section ]
3 4
(Figure 18(g)) at 30,000 atmospheres, where a high-nitrogen epsi<
lon phase also comes. into the picture at lower temperatures. The i P
E
next. section (Figure 18(H)), 35,000 atmospheres, shows the two ]
epsilon regions approaching each other, finally meeting at.about
X
43,000 atmospheres, (Figure 18(i)). The section. at.50,000 atmos-
pheres (Figure 18(j)) shows only one merged epsilon-phase field,
4
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! VI. CONCLUSIONS

’ 1. A method for the determination of the phase'boundaries in
the iron-nitrogen system was developed. This method depends on ;
the relationship between the nitrogenizing power of an ammonia- |
hydrogen gas mixture and the nitrogen concentrztion in the iron-
nitrogen alloy produced by nitrogenizing.

2. The following iron-nitrogen phases were found to exist

in the temperature range of 450 to 675° C.

S N AT e b af e 2

Phase Structure Remarks
% B.C.C.3 & = 2.86 kx units Maximum solubility 0.10
percent nitrogen at
. 590° C
’ X F.C.C.; a_ = 3.6l, kx Maximum solubility 2.80
units at 3.45 percent percent nitrogen at
nitrogen to 3.64g kx 650° C
units at 2,79 percent !
nitrogen ]
¥’ F.C.C.; a, = 3.78; to Homogeneity limit 5.30
3.793 kx units to 5.75 percent nitrogen
Martensite B.C.T. ¢/a = 1,01 to
1.09
€ H.CoPojy ¢ = 4373 t0 Very wide range of homo-
Lelll and a = 2. 70',2 geneity, 4.35 to 11,0
to 20764 kx units. percent nitrogen by ,
weight ~
?; Orthorhombic Lower homogeneity limit
, a = 2,75, b= 4.82 11.1 percent nitrogen
Cc = 4.43 kx units at 450° C

3., The phase boundaries of the alpha, gamma, gamma-prime and
. epsilon phases were determined to give the iron-nitrogen phase dia-

- gram in the temperature range of 450 to 700° C.




7. The effect of the fugacity of nitrogen on the phase re-
lationships in the iron-nitrogen system was calculated. Several

v iso-fugacity and isothermal sections are presented.
§
]
p)
;
8

4

o
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’ 4. Two eutectoid reactions were found to exist in the phase
h disgram:
° P < /
At 590° C ‘(2.35 =X 5 * X5.30
/
o — .
At 650° C 84.5 = X?_.go + X 5,30 .

The subscripts show the nonvariant composition in nitrogen, weight

percent. ’ )
5. The alpha-gamma phase boundaries computed by Zener's
method are in good agreement with experiments.
6. The solubility of nitrogen in alpha iron under atmos-

pheric pressure of nitrogen was computed.

Y
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Appendix I

DETERMINATION OF NITROGEN IN TRON-NITROGEN ALLOYS 3

- The micro-Kjeldahl method was used to determine the nitrogen
content of the iron-nitrogen alloys studied in this work. This
method was chosen after a considerable smount of preliminary in-
vestigations in whiéh the vacuum~-fusion technique was also empleyed i
for nitrogen determination. The latter required complicated appar-

' atus, and great care in handling. The micro-Kjeldahl technique was !
relatively faster and gave reproducible results. The micro-Kjeldahl

. determinations were made at the Watertown Arsenal Laboratories and
- the vacuum--fusion analyses were conducted in the analytical labora-
tory of the Metallurgy Department of the Massachusetts Institute
of Technology.

J Since the micro-Kejldshl technique was used almost exclusively

£ in this investigation, a brief d:scription of the apparatus and

procedure and the results of s.me trial determinations are presented
below,
The micro-Kjeldahl method used for nitrogen determinations is

a modification of the original Allen(52) method. It is a distilla-

tion technique and it determines the nitrogen soluble in either

acid or alkali. The sample is dissolved dn an acid and the nitro--

gen is fixed as the ammonium salt of the acid. The solution is

4 "
1 then made alkaline and the nitrogen is distilled off*in the form of

.
L

Fo.
. 0y , : ammonia. The original Allen method has been greatly modified and
| 4
LY
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improved by the introduction of the micro-distillation apparatus

described by Beeghley(53)o

The Apparsztus

A standard micro-Kjeldaehl apparatus was used. It was con~
structed of Pyrex glass with standard-taper ground glass joints.
The steem disiillation apparatus used has been described by
Beeghly(Sz). The steam generating flask had a capacity of 500 ml.
A Vest—type condenser cooled the distillate which was received in
50 ml. Nessler tubes, or a beaker depending on the nitrogen content
of the sample analyzed. A series of samples could be distilled with-
out interrupting the steem flow by merely interchanging the distilla-
tion flasks. This change could be mede in a matter of seconds.

A Coleman Photoelectric Spectrophotometer was used for low
nitrogen samples. It was set at 410 Mu, and a band width of 30 Mu

was employed.

Reagents

Sulfuric Acid: C. P., concentrated

Sulfuric Acid: C. P., 1-4, (1 part by volume C. P. concen-
trated acid, 4 parts by volume distilled water).

Sodium Hydoxide: Prepared by dissolving 600 grams of sodium'
hydroxide, C. P., in 1100 ml. of water, digesting it
overnight with Devarda's allcy and then rapidly boiling
out approximately 100 ml. of water in order to eliminate

any traces of ammonia present in the reagent.




3
3
\
3
N
3
~ W
L)
L L
[
A
4
e »
(O

- 97 -

Nessler's Reagent: Dissolve 50 grams of potassium iodide,
C. P., in a minimum quantity of cold water. Add a sat-
urated solution of mercuric chloride, C. P,, until a
slight but permanent precipitate persists. Add 400 ml.
of a clarified 50 percent solution of potassium hydrox-

ide, C. P., dilute to one liter, let settle, and decant.

Procedure

The sample to be analyzed was weighed out (0.1 gram) and trans-
ferred to a 100 ml. semi-micro-Kjeldahl digestion flask and dissolved
in 10 ml. of dilute sulfuric acid (1~4). The digestion was carried
out by heating to a completely clear solution. The digestion flask
was then connected to the steam distillation apparatus and 25 ml. of
nitrogen-free sodium hydroxide was introduced through the stoppered
thistle tube. The delivery end of the condenser tube was submevged
in a measured volume of standard sulfuric acid (approximately 0.025
Normael) and the distillation was continued until about 125 to 150
ml. of distillate was collected in the beaker. The excess standard
sulfuric acid in the beaker was then titrated with standard sodium
hyeroxide (approximately 0.025 Normal, standardized against Bureau
of Standards acid potassium phthalate) using methyl red as indicator.
The nitrogen content of the sample was then calculated from the
sodium hydroxide equivalent of the sulfuric acid which was neut;al-
ized by the ammonium hydroxide produced by the checuical reaction
with the ssample.,

When the sample contained less than 0.1 percent nitrogen the

titration technique was not very relieble. In these cases the

il
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spectrophotometer method was used. A duplicate sample (0.1 gram)
was digested and the distillate coliected as before. The distil-
late was then N:sslerized, and its tranimitiance was determined
with the spectrophotometer. The nitrogen content was then read
off from a standard calibration curve of log transmittance vs.
nitrogen concentration.

A blank determination was frequently made with the reagents
used in the test and the results obtained by the titration or
transmittance method were corrected for the nitrogen content of
the blank.

Nitrogen—-free water required in this method was prepared by
treating 4 liters of distilled water with 2 grams of sodium hy-
droxide and 2 grams of Devardals alloy, digesting the solution
for 8 hours on a warm plate, digesting overnignt cold, boiling
down to three liters and finally distilling. Fifty ml. portions
of the distillate were periodically t{ested for nitrégen S th
Nessler's reagent. When the Nessler test showed that nitrogen
was absent, the remainder of the distillate was collected for
use
All the analytical work was‘carried out in an ammonia free

room to minimize errors.

Test Experiments and Discussion

The reproducibility of the micro-Kjeldahl method was tested
by analyzing & large number of iron-nitrogen alloys. Each sample

was analyzed five times and the nitrogen content of the samples




varied from 0.001 to 11.00 percent. The results of these test
experiments are summarized in Table XII.

The micro-Kjeldahl metnod was compared with the vacuum-fusion
method by analyzing some iron-nitrogen alloys by boith the methods
and comparing tie résults. The results are shown in Table XIII.

The results presented in Tables XII and XIII show that the
micro-Kjeldahl technique is quite reproducible and it agrees with

the vacuum-fusion nethod,.
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TABLE XII

Reproducibility of the Micro-Kjeldahl Method

Sample No.

- 100 -

Nitrogen, Weight Percent (Micro-Kjeldahl Method)

312-8°
61
365
305-K"
gg-L"

R D SRR ST Y

(1) (2) (3)
0.009 0.009 0.009
0.014 0.013 0.0115
,0.C33 0.035 0.0362
0.110 0,112 0,110
0.377 0,386 0,394
0.737 0,737 0.772
1.029 1.012 1,029
1.475 1.458 1,475
2,024 2.058 2,075
20555 2,555 2.555
3.353 3,70 3.353
4.905 4,.820 4.853
5.128 5.128 50145
50488 5,505 50488
6.174 6,157 6,174
6.526 6.474 6,526
7.125 7.109 7,092
7.657 7,657 7.649
8.163 8.146 8,180
8.678 8.643 8,609
9.140 9,107 9.227
9.878 9.775 9.844
10.290 10,290 10,256
10.701 10.667 10,701

0.008
0.0115
0.035
0.114
0,386
0,763
1,020
1.458
2,075
2.521
30387
4.870
5.128
50454
6,157
6,491
7,057
7,640
8,180
8,643
9,174
9,878
10,324
10.667

0.0075
0.012
0.0355
0.112
0.352
0,763
1.020
1.475
2,058
2.504
30387
4,870
5,145
5,505
6.174
6560
7,109
7.632
8.163
8.643
9.192
9.878
10,256,
10,684
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!
TABLE XIII
Comparigon of the Vacuum-usion and Micro-Kjeldshl Methods ]
’ 4
Nitrogen, Weight Percent :
Sample No. Vacuum Fusion Micro-Kjeldshl {
" 3-A 0.0021, 0.0024 0.0015, 0.0016 ‘
1-4 0.0018, 0.0019, 0,0020 0.0022 !
' 60-W 0.012 0,014, 0.021 z
61-W 0.014 0.014, 0.021 ;
58-W 0.042, 0.044 0,035, 0,035 f
52-W 1.1, 1.19 1.115, 1.214 :
32-A 3.43,  3.52 3.36, * 3043 4
- 108-H 5.18,  5.19 5012
83-1 5.31,  5.36 5.30
’ 93-H 5.18,  5.68 5.50
94-H 5.55, 5062 5052 ]
68-H 6.16, 6.18 6.16 3
64-A 6.27 6.15,  6.22
63-A 7.87 777,  7.79 .
39-A 9.35, 9.42 9.33, 9.43 é
36-A 9.90,  9.97 9.83,  $.90 )
21-A 10.01, 10.15 10.00, 10,00 i
25-A 10,01, 10.15 10,04, 10,10
) 28-A 9.92,  9.98 10,04, 16,10 1]
20-A 10.20, 10.31 10.22, 10,25 f ;
a ;
!l
B,
]
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Nitrogen, Weight Percent

Sample No. Vacuum Fusion
22-A 10.55, 10.55
11-A 10.32, 10.53
19-4 10.65, 10.67
30-A 10.55, 10.79
58-A 10.67, 10.78, 10.82
14-A 10.75, 10.87, 10.92
18-A 10.78, 10.80, 10.92

T e Ny | S W

T

Micro-Kjeldahl

10.43, 10.50
10.46, 10,50

10,63, 10.67

*10.70, 10,70

10 967’ 10 .'79
10.78, 10.78

10.82, 10.82

I\

- . C e e ——— e PO
U T T P T T DI Yy
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Appendix II

SUMMARY OF PRELIMINARY NITROGENIZING EXPERIMENTS

A considerable amount of preliminary work was necessary to
study the variables of the nitrogenizing process. The results of
this investigation are summarized below,

Pure ammonia was used in all the initial nitriding runs.
Ammonie was passed over a sample of carbonyl iron powder and the

exit gases were snalyzed by a dissociation pipette. The dissocla-

tion measurements made in this way were only approximate. Table

XIV includes the results of a series of nitrogenizing experiments

IR

-
e

conducted in this manner. The samples were allowed to cocl in an
ammonie atmosphere in all these runs.

It can be seen from the data presented in Table XIV that al-
most all the samples had about 10 percent nitrogen in spite of the

fact that the ammonia dissociation varied from O to 100 percent,

T

with increasing nitriding temperature. It thus appeared that con-
siderable nitrogen pick-up occurred during cooling. Some experi-

ments were therefore carried out to test this hypothesis. Table

XV shows the results of these experiments,
An examination of the results summarized in Table XV shows
that the nitrogen content of the sample either increased or de-
N creased depending upon whether the sample cooled in an ammonia or
.nitrogen atmosphere. Water quenched samples, preparéd wnder iden-

tical conditions, however, had the same nitrogen content. Water
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TAELE XIV
: [ U ——
Results of Preliminary Nitrogenizing Experiments
L ' Material: Carbonyl Iron Powder
L Conditions: Constant Flow Rate of Ammonia
Duration at Temperature, 6 Hours g
Cooling in an Ammonia Atmosphere : 7
kf \ Run Sample Temperature Dissociation Nitrogen
: No. Number °C Reading Weight Percent
; 42 32-A 270 0 3.36, 343
E : 20 10"'A 325 0 - 5 6058’ 6065
1 Al 31-A 410 7 10,75 ]
28 18-A 420 6 10.82, 10,82
3
21 11-A 425 5- 6 10.32, 10,53
5 T-A 450 - 11.00, 11.09
! 29 19-A 450 10 - 30 10.63, 10,67
3
z [ ’ 22 12-A 500 25 -~ 30 10,60, 10,70
; 30 20-A 500 40 - 55 10,31, 10.31
3 23 13-A 600 75 ~ 85 10.03, 10,07
31 21-A 600 80 - 85 10.01, 10,15
35 25-A 620 95 - 98 10,01, 10.15
L .
1 43 33-A 650 95 - 100 10.88, 10.95 ,
34 2/-A 670 100 10.78, 10,78
32 22-A 720 100 10,55, 10,35 ‘
< , -
: 24, 14-A 725 100 10,08, 10.25 ;
~ i
e i
%E
I
N %
LN é
]
i
E
e e T e AN M T T T e s '”ii
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N TABLE XV
Influence of Cooling Atmosphere on the Nitrogen _Content
of Nitggenj:zeq Samples
Material: Carbonyl Iron Powder
Inlet Gas: Pure Ammonia at Constant Flow Rate
Nitrogenizing Sample Dissociation ‘ Nitrogen
Temperature °C Number Reading Cooling Condition Weight Percent
625 66-4 70 NH,_, furnace
: dooled 10,79 i
u 66-W 70 Water quenched 5.47
" 67-A 70 N,, furnace cooled 5.58
" 67-W 70 Water quenched 5046
" 68-A 70 N,, at increaged
rate, cooled in
furnace 5067
" 68-W 70 Water quenched 5.49
. |
700 52-A 85 N,, furnace cooled 0,08 i
N 52-W 85 Water quenched 1,17 ‘,’
n 55-A 75 N,, furnace cooled 0,06 ;
" 55-W 75 ¥ater quenched 3.56
900 58-A 100 Ny, furnace cooled 10,73 ;
" 58-W 100 Water quenched 0,035
i
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quenching was therefore adopted as the standard cooling procedure
throughout the investigation.

Another important issue studied in thig preliminary work was
the effect of progressive dissociation of ammonia in the gas
stream as it flowed along the length of the sample. To detemmine
the magnitude of this effect, a series of experiments were con-
ducted in which the nitrogenized specimens were water quenched and
trisected. The sections numbered -1, -2, and -3 respectively in
Table XVI represent positions progressively farther down stream
relative to the inlet. The results of these runs summarized in
Table XVI warrent the conclusion that the variation in the nitro-
gen concentration of a specimen, owing to a difference in position
relative to the gas inlet, was negligible in comparison with

analytical variations.
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" TAELE XVI

Vaciation of the Witrogen Content of a Sample Due to a

. Difference in Position Relative to the Nitriding Gas Stream

Materials Carbonyl Iron Powder
Inlet Gass Puré Ammonia at Constant Flow Rate
b Nitrogenizing Sample Nitrogen
Temperature °C Number Weight Percent
' . 650 111-1-W 0,14
-2-W 0,14
-3-W 0.14
K ) 650 103-1-W 5,09 - 5,19
—2-% 5015 =~ 5015
-3-W 5015 = 5020
g | 650 105~1-~W 5055 ~ 5.58
-2-W 5055 = 5055
-3-W 5044 = 5055
700 107-1~W 0,053
~2-W 0,035
' ~3-W 0,05
*‘ . 700 110-1-W 0,05
‘ -2-¥ 0,05
‘ -3-W 0,04

e ey 2| ———— N < g 4 - » - - s -
= e WSRO A YR, ek . i
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Appendix III

EXPERIMENTAL RESULTS

The results obtained from the controlled atmosphere nitrogen-
izing experiments are presented in the -following pages. The start-
1 ing material in all these experiments was carbonyl iron powder

\ which was previously decarburized by a wet hydrogen treatment,

Yy

except in cases where a high nitrogen alloy was used to approach

the phase boundary from the high nitrogen side. Specific mention

is made of the latter cases in the following tables, -
The results of x-ray parameter measurements on the various

iron-nitrogen phases are also included here.
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TABLE XVII

Results of Controlled Atmosphere Nitrogenizing

Experiments at 450° C

Nitrogen, Weight

Semple Percent Ammonia Percent, in Water-
Number in Inlet Gas guenched Sample Phases Present
Series A
361-H 1 0.0455 L+ ¥
362-H .2 0,027 X
363-H 3 0.0465 ax'
364-H 4 0.0215 &
365-H 5 0.0230 «
366-H 6 0,0250 o
367-H 7 0.0125 K
368-H 8 0,0440 ot + %!
369-H 9 0,054 o« + v/
370-H 10 0,089 &+
Series B
600-H 2.0 5.50 v/
601-H 4.0 : 7.97
)
602-H 6.0 7.91 €+ Xﬁ_
603-H 8.0 8.98 €
604-H 10,0 8.05 £
605-H 12.0 8.59
oot 3. o: e PR, &, ey 5 ., Y - B . N




Sample
Number

630-H

631-H

632-H

633-H

, 634-H
| 635-H
636-H

) 637-H

6381

h14

iL

TAELE XVII, Con't.

Nitrogen, Weight

Percent Ammonia Percent, in Water-

in Inlet

20.0
25.0
30.0
35.0
40.0
45.0
50.0
55.0
60.0

Gas quenched Sample

Series O
0.187
0.237
5.32
5047
5048
Skl
536
5.505
5049

- 110 -

Phases Present

®+7
ok +¢/
!
d{ﬁ,- -+ 1
'Y,
Yl
)
’({\. - Y
A 4 Y
v/
‘r’
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Results of Controlled Atmosphere Nitrogenizing

TABLE XVIII

Experiments at_500° C

- 111 -

Nitrogen, Weight
Sample Percent Ammonia Percent, in Water-
Number in Inlet Gas quenched Semple Phases Present
86-H 10.0 0.055 o+
87-H 12,3 0.046 o
88-H 15.0 0.060 A -
89-H 17.5 1.04 oLt ¥’
90-H 20.0 0,275 L
‘ 91-H 22.5 5.53 ¥/
92-H 25.0 5,50 y!
. 93-H 27.5 5.52 ¥!
94-H 30.0 552 !
95-H 32.5 6.11 ' i g,
96-H 35.0 5,37 ¥
! 971 37.5 556 '
98-H 40,0 5.60 Y
: 99-H 42.5 7,59 ¥'s &
L; 100-H 4540 5043 v
101-H 41.5 5471 ¥’
102-H 50.0 7.02 e
T 103-H 52.5 7.83 £
b 104-H 55.0 8.17 £
LIS T LSS W, Y FTs - -

{
i

N :
bk asin X\.tmw‘%wa:—w.«ym.&

-

e i g T

- e e g =

2.
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TABLE XVIII, Con't.
Nitrogen, Weight
Sample Percent Ammonia Percent, in VWater-
Kumber in Inlet Gas guenched Sample Phases Present
105-H 57.5 8.66 £
106-H 60.0 8.33 z
107-H 62.5 8,72 =
Series B
i 500-H 2.0 5.50 -’
501-H 4.0 5054 ¥
502-H 6.0 ©5.49 v/
503-H 8.0 6.51 ¥+e
E . 504-H 10.0 6.11 Yleg
F» 505-H 12.0 6.56 Yee
r }
| Series G
506 -H 20 5055 ¥
507 -H 25 5.9 ¥
508 -H 30 5.51 '
509 -H 35 5.50 '
510"-H 40 5.56 ¢!
5117 H 45 5,58 ¢!
5121 50 5.62 ¥
L 513 -H 55 5,64 ¥
514"H 60 7,20 th e
»
I N . TR . o : S e T L M;’ o

o et AN S ity 02 %

sl i AR A e K vttt a5
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TAELE XVIII, Con't.

Nitrogen, Weight
Sample Percent Ammonia Percent, in Water-
Number in Inlet Gas aquenched Sample Phases Present
515-H 65 7.36 $ke
516-H 70 6.85 ylee
517-H 75 7.55 Yiee
518-H 80 7.76 €
519-H 85 8.12 1
520-H 90 . 8,515 £
i
] Sexries D
3
2 525"‘H 100 00013 d
526-H 2.0 0,100 oL+
1 ’ t
528-H 4.0 0,053 A
529-H 5,0 0,0335 <
r;
530-H 6,0 0.0445 K
, 531-H 7.0 0,101 L +Y , i
“ 532-H 8.0 0,051 "
b
g ]
p
N 4
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TABLE XIX

Results of Controlled Atmosphere Nitrogenizing
Experiments at 550° C

. Nitrogen, Weight
Percent Ammonia

Sample Percent, in Water-
Number in Inlet Gas guenched Sample Phases Present

Series A

20-H 2.0 0.030 «L

26-H 10.0 0.059 oL

22-H 12,0 0.069 4

2/-H 14.0 0,062 oL

27-H 15.0 5036 - 5,38 %'

(Starting Material Contained 8.0 Percent Nitrogen)

Series B

36-H 2.0 0.033 - 0,035 K

37-H 4.0 0.0335 - 0.034 £

38-H 6.0 5464 ¥/

39-H 8.0 0,079 - 0,081 R+ Yy

40-H 10.0 5,65 ~!
Series C

53-H 2.0 0.021 A

54~-H 4.0 0,023 A

55-H 6.0 0,035 X

56-H 8.0 0.032 X

57-H 10.0 0,044 o

ARSI S W - o, - - o e :~ - -j
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TABLE XIX, Con't, 3
Nitrogen, Weight j
Percent Ammonia Percent, in Water-
in Inlet Gas auenchéd Sample Phases Present
12,0 0.100 <y 1
\ Series D
E (Starting material contained 8.0 percent nitrogen)
! 125"}{ luo 00042 “
126-H 2,0 0,109 LY, :
. e
b l , 127-H 3.0 5048 ¥!
. 128-H 4.0 5,53 v
129-H 6.0 5,61 <!
b
130-H 7.5 5,70 %!
. Series E
o 560-H 15,0 0.71 %
; 606-H 16,0 5.30 ¢!
607-H 15.0 ' 5045 ¥/
608-H 18.0 5049 <!
609"1’{ 19 oo 5 o 46’ ’ f,

T T TR e e SRRCIESED S - N s, R st i ‘»j
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TABLE XX
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Results of Controlled Atmosphere Nitrogenizing

Experiments at 590° C

4Sample Percent Ammonia

4§jghmber in Inlet Gas

280-H 1.0
281-H 2.0
282-H 3.0
283-H 460
28/4-H 5.0
285-H 6.0
286-H 7.0
287-H 8.0
288-H 9.0
289-H 10,0
200-H 11,0
291-H 12.0
292-H 13,0
293-H 14.0
294-H 15,0

IR, s "Sop. 5% A TR WP

Nitrogen, Weight
Percent, in Water-

Quenched Sample
0,012

0,024
0,034
0,062
0,097
0,062
0.59
0,17
0,097
0.090
0,485
2,06
5027
5056
5048

Phases Present

of
o
X
oA
oA
oL

|

oA + Y
J

oL + YWy

oA

X

o(-r?(’

s

i N S i

R Rl s . .
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TABLE XXI
Results of Controlled Atmosphere Nitrogenizing
Ezperiments at 600° C
1]
Nitrogen, Weight '
Sample Percent Ammonia Percent, in Water-
Number in Inlet Gas quenched Sample Phases Present
Series A
201-H 10,0 0,035 A+
%
202-H 12,5 5.50 x!
203-H 15.0 5.30 !
204-H 17.5 5433 ' v! ;
205-4 20,0 5,26 ¥'
206-H 22,5 5043 !
207-H 25,0 5,57 v! 4
208-H 27,5 5,52 ' ]
Series B
350-H 2.0 0,087 % i
) 1
351-H 4e0 5035 1 j
352-H 6.0 5043 ¥’ 3
353-H 8.0 5.59 Y

i
s el O 5 TP

L
4
Il

1

i
€

3

|

R




TABLE XXII
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Results of Controlled Atmosphere Nitrogenizing

Experiments at 650° C

Nitrogen, Weight

Sample Percent Ammonia Percent, in Water-
Number in Inlet Gas auenched Sample Phases Present
' Series A
’ 45-H 2 0.010 oL
46-H A 0.063 g
s 47-H 6 0.59 <+ yartensite
48-H 8 1.04 A + Martensite
) 191 10 2.70 ¥
. . 50-H 12 5.30 </
i | 51-H 14 5.22 ¥+
- ' 52-H 16 5.34 v
Series B
3 421 2 0,0285 x
422-H 4 0.0565 =
i 423-H 6 0.297 oA + Martensite
427-H 14 2.27 X
: 428-H 16 3426 X+ &
E ~ e ) 429-H 18 5,20 '+ &
N 431-H 22 5.28 ¥/
f v ' 432-H 24, 5.36 ¥/

P P S

N e e mammis e
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TABLE XXIII
Results of Controlled Atmosphere Nitrogenizing
] ) Experiments at 675 and 7QO° c
Nitrogen, Weight
Sample Percent Ammonia Percent, in Water-
] Number in Inlet Gas auenched Sample Phases Present
SN
E 675° C
: 563-~-H 6.0 0,047 o
56.-H 8.0 . 1.88 ¥ + Martensite
} : 565-H 10.0 1.45 ¥ + Martensite
566-H 12,0 1.53 ¥ + Martensite
L 567-H 14.0 1.68 ¥ + Martensite
L 700° ¢
3
] 301-H 12.5 0.013 oL
302-H 15.0 00425 o + Martensite
303-H 17.5 0.029 )
304-H 20,0 0.050 A
) 305-H 22.5 , 0,105 & + Martensite
’ 306-H 25 0,070 =
307-H 27.5 0,12 < T Martensite
Eo~
R
r— T" N P
"un”-xw.uz::s::MA,._.h:zAmA,.,A_lm.“_mu 5. AR - R

s mis 0 o
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TABLE XXTV

Lattice Parameter of Nitrogen-Austenite

Nitrogen, Weight

- 120 -

Temperature Sample Percentv, in Water- Phases 8o
°C Number aquenched Sample Present kx units
625 161-H 1.73 ¥+ ™ 3.6,
. 181-H 2.79 € 3644
186-H 413 ¥+ 3.64s
}
' 164-H 4063 ¥+’ 3.64,
170-H 5041 Yy 3.64y
650 425-H 1.64 ¥+ M 3.61,
) 42/-H 1.95 ¥+M 30625
. 426-H 2.20 ¥+M 3.63,
4 | 427-H 2,27 ¥+ M 3,,639
: 434-H 2.62 ¥+ M o 3.,640
428"H 3026 \(+ & _30649
430-H 3.46 ¥+ y! 3065¢
675 565-H 1.45 ¥+M 346X,
566-H 1.53 X+ M 3061,
567-H 1.68 Y+M 3.615
564-H 1.88 ¥+ ™M 3.62,
- 568-H 2.39 Y4 M 3.634
‘ . 572-H 2.795 3.6/,
L, “ ¥+ & o 3
:t , 584-H 3 046 Y+ a 3. 647
700 55-W 3.54 Y+& 3064,
,gau B TP 53 W, oy, 3. Vs % SIS, Y 2 o . &L__;Li

e U <A
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TABLE XXV

Tetragonality of Nitrogen-Martensite

Nitrogen, Weight

Sample Percent, in Water-

Number gquenched Sample Phases Present Tetragonality c/a

565-H 1.45 X+ M 1.05,

566-H 1.53 X +M 1°061

4R5-H 1.64 ¥+ M 10060

564-H 1.88 ¥+ M ZL‘,C)72

4241 1.95 ¥4™M l.,Oé9

426-H 2020 . Y+ M 1,07,
. 4271-H 2.27 Y+ M 1,084

i

BT TR P S 5 ST USRI v N LT
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TABLE XXVI

Lattice Parameters of the Epsilon Phase

Nitrogen, VWeight

c

- 122 -

Temperature Sample Percent, in Water- Phases kx kx

°C Number guenched Sample Present units units
450 602-H 7.91 “Lt e 438y, 2.1,
601-H 7.97 e 4e38, 2.71,
604-H 8.05 £ 4o38, 2071,
605"‘H 8059 ﬁ 40390 20728
603-H 8098 2. 40 395 20734
500 504-H 6.11 Yt 43Ty 2.7
514-H 6.47 e 437y 2.7,
503-H 6.51 ee 438, 271,
505-H 6.56 vlee 4e3Ty 271
516-H 7.36 Yhae 43T, 2.7,
521-H 7.50 ke 4. Iy 271,
517-H 7.55 the 4o3Ty  2.Thy

518-H 7.76 3 4e38y  R.T1, ;

|
" 519-H 8.12 & 4e38g  R.T1g
106-H 8.33 & 4e38g 272,
145-H 8445 £ 439 2:72,
540-H 8.51 & 438y 2,72
149-H 8.55 E 4o38y 2472,
107-H 8.72 £ 4e39, R.T2¢
522-H 8.98 £ 439y 273,

|

BRI R 5. A .. ISP SO — - T “"j
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TABLE XXVI, Con't.
Nitrogen, Weight c a
Temoerature Sample Percent, in Water- Phases kx kx
°C Number auenched Sample Presént units units r
550  405-H 6.09 B 437, 469,
410-H 6.41 ¥t 437, 2470,
406-H 6049 e 437, 2,70,
413-H 6084 ¥he 43Ty 20699
11-H 6.99 the 437, 2.7,
’ . 408-H ‘7,11 the 437, 270, 3
412-H 7.30 \’L-ra 4e3T, 2,70,
“ 409-H 7.38 € 4375 2.70,
i 625 167-H 5072 yhg o 436, 2:68,
168-H 5,77 Y4E 436, 268
J, 650 428-H 3.26 Y4E 432 2.62 )
. 4h2-H 4060, ¥a g 433y 262
441-H 4.67 yle  4o32 , 262
443K 4086 e 4032, 2.6
437-H 5,07 ¥he o 432, 2.62
L47-H 5,11 ‘o’l+€. 4a32g, 20623
L4O-H 5.19 Yhe 432, 262
445-H "5,19 e ho32g  2.62,
- 429-H 5.20 ¥t 432y 2.62
L46-H 5040 wle 432, 2062 |
: Lhd-H 5,98 a8 he36 267 ;
i o STATIEI% . NASTSKET WS W . [ ) - T ‘;M.__j
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TABLE XXVI, Con‘t.

Nitrogen, Weight e a

Temperature Sample Percent, in Water- Phases kx kx
°C Number guenched Sample Present units units
675 572-H 2.795 ¥+¢ - 40322 2,62 4
584~H 3046 e 4e32y 262

. !
583-H 4493 . Xaf 433, 20639
' 581-H Lo Bptt ho33, 2064,
582-H 5,13 YHE 4335 2:64

Special High-Nitrogen Epsilon Phases Produced for

808-H
J , 805-H
| 806-H
11-A
15-A
14~

18-A

e oo T UTVASTT LT L L RN S W T

Calibration
9.19 € 4239 20739
9.40 ¢ 4».399 RoThs,
9.60 c 4040, .29745
10.48 ¢ bokly 2.76O
10,74 z bokl, I«.'.,764
10.78 E 40414 20764
10.82 ¢ 49414 2(,'764

TN
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Appendix IV

ZENER'S METHOD OF CALCULATING THE FERRITE-AUSTENITE

PHASE BOUNDARIES ;

E Since Zener‘s(z‘5 ) method of calculating the ferrite-austenite { ﬁ
equilibrium was applied to the iron-nitrogen system, & detailed

derivation of his formulae is presented below, ﬂ

—

The following notation is used
s M = total number of lettice atoms
N.

J
X. =N = lattice fraction of j atoms
iy

number of lattice atoms of type j

J
Y m = total number of interstitial atoms

n, = number of interstitial atoms of type j

J
X, = nj / = number of interstitial atoms of type j per
M

3
] lattice site .
(5 = ratio of the number of possible interstitial posi-
tions to the number of lattice sites,
c j = mol fraction of element j
The equilibrium condition of any system can be evaluated in
terms of the free energy of the system where I the free energy is
expressed by
F=H-TS "
H and S are the heat contert and entropy of the system respectively.
The entropy S of a gystem can be evaluated from the principles

< . of statistical mechanics and the relationship

oy
-
k.

O §

e - .~. o
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S = klaW . (i) :

vaers X 1s the Rolkzman’s coastant, and W is the number of possible

arrangeaents having the same macroscopic properties. In alloy sys-

I;[ . tems, the satropy term mzy be divided dnto two parts. ’
S = % + S, (iii)
\
R Sa and Sp represent the envropy due to atomic oscillations, et
v ceterz, and the entropy due to the positions of the &toms respec- },!
% * tiwely. The positional entropy Sp may be further subdivided as
3 5 follows:s %
= + S L - z
Sp = SpttOp (3v) )
where S _.and S . are the contributions of the latticz and inter- |
- Pl pi
] stitial atoms respectively.
i - The {erm W can be ccemputed by the methude of statistical ,
£
i
, ) meckenics 2s follows: ! ?
4 M g
i WF'— RN (v) é
’, J J- e
i RGLOl ]
z and W = ; (vi) RE
; e (BN Ty | )
] Using the relationship (v), the term Sp] can be evaluated in ;
3 ' 14
;- the following way. 13
é 5 ¢ = k M! o E
1 pe NN, L --- i
o M A
© = ) 4
JOH' kS(M' Ny INg L - - t«:s
~ % - By using Sterling's approximation, +3
o §S,, = K [wm-sm—wN.JNr‘MNméNﬁ"i] |
L - pt i

,
oo
i st
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But, M = dN, + &N -- - i

Therefore JSPL = k [[M’ McYN' +lw MJNL--- ) ‘__lM. NlJNI - MNLSQ

[T

= k[m%‘SN, -+ W—E&g'\\’m ”’]

N M. N L ;
But, '
\ Ni oo Na . X, oot ;
_.':_4. = X| .) ~ N .
Thus X §N, ---
y N, - 7 a

. SS]-L = -k DM. X, &N, > .J
or gSp = = ), X &N (vid)
J :

Similarly the term S ; can be evaluated by using the equations

. (ii) and (vi). (BEML 1
. = ‘N\. :
p = K [qsm-wm} 1]

Considering only small changes, and employing Sterling's approxi- !

mations as vefore, 5
x.J-} w\j

Spe = K [ (pmy8(p) - b (B (P 3

The following relations are then used.

M":ZNJ' ‘)
or SM = T &N, ; &m =L9my

fYY\—.-.Z'V\.J'

s(pMY = PLSN ’

and

If in addition to the above, M 7 ™ , then 1

( S(pM) [WLGM)— [M((.AM_'W\)] - W\.(GM -'W\)S’\m
\L _ZC'IV\‘Y\J\)J'V\J' .

5y, =

- N . ! ) . . L .. e oo en - -
P 1 TSN Uhret 5. o= S NIP W5, Vs, 0% SO SR . OV ; i : j
e bats e S e M bl 1 e ol Y




=

GM—W M—?%M

Now, G;M I

E Therefore,

dSp = -k ]-_5 ()l (1= ) ~bn (B3 -2@@&,,;,

L e - [P () = Do ()] '

(viii)

Combining the equations (vii) and (viii)
+ P ~M .
L 5 - -k[ZJ.lMX;JN; Bl (- ) {%}Jﬁ o

] . The equation (ix) is the one derived by Zener. It may, how-

ever, be expressed in a slightly different mamner as follows:

2 b X, 8, + ba (1= X )BL 8™,

X/ .
+ 2 bw (-T:TQZZS) dm;

. SSF = - R (x)

vhere Xl and Xi are the lattice fractions of the substitutional
and interstitial atoms respectively, and ) n, and ) n, their res-
pective infinitismal increments.

The equation (x) can be used to derive the partial molal
entropies of the substitutional or interstitial atoms. This de-

pends on the definition of partial molal entropy S, for a compo—~

1
nent 1, - SS ) '
Sj B s‘n' T,P;M’La‘“Q.--
1 A N Using this defining relationship, .S-l for lattice atoms can be
F .. eveluated as follows,
:: ¢ = . o U _2)(‘
a(_ = 56 RLWX(.-*-(SR Q %F) (JCL)




-S-S’_ in the zbove equatior includes Sa znd is the partial molal
entropy in a standard state. By neglecting the third tem
pRW(1- 2?4»',1;) vhich would be szall for small values of X,, the

above equation caen be simplified as follows:

—_— 0
S, = S ~RkX (i)
The temm S, for the interstitizl atoms can be similarly shown

to be equal to

- = X: ;
5. = S5 -Ruf{ BB (xiid |

- xR xiii
vhere g;’_ is the partial molzl entropy in the stzndard state.
It can be seen that the equation (xiii) represents a more gen-
. eral solution of which eguation (xii) is a special case as in this
case (- X./p) would be negligible and again P for a substitutional

atom is unity. Thus

J = _ = X;/8
= . - R b (—f— xiv
'Sj, 5} ( | - X;,/(3> (i)

Now the equation (i) can be expressed in terms of partial molal

quentities and combined with a similar relationship for the standard

state as follows —
E-F 4 -R’ S, + TS
, - F .° = H .7 H . - T S . T )
F:) } J / J 4
At this stage Zener mzkes the assumption that

— -— O
3 - . = O xv
H- H, (xv)
SN This means that — -
. - = - .
g F. - F. = TS ) TS A
“ J J
e, . or substituting the values for Sj and Sg fron equation (xiv)
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= _ge X; /B
R e T hd
X K RT b~ <l- xJ/3> {xvi)
or
F-F = RT L”“((A— (xvii)

The assumption in equation (xv) gives a very simple expression for
F. - f; and thus simplifies the treatment of the subject. This
essumption restricts the generality of Zemer®s equation. It is,
however, assumed that the formulae can be applied to the iron-
nitrogen system.

Continuing the development of Zenerts theory, the equation

(xvii) can be simplified as fé)]_lows, if Xj is negligible in com-
parison with (3 o
-F° = RT W™ p (xviii)
Since X, is the lattice fraction of an element j, it is equal
to the mole fraction of C. if the number of interstitial atoms is
small. Therefore

. = RT B

(xix)

This equation can be applied for the « and 7Y phases (in iron

alloy systems).
S RS S CJ/(5

J J
—Y _.Y

- = RT Wk ™
Fy FJ' / G

By subtracting the latter from the former

- =% ":o :c .
E-7) - (F- %) RT‘“{ } (20
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When the two phases o and Y are in equilibrium, the component
j has the same chemical potential (or partiel molal free energy) in

both these phases. Thus
EX - B =0

o J
Therefore y o . x .
° - =0 - "‘.o - R T (" 11 .
af = F F. C—v-e'j & (i)

By using this equation it is possible to calculate the dis-
tritution of the component j in the o and < phases at a tempera—
ture T, if the quantity & FE‘? is know or vice versa.

The differential form of equation (xix) can be applied to iron

as fotlows., The (3 term drops out in this relationship since ircn

is a substitutional atom.
‘ — dC
4 F = RT Fe
¢ Fe

)
Now OLCF:- -1 CJ' where the symbol ¥ denotes a summation over

all components except iron. Substituting this value in the above
differential eguation and considering CFe to be approximately unity,
the following relu«ti~ nship is obtained.
i
F ac.
4FE, = -RTL 4G
In a binary system (like iron-nitrogen) 2. & CJ‘ s dC:J' , and
—— - c‘
aF Fe. = RT & X
Integrating the above relationship between eny given state and

the standard state (which is pure iron in this case) one arrives at

the solution

-

= - RTC.
e . Fe. J

(xxii)
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The equation (xxii) can be applied to the o¢ and Y phases,
and considering only equilibrium conditions where (ﬁs.:-— E:) is
zero, the following equation is derived

o =€ =™ _ “(_ :‘
AFF'e. - FF‘e. - FF'& = RT CCJ CJ ) xxiil

The equations {(xxi) and (xxiii) can be solved simulteneously

for 6, and C.. ‘Thus,

J J
-]
% - af, /RT .
C. = F:— / AF? (mv
J . B o S/RT
1 o
and . P
°
C“ + AF'FQ/RT'
| - ~—P-.;'€-

In these equations AF;,e represents the free energy change
associated with the transfer of one mole of iron from the & +to
the Y phase. The corresponding quantity AF:_’? représents the "~
standard free energy change associated with the transfer of the
element j from the o to the ¥ phase.

In closing this theoretical discussion of Zenerts method, it
is important to re-emphasize that the formulae can be correctly

applied to the solutions which satisfy the relationship -ﬁj - ﬁ:]? = 0,
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ABSTRACT

The binary iron-nitrogen system constitutes the basis of the
more complicated alloys of commercial importance which are used in
the nitriding process; Several attempts have been made to deter-
mine the iron-nitrogen phase diagram. The results of the previous
investigators differ considerably from one another, and thus it
was deemed necessary to redetemine the phase diagram,

Iron-nitrogen alloys were prepared by nitrogenizing carbonyl
iron powder, previously decarburized by a wet hydrogen treztment.
The nitrogenizing gas was a mixture of ammonie and hydrogen.

Two experimental techniques were employed to determine the
phase boundaries: (1) A controlled atmosphere nitriding technique,
and (2) X-ray diffraction studies on the iron-nitrogen alloys pro-
duced by the above.

While the x~ray method is commonly used in phase-boundary
determinations, the controlled atmosphere nitrogenizing technique
represents an additional tool of special value in detemining
the iron-nitrogen phase diagram. This method consists, in prin-
ciple, of nitrogenizing iron iﬁ a gas phase of controlled
"nitroding power" and then co-relating the nitriding power of the
ges ph;se with the nitrogen content of the iron-nitrogen alloy
produced. It is founded on the thermodynamic principles which
govern the distribution of nitrogen between the gas and solid

phases, This method has a distinct advantage over the other methods
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of phase~bourdary determination in that it reports the conditions

existing at temperature, and is appliceble to complex diagrams

involving small solubilities.

The nitroéen content of the iron-nitrogen alloys was deter-
mined by the micro-Kjeldahl mathod. This method of chemical
analysis was tested for reproducibility, compared with vacuum~
fusion analysis, and was found to be quite accurate,

The results of xray investigation showed the presence of
E’ six iron-nitrogen phases:

(1) Alpha phase with a body-centered cubic structure ( a, =
oy 2,86 kx units). !
} ' ¢ (2) Gamma-phase with a face-centered cubic structure. The
lattice parameter varies from 39610 to 30648 kx units
as the nit;ogen.content changes from 1.45 to 2,79 per-
1 cent by weight, .
(3) Nitrogen-mertensite with a body-centered tetragonal struc-
ture, The tetragonality increases with increasing nitrogen
content,

(4) Gamma -prime phase ﬁith a face-centered cubic structure

containing about 5.5 percent nitrogen. The lattice
parameter varies slightly with increasing nitrogen content.
(5) Epsilon phase, hexagonal close-packed structure. The lat-

tice parsmeters and axial ratio change appreciably with

~ e 4
b increasing nitrogen content. The nitrogen content of this
S ; phase varies from 4.35 to 11.0 percent by weight.
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(6) Zeta phase, orthorhombic structure, a ~ 2.75, b ~ 4.82,
¢ - 4o42 kx units. The lower limit of this phase is 11,1

percent..

The phase Loundaries of these phases were éetermined in the
temperature renge of 450 to 700° C. The results obtained by the
x~ray method and the controlled atmosphere nitrogenizing technique
were in goed asgreement with each other. The phase diagrem con-
structed by combix?ing the single-phase fields exhibits two eutec-

tcid reactions

/
. = o«
At 590° Cs 72035. = oL+ ¥ 5.30

/
At 650° Ce 2405 = “62080 + ¥ 5.0

The subscripts indicate the nonvariant compositions of the phases
in weight percent nitrogen.

The boundaries of the alpha + gairma field were omputed by
Zener's method, and the results of these theoretical celculations
were in good agreement with experimentsl determinations. |

The solubility of nitrogen in alpha iron under atmospheric pres-
sure of nitrogen was calculated and was found to be consistent with
the experimental results of other f;.nvestigators.

The effect of _fugacity on the equilibrium relationships in the
iron-nitrogen system was calculated by combir;ing the results of this
investigation with available themodynamic data on the ircn-nitrogen
system. The results of these calculations were used in constructing
several iso-fugacity and isothemal sections through the temperature-
fugacity-concentration diagram of the iron-nitrogen system. The sec-

tions illustrate the equilibrium relationships in the iron-nitrogen system.
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