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PREFACE 

This dissertation describes original work which 

has not been submitted for a degree at any other 

University. 

'The investigations were carried out in the 

Department of Metallurgy of the University of 

Newcastle upon. Tyne during the period October, 1970 

to September, 1973 under the supervision of 

Professor K. H. Jack and Dr. J. H. Driver. 

The main part of the thesis describes a study of 

precipitation in nitrided austenitic iron-nickel- 

niobium alloys and-the mechanical properties of the 

nitrided alloys and is part of a wider investigation 

being carried out at Newcastle on the-effect of 

substitutional alloying elements on the behaviour 

of-interstial solutes in iron. Subsidiary topics 

on the nitriding of iron-nickel alloys and on 

precipitation in iron-nickel-niobium alloys are 

discussed in the two appendices. 
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ABSTRACT 

A modulated structure is formed in nitrided Fe: 35Ni: Nb 

0 
alloys at 500 to 750 P in NH 3 :H2 gas mixtures when the 

niobium and nitrogen concentration exceed critical values 

associated with a metastable zone solvus. The modulated 

structure is formed by substitu tional-interstitial 

solute-atom clusters on ýioO matrix planes and it, 

overages to give a fine dispersion of homogeneous 

precipitates of Y-NbN. The initial spheroidal particles 

of Y-NbN coarsen at 800 0C by forming octahedr& with 

their faces parallel to the -{1111 matrix planes. 

After prolonged ageing these niobium nitride octahedra 

transform to platelets parallel to the (1001 matrix 

planes. The interfacial -surface energy of Y -NbN is 

determined*as approximately 600 ergs/cm 
2. 

Stacking fault precipitation of Y-NbN in nii-r-Ided 

Fe-35Ni: Nb alloys occurs when the niobium concentration 

exceeds the nitrogen concentration. 

The dislocation-particle interaction of Y-NbN in 

nitrided Fe: 35Ni: Nb alloys occurs by the Orawan mechanism. 

The nitriding kinetics are dependent upon nitrogen- 

atom diffusion in Fe: 35Ni. 
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INTRODUCTION 

Previous work at Newcastle on nitrided ferritic Fe-Cr, 

Fe-Nb, Fe-V, and Fe-W alloys (Mortimer, 1971; Spiers, 1969; 

Roberts, 1970; Pope, 1972 and Stephenson, 1974) has shown 

0 that a high hardness is developed at 450 to 650 C during 

nitriding in ammonia-hydrogen gas mixtures. This high 

hardness is attributed to the formation of mixed 

substitutional-interstitial s6lute-atom clusters (Guiner- 

Preston zones) during "constant activity ageing" in 

-NH 3 :H2 at 450'to-650 0 C-at nitrogen potentials which 

exceed critical values associated with a. metastable zone 

solvus. 

Following these observations it was thought that 

mixed sub3titutional-interstitial solute-atom clusters 

might also be formed in face-centred cubic. alloys. For 

this reason investigations were carried out on nitrided 

austenitic Fe: Mn and Fe: Mn: V alloys (Hayes, 1972), on 

Fe: 35Ni: V alloys (Driver et al, 1974) and on nitrided 

austenitic Fe: 35Ni: Nb described in the present work. 

The investigations on nitrided austenitic Fe: Mn: V and 

Fe: 35Ni: V alloys (Hayes, 1972; Driver et al, 1974) 

showed that mixed substitutional-interstitial solute-atom 

clusters are formed and are associated with an electron 
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microstuoture. and X-ray and electron diffraction effects similar 

to those observed In spinodal decomposition of Cu: Ni: Fe 

alloys (Butler and Thomas, 1970; Daniel and Lipson, 1943)- 

They also shoýred thýt the modulated stucture overages 

to give the equilibrium phase VH. 

Any examination of the quaternary Fe-Ni-Nb-N system 

requires knowledge of the relevant portions of the six 

binary systems Fe-N. Fe-Nb, Fe-Ni, Nb-N, Nb-Ni and Ni-N, 

and of the iron-rich ternary systems Fe-Nb-N, Fe-Ni-N 

and Fe-Ni-Nb. Consequently, a limited study was 

undertaken in order to provide background information 

for the main topic. 

In an attempt to determine the mechariism of 

strengthening in nitrided austenite a preliminary study, 

was made of the dislocation-particle interaction in 

Fe: 35Ni: Nb: N alloys. 
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Chapter I 

.1.... I 

PREVIOUS INVESTIGATIONS 

J. 1 Iron-nitrogen alloys 

I I- Figure I. 1 shows the variation of nitrogen solubility, 

in iron at one atmosphere of nitrogen compiled from the 

data of Past and Verrijp (1955) for body centred cubic 

c/--Fe; Sieverts et al (1938) for b. c. c. 9-Fe; 

Sieverts et al (1938), Darken et al (1951). Corney and 

Turkdoganl(1955) for face centred cubic Y-Fe. and 

. Pehlke and Elliot (1960) for liquid iron. 

In the iron-nitrogen system shown in Figure 1.2 

there are five major phases formed with increasing nitrogen 

potentials; c/--nitrogen ferritel Y-nitrogen austenite, 

YI-Fe 
4 

Nq 6-Fe 
3N and 'P 

-Fe 2 N, and two additional phases, 

C'/_ -nitrogen martensite formed by transformation of Y. 

IV and , -IFe 16 N2 obtained by tempering Table I*1 

(after Jackq 1951a) summarises the composition ranges, 

crystal structures and unit-cell dimensicns cf these 

phases. Of the five major phases formed in nitrided iron 

only o4 , 
Y, Y'and C- are of immediate interest to 

this study. 
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Nitrogen-austenite has a random distribution 

of nitrogen atoms among the octahedral interstices 

(Figure 1-3) and is isostructural with carbon austenite 

but has a wider range of homogeneity which exists 

down to the eutectoid at 590 0 C. ' The maximum solubility 

of nitrogen is 2.8wt% in austenite and U. lwt% in ferrite. 

YI-Fe 
4N has a face centred cubic arrangement of 

iron atoms (Figure 1-3) with an ordered arrangement of 

nitrogen atoms occupying one in four of the octahedral 

interstics. -Fe 3N has a range of composition from 

about Fe 4N 
to Fe 2N -and has-a close-packed hexagonal 

metal-aiom arrangement. Orthorhombio ý; -Fe 2N is a 

distorted modification of 6. formed by a change in the 

nitrogen-atom ordering. The transition of &to 

causes an anistropic distortion of the iron lattice 

Produced by re-ordering of nitrogen atoms. The 

relationship between the orthorhombic ý: unit-cell 

dimensions a;, bý; and c5 , and the hexagonal 

unit-cell dimensions at and c. are: 

a3a bC -: ý 2a& 0 

Body-centred tetragonal nitrogen martensite 

is formed on quenching from nitrogen austenite and is 

isostructural with carbon martensite. On ageing of the 

supersaturated ferrite and martensite, precipitation of 
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the intermediate precipitate 

(Jack, 1951b). 

1.2 Iron-nickel-alloys 

C"'- Fe 16 
N2 000urB 

As the nickel concentration in iron is increased 

the stability of austenite increases and the austenite to 

ferrite transition temperature is lowered 

At nickel contents greater than 30 atc1fo Y 

under most conditions* Above 63 at% Ni 

phase FeNi 
3 

is formed below a temperatu: 

I 

1-3 Iron-nickel-nitrogen alloys 

(Figure 1.4). 

is stable 

an ordered 

re of 500 0 C. 

Nickel markedly reduces the solubility of. nitrogen 

in ferrite (Imai et al, 1968) and in austenite (Wriedt and 

Gonzalez, 1961; Heckler and Peterson, 1969; Atkinson and 

Bodsworth, 1970). Three phases are found in iron-nickel- 

nitrogen alloys; Yl-(FeNi) 
4N 

(Hahn and Muhlberg, 41949; 

Weiner and Berger, 1955; Arnott and Wold, 1960); 

hexagonal Ni 3N 
*(Arnott and Wold, 1960; Rienacher and 

Hohl, 1960) and 6 Fe 3N 
(Atkinson and Bodsworth, 1970)- 

YI- (Fe, Ni) 4N has a wide range of nickel contents from 

0 to 80 atýo Ni. but Ni 3N which is unstable*above 500 to 

5500C has only a slight solubility of iron (Arnott and 

Wold, 1Q60). ' The range of homogeneity, crystal structure 0 
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and unit-cell dimensions are tabulated in Table I. I. 

1-4 The niobium-nitrogen system 

The phase diagram due to Elliot (1965) has been 

modified to incorporate the more recent results recorded 

in Shunk (1969) and of Roberts (1970) and Taylor and Doyle 

- (1966) and is illustrated in Figure 1-5- Table 1.2 gives 

the structure, composition ranges and unit-cell dimensions 

of the main phases reported by Brauer and Jander (1952) 

in the niobium-nitrogen system. 

Taylor and Doyle (1966) confirmed earlier work by 

Gerhardt, Fromm and Jakob (1964) and by Cost and Wert (1963) 

that the nitrogen solubility in niobium varied with 

temperature as shown in Figure 1-5- Taylor and Doyle 

attributed the previously reported variations of nitrogen 

solubility in niobium to oxygen pick-up at high 

temperatures and pressures. - 

The close-packed hexagonal P (Nb 
2 
N) has a range of 

homogeneity (Table 1.2) and may accommodate some oxygen 

(Roberts 1970). NbN is reported to exist as four 

structures ( Yo Y9 and El as shown in Table 1.2) after 

Brauer and Jander (1952) and Sch8nberg (1954). Roberts 

(1970) showed that and 6 -are oxynitrides whose 

compositions lie within the ternary Nb-N-O system 
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illustrated in Figure 1.6 and concluded that previous 

equilibrium diagrams by Schbnberg (1964)9 Brauer and 

Esselborn (1961) and by Guardq Savage and Swarthout (1967) 

were from pseudo-binary sections of the Nb-N-O system. 

Thus, small quantities of oxygen have a pronounced effect 

on the phases formed in the Nb-N-O system. 

1-5 The Fe-Ilb, Ni-Nb and Fe-Ni-Nb systems 

The phase diagram for the austenitio iron-rich 

portion of the Fe-Nb system is shown in Figure I-7a, 

(Elliot, 1965), 'and has been modified to'include later 

results given'by Shunk (1969). 

The*maximum solubility of niobium in austenite found 

by Peters and Fisher-(1948) is 0.6at%Nb at 12000C. At 

higher concentrations of niobium in austenite-the hexagonal 

Laves phase Fe 2 Nb is formed with unit-cell dimensions: 

a, 4.829; 7.877 2; c/a, 1.632 (Speich, 1962). 

Tho phase diagram for the nickel-rich portion of the 

nickel-niobium. system is shown in Pigure I. 7b (Duerden and 

Hume-Rothery, 1966). The maximum solubil'ity of niobium. 

in nickel is 16.84t%oNb at 12500C- At higher niobium, 

contents Ni 
3 
Nb is formed with-an orthorhombic structure 

of unit-cell dimension a, 5.11; Is 4.25; c, 4.54 X 

(Pylacoa, Gladshevskii and Kripyakovich, 1958). 
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The effect of nickel additions to iron-niobium alloys 

is to increase the solubility of niobium in austenite 

(Leith and Chaturvedi, 1971) and to promote the formation 

of Ni 3 Nb, (Praed and Borland, 1969; Leith and 

Chaturvedi, 1971) at the expense of the Laves phase Fe 
2 
Nb. 

I. 6_., The Fe-Nb-N and Fe-Cr-Ni-Nb-N systems 

Roberts (1970) found eight different 

ferritic Fe-Nb alloys nitrided at tempera 

under the conditions shown in Figure 1.8: 

ý,, -FeNb 2N2 -NbN(O)t -NbN(O)g 

Fe 4 N, and cx-"ýmartensite* 

phases in 

tures above 500 0c 

'Al 
-FeNb 4N49. 

)(-NbN, austenite, 

X. -FeNb 4N4 exists over a small range of homogeneity 

and has a hexagonal structure with unit-cell dimensions 

a, 5.192; R, 10-36 c/a 1.977, and is isostructural* 

with Xformed in Ni-Nb-N alloys. The struoture of 
ýx-Fe% N2 is undetermined and exists over a small range 

of homogeneity. E -NbN(O) transforms to 6 
-NbN(O) after 

prolonged nitriding at temperatures above 700 0C in 

NH 3 :H2 gas mixtures. 

Mixed substitutional-interstitial solute-atom Clusters 

(Guinier-Preston zones) are formed isothermally in Fe-Nb 

alloys during "conatant activity ageing" in NH 3 :H2 at 

400-6500C (Roberts 1970). 
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G. P. zones are metastable and so have a higher 

solubility than the equilibrium precipitate (Jack, 1972). 

The high supersaturation, which is the driving force 

to form zones, can therefore only be obtained conventionally 

by oooling to low temperaturess and here the solute-atom 

diffusivity is too small to allow clustering unless there 

is also an abnormally high concentration of quenched in 

vacancies. These conditions are not met in b. c. c. metals 

and sol although they have been looked for, G. P. zones 

have not previously been found in dilute iron alloys. 

The high supersaturations relative to the zone solvus 

which can be introduced and maintained even at high 

- temperatures by constant activity ageing in NH 3 :H2 

allows the isothermal formation of substitutional- 

interstitial solute-atom clusters e. g. G. P. zones and 

moreover in mach greater densities than can be obtained 

in any'-zone formation by a quench aged procedure. Once 

the G. P. zones are formed they persist for several hours 

over-ageing at temperatures approaching 700 0C (Jack, 1972)o 

The sequence of precipitation in nitrided Fe-Nb alloys 

at 400 to 650 0C goes through similar stages to those found 

in G. P. zone formation in al-uminium alloys: 

(1) coherent disc shaped G. P. zones on (100) planes; 

semi-coherent disc-shaped intermediate precipitates 

on (1001 planes with a body-centred tetragonal 
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structure of the Fe, 6 N2 C< /I type containing some 

substitutional niobium atoms at 600-800 0 C; 

(iii) after prolonged ageing at 600-800 C transformation 

of ferrite to austenite occurs with the 

precipitation of Y-NbN (Roberts, 1970)- Electron 

micrographs of the G. P. zones are similar to the 

tweed microstructure observed in Cu-Be alloys 

with pronounced streaking in the <100>. c directions 

(Speirs et al 1970)- 

In austenite Fe-Cr-Ni-Nb low nitrogen alloys solution 

0-0 treated at 1300 C, water quenched and aged at 600-800 C 

Borland (1969) and Borland and Honeycombe (1970) detected 

four precipitated phases: Y-NbN, (Fe, Cr, Ni, Nb )6 No 

Laves phase Fe 
2 

Nb, and Z-phase Cr 
2 

Nb 
2N2M6N 

has a 

complex cubic structure with a lattice parameter of 

11-31 3 
and a structure similar to the I -carbide Cr 3 Nb 

3 
C. 

Z-phase Cr 2 
Nb 

2N2 
has a tetragonal structure of unit-cell 

dimensions a, 3-108; So 5.887 R; 
_O/A9 

1-894 (Jack and 

Jack, 1972). 

Precipitation of Y-NbN in austenitic Fe-Cr-Ni-Nb-N 

alloys occurred on dislocations, in association with 

stacking faults, in the matrix, and at grain boundaries. 

After prolonged ageing staoking fault precipitation of 

Y-NbN ttansforms to sheets of M6 N. Stacking fault 

precipitation of Y-NbN occurs on J1111 planes by a 
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mechanism generally accepted to be proposed by Silcook and 

Tunstall (1964) for niobium carbide precipitation in 

austenitic stainless steels. 

The Laves phase was observed in very low nitrogen 

alloys and probably contained chromium. 

1.6 Summary of previous work 

A literature survey on nitrided austenitic alloys 

failed to find any information on either the nitriding 

of Fe-Ni-Nb alloys or precipitation in Fe-Ni-Nb-N alloys. 

Previous work of the greatest relevance to the present 

investigation of nitride precipitation in Fe-35Ni-Nb 

alloys is work by Roberts (1970) and by Borland (1969). 

Borland (1969) reported stacking fault precipitation 

of 
Y--NbN in austen-itic Fe-Cr-Ni-Nb low N alloys at 

temperatures between 600'and 800 0 C. 

Roberts (1970) found substitutional-interstitial 

solute-atom clusters are found at 400-600 0C in nitrided 

Fe-Nb-N alloys when the nitrogen potential exceeds the 

G. P. zone solvus. The G. P. zones overaged to give an 
W intermediate o'-"-Fe 16 

N2 Precipitate and, after prolonged 

ageing, niobium nitrides. His work on the niobium- 

nitrogen System and the iron-niobium-nitrogen system has 
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shown that small amounts of impurities, O; go oxygen 

and carbon can affect the structure of the nitrided 

phases. 

Work of a lesser importance to this study is by 

Arnott and Tfold (1960) and by Atkinson and Bodsworth 

(1970) on the Fe-Ni-N-system, and by Pread and Borland 

(1969) on the Fe-Ni-Nb system. 

In Fe-Ni-N alloys nitrided at temperatures between 

500 and 800 0C the formation--, of niokel-containing YI-Fe 
4N 

and -Fe 3 
N' may occur (Arnott and Wold 1960; 

-Atkinson and Bodsworth (1970). 

Precipitation of orthorhomýic Ni 3 Nb and the 

hexagonal Laves phase Fe 2 Nb may occur in the unnitrided 

alloys (Pread and Borland, 1969) 
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Chapter II cr 

EXPERIMENTAL METHODS 

Preparation of alloys 

The iron-nickel-niobium alloys were supplied by 

Firth Brown Co. Ltd. 9 Sheffield# and had a nominal 

composition of Fe: 35wt%N-i: 0-0.0-5t 1.0 and 2.0 

wtc/foNb. Alloys of other nickel contents were prepared 

by argon arc melting small seotions'of the master alloys 

together with either pure iron, or nickel, or iron- 

niobium alloys supplied by the British Iron and Steel 

Research Association. The alloy buttons were melted 

at least three times and then annealed in evacuated 

silica capsules for 24hrs at 1200 0C to ensure homogeneity* 

Analysis of the master alloys was carried out by the 
. 's, 

Consett Works of the British Steel Corporation and are 

given in Table II. I. All alloys referred to in the 

text are in wt%* unless stated otherwise. 

X-ray samples were prepared from 0-5mm, diameter wire 

from cold rolled and drawn sections out from the original 

hot extruded master alloys, and from the annealed alloy 

buttons. 



Table 11.1 
I 

Alloy No. Nominal composition Analysis 

wtfti wVoNb wt%Ni wt%Nb wt%V wt%C 

BV 1732 35 35.6 - - 0.010 

BV 1766 35 0-5 35-4 0.43 0.028 0.010 

BV 1767 35 1.0 35-4 0-87 - 0.010 

BV 176a 35 2.0 35-4 -'1-98 0.010 

8 8 -- 7.80. 

lea 8.11 

12 12 - 12.01 

18b 18 - 18-49 

25 25 - 24-85 

40 40 - 40-93 

47-5 47-5 - 47*09 

7 12 1.0 

8 18 1.0 

9 25 1.0 

10 12 -2.0 

11 18 2.0 

12 25 2.0 
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Optical and electron microspecimen-s were prepared 

from 1.0 to 0.15mm strip which had been similarly 

rolled down. 

All samples were electropolished at 20 volts in 

68 volýo acetic acid, 16 volýo perchloric acid and 16 volý, 

0 2-dibutoxyethanol solution at 0C prior to annealing and' 

-nitriding. 
Samples of Fe: 35Niv and Fe: 35Ni: 0-5,1-0 

and 2. ONb were annealed for 0-5h at 950t 10509 1150 

and 12 00 0C respectively in evacuated silica capsules to 

give approximately the same grain size of 0.1mm unless 

stated otherwise. 

11,2 Ammonia-hydrogen nitridin 

Specimens were nitrided in ammonia-hydrogen gas 

mixtures of varying proportions at temperatures between 

500 and 8000C. For the nitriding reaction the 

equilibrium constant K at any temperature is: 

NH 3 (g) Vl N+I, H2(z) 

aN P( H2 
K 

P(NH 
3)- 

where aN is the activity of nitrogen in solid 

solution in iron and pH2 and PNH 
3 

are the partial 
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pressures of hydrogen and ammonia. The nitriding 

potentials of ammonia-hydrogen gas mixtures in the 

Fe-N system have been determined by Lehrer (1930) 

and Paranjpe et al (1950); see Figure II. 1a. 

As the nitrogen activity in iron is increased 

at 700 0C three phases are formed and & -Fe 3 
N. 

, /_As the nitrogen concentration is increased from zero 

the activity aN increases from zero to a value a --cmax 
N 

at the limit of nitrogen solubility in ferrite. 

Further increase in the nitrogen concentration will 

promote the transformation of ferrite to austenite and 

with increasing nitrogen concentration the Proportion 

. of ferrite will decrease until it disappearso Only 

after complete transformation of ferrite will the nitrogen 

activity in austenite increase with increasing nitrogen 

content. Once the limit of nitrogen solubility aN 
Ymax 

is reached ý6 Fe 3N 
is formed where the activity 

Ymax fmin 
6N equals aN and any increase in the nitrogen 

concentration will promote the transformation of Y to 
G-Fe 

3 
N. Since aN is proportional to 

p 3/2 P(NH 
3 
)/'(H 

2) 

an ammonia-hydrogdn gas mixture of a given composition 

will be in equilibrium with a fixed nitrogen composition 

in iron at a given temperature. In practice the 

maintenance of a constant NH 3 
/H 

2 ratio in the nitriding 
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gas mixture is complicated by the cracking of ammonia 

and this is dependent upon the flow rate, temperature 

and surface area (Coffman, 1932). The cracking is 

minimised by using high flow rates (200cc/min) over 

a small surface area (2cm 2) 
and at 700 0C is* 

effectively zero. Figure'II. lb shows the fugacity- 

temperature diagram for ammonia-hydrogen nitriding of 

iron alloys. 

11*3 Nitriding apparatus 

Specimens were nitrided in a vertical furnace 

(see Pigure 11.2) with an internal recrystallised 

. 
alumina reaction'tube (25mm. internal diameter) heated 

by silicon carbide elements up to temperatures of 1200 0C 

to give a hot zone of 10cm in length. The temperature 

was maintained to ±30C by means of a Cambridge 

controller and measured by a Pt-Pt: 130ifoRh thermocouple 

in the reaction zone. 

The oylinder gases (hydrogen, ammonia and nitrogen 

or argon) were purified to remove traces of oxygen, 

carbon dioxide and water vapour (see Figure 11-3) and 

their flow rates measured with capillary flowmeters 

(see Figure 11-4) which had been calibrated by a bubble 

displacement technique. The gas pressure in the system 

was maintained above atmospheric pressure by 30 to 40mm 



Figi 11.2 
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of oil. A phosphorus pentoxide boat and potash tower 

were used after the exit bubbler to prevent back diffusion 

of moisture. 

The specimens were suspended on an alumina hook 

and the furnace-tube e-ýacuated to 10-1 torr by a rotary 

PUMP* Purified nitrogen was bled into the furnace 

tube till it reached atmospheric pressure, and the 

furnace flushed out for 0-5h with hydrogen prior to 

nitriding. The specimens were lowered into the hot zone 

in the appropriate NH 3 :H 2- gas mixture at a linear flow 

rate of 40cm/min. After nitriding the specimens were 

raised out of the hot zone and cooled in hydrogen. 

11-4 X-ray examination 

X-ray diffraction patterns of the nitrided specimens 

were obtained using monochromatic X-radiation reflected 

from a lithium fluoride single crystal. Powder 

photographs were taken on 9cm and 19cm Unicam cameras 

using FeKoe-, CoK-, r- and CrKc-- radiation. Lattice 

parameter measurements were made on 19cm cameras and 

determined from the results by using a Nelson and Riley 

(1945) extrapolation. 
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11-5 Metallographic examination 

Specimens were mounted in bakelite and polished 

on successive silicon carbide papers down to 600 grade, 

and finally polished on diamond wheels-from 15 to 0.25Fm- 

The specimens were then electroetohed at 2 volts in 

10: 96 HCl: ethanol and-examined on a Reichert 

projection microscope. 

11.6 Hardness testing 

Metallographic specimensvere hardness tested 

on a Reichert diamond microhardness tester usihg 

50 and 20g loads. 

11-7 Electron microspecimen examination 

Due to the difficulties encountered by polished 

nitrided specimens in the conventional electropolishing 

solutions used on the pure annealed alloys (see'section 

II, J; mainly due to grain boundary perforation) the 

following technique was adopted. Each specimen was 

initially polished in a solution of 14volVo perchloric 

acid# 30volejo acetic acid, 30vo4o formic acid, 12volVo 2- 

dibutoxyethanol and 14vol% diethyl phthalate at 40 volts 

with a current density of 0.25-0-3 amps/cm 
2 

at -30 
0 C; 
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and finally polished in 14vol% perohloric acid, 56vol% 

acetic acid, 4V01% formic acid, 13V01% 2-dibutoxyethanol 

and 13vol% diethyl phthalate at 30 volts and a current 
20 

density of 0.25 amps/am at 0C using a stainless steel 

cathode. Thin foils were stored under ethanol before 

examination in a Philips EM300 or a JEMIOOU electron 

microscope at 100 KV. 

Mechanical testing 

Mechanical testing was carried out on tensile 

specimens with gauge length of 10 and 25mms thicknesses 

of 0-159 0-309 0-50 and 1-25mm, and widths of 5 

and 12-5mm- Tensile tests were carried out on an 

Instron type 1114 t6sting machine at a nominal strain 

rate of 1-33 and 1.65 x 10-3 sea- 
1 for gauge lengths 

of 25 and 10mm respectively. Mean values of 0.2% 

proof stress, tensile stress, work hardening rate and 

elongation were determined from at least two specimens 

for each treatment. 

11.9 Chemical analysis 

Nitrogen analysis was carried out using a standard 

semi-micro Kjeldahl apparatus with colorimetric 

determination of distilled ammonia using Nessler's 
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reagent and with ammonium chloride as a standard. The 

nitrogen content of the alloy was followed by weight 

changes of one gram samples to give an accuracy of 

+ O. Olwt%. 

The extent of ammonia cracking was determined from 

500cc samples, collected in a dried vessel, of inlet 

and outlet NH 3 :H2 gas mixturese The gas sample was 

then expelled from the collecting vessel through a 

diffuser by argon into a known volume of N110 HCJ. 

This solution was then back titrated by adding a known 

volume of 11/10 NaOH and titrated by adding NIJO HQ1 

-using a screened methyl red'- methylene blue indicator. 

The reproducibility was + 0.2volýo NH 3* 
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Chapter III 

SCOPE OF'THE PRESENT INVESTIGATION 

Previous investigations at Newcastle have shown 

that mixed interstial-substitutional solute-atom 

clusters (Guinier-Preston zones) are formed in nitrided 

fer#tio Fe-Mo, ýerNb and F, e-V alloys kSpiere, 

1969; Roberts, 1970; Pope, 102) at 400r6500C at 

nitrogen potentials which exceed the G. P. zone solvus. 

Similar observations of mixed-inte: rstitial-substitutiona1 

solute-atom clusters have been made in nitrided Fe-Mn-V 

and Fe-35Ni-V alloys (Hayest 1972; Driver, Sinclair 

and Jack, 1974) at nitrýgen potentials which exceed 

the modulated structure solvus. 

It was proposed to study the structure and mechanical 

properties of austenitic Fe-35Ni-Nb alloys nitrided in 

NH :H at 500-800 0 C: 32 

(i) to determine whether mixed interstitial- 

substitutional solute-atom clusters are formed in 

these alloys during constant activity ageing in NH 3 :H2; 

to investigate the conditions under which niobium 

nitrides are formed during nitriding; 

to determine the hardening mechanisms and rela4%-. e 
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them to existing dislocation particle interaction 

theories; 
N 

and(iv) to investigate the nitrogen solubility and 

nitriding kinetics of Fe-35Ni-Nb alloys in 

NH 3: 2 at 500-800 0 C. 

In order to characterise the structures of nitrided 

Fe-35Ni-Nb alloys a limited study has also been made of 

the Fe-Ni-N and Fe-Ni-Nb systems to determine the 

nature of any phases that maybe precipitated in the 

0 
nitriding temperature range, 500-800 C. 

The techniques used in this investigation*involved 

electron and optical microscopy, X-ray diffraction and 

tensile testing. In addition, the application of 

thermodynamic principles and theories for dislocation- 

part3. cle interactions were necessary for the 

interpretation of results. 
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Chapter IV 

THE STRUCTURE OF NITRIDED Fe: 35Ni: Nb ALLOYS 

IV. 1 Introduction 

Previous work by Roberts (1970) on the nitriding 

of ferritic Fe-Nb alloys in ammonia-hydrogen gas 

mixtures has shown that 9- and &-NbN(O) are formed 

at 700-800oc- Roberts (1970) also found that mixed 

interstitial-substitutional solute-atom clusters 

(Guinier-Preston zones) are formed in Fe-Nb alloys 

nitrided in NH 3 :H2 at temperatures below 650 0C 

providing the nitriding potential exceeds the G. P. zone 

solvus and is less than that required to precipitate iron 

nitrides. The disc shaped G. P. zones are formed on , 
tjoo) planes. They overage to form a semicoherent 

intermediate precipitate of the. Fe 
16 

N2 type, and after 

ageing at higher temperatures the intermediate precipitate 

transforms to needles of Y-NbN. 

Recent work at Newcastle by Driver, Sinclair and 

Jack (1974) on the nitriding of Fe: 35Ni: V alloys at 

500-8000C in NH 3 :H2 has shown that interstitial- 

substitutional solute-atom interaction at 500-7500C 

results in the formation of a modulated structure which 
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2 

is similar in many aspeats to spinodal deCOMPOBition 

in Cu: Ni: Fe alloys. The modulated structure is formed 

in nitrided Fe: 35Ni: V alloys when: 

(i) both the nitrogen and vanadium activities 

exceed a nucleation "Solyus"l and outside this 

solvus homogeneous prebipitation. of VN occurs 

in a periodic array in austenite; 

the nitriding temperature is below a critical 

value of about 780 0 C*, above this temperature 

homogeneous precipitation of VN occurs; 

the equilibrium precipitate (VN) has a similar 

crystal structure to the matrix; and 

(iv) the nitride exhibits a large free energy of 

formation in austenite. 

.. 
Stacking fault precipitation of Y-NbN 

occurs in 

austenitic Fe: Cr: Ni: Nb 'low-nitrogen alloys during ageing 

at 600 to 800 0C (Borland and Honeycombe, 1970) on (111ý 

planes by a mechanism generally accepted to be that 

proposed by Silcock and Tunstall (1964) for niobium 

carbide preciPitation in austenitic stainless steels. 

After prolonged ageing, the stacking fault Precipitates of 

-NbN transform to sheets of. M6N. 

IV. 2 Experimental 

Fe: 35Ni: 0-2Nb alloys were prepared as 0-15mm strip 
0 
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and annealed for 2hrs at 1200 0 C. X-ray specimens of 

Fe: 35Ni: 0.09 0-5v 1.0 and 2. ONb alloys were 

prepared as wires and annealed for 0-5hr at 950,1050# 

1150 and 12000C respectively. The specimens were 

I 'constant activity" aged in various NH 
3 :H2 gas 

mixtures at temperatures of 500 to 800 0 C. 

IV-3 Resulta, 

The following structures are formed in Fe: 35Ni: Nb 

alloys nitrided in NH 
3 :H2 at temperatures between 500 

and 800 0C 
as shown in Figure IV. 1: 

(i) a modulated structure is formed in Fe: 35Ni: l and 

0 2Nb alloys at 500-750 C, and at nitrogen potentials 

greater than 5: 95 NH 
3 :H2 at 600 0 C; 

(ii) homogeneous precipitation of 
Y 

-NbN occurs at 

Boo 0 C. and in a periodic array at temperatures 

less than 800 0C in Fe: 35Ni: 0-5 Nb alloys and in 

Fe: 35Ni: l and 2Nb alloys outside the modulated 

structure solvus and as the modulated structure 

overages; 

(iii) stacking fault precipitation of Y 
-NbN occurs in 

advance of the homogeneous precipitated layer 

at temperatures of 650 to 750 0C in all NH 
3 :H2 

gas mixtures. 

The above conditions of temperature and nitrogen 
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potential are not known precisely because considerable 

overlap occurs between the occurrenoe-of different 

structures in different specimens and in different 

regions of the same specimen. 

IV-3-1 Modulated structures. 

Thin foil electron microscopic examination of 

Fe: 35Ni: l and 2Nb alloys nitri. ded in NH 
3 :H2 at 550 and 

6000C revealed a fine wavy structure'-modulated in <100> 

matrix directions with a similar morphology to that 

observed by Butler and Thomas (1970) in the early stages 

of spinodal decomposition of Cu: Ni: Fe alloys 

(Figure IV. 2 and IV-3). The modulation structure 

produced charaateristic "side-band" reflections on both 

sides of each Bragg reflection in X-ray photographs 

(Figures IV-4 to IV-7) and diffuse satellite reflections 

in <100> -directions about the matrix spots in electron 

diffraction patterns (Figure IV. 8). 

The modulation wavelength X is determined from X-ray 

photographs and electron diffraction patterns by using 

the relationship derived by Daniel and Lipson (1943): 

ha tan 0 x- 
(h 2+k2+12 )dO 0*00 Ivol 
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where h is the highest order index of the diffracting 

plane; 

a is the unit-cell dimension 

is the Bragg angle 

dO (in radians) is the separation from the main 

peak due to periodicity. 

The mean modulation wavelength determined from 

side band spacing measurements and electron micrographs 

iw found to increase with nitriding time, to decrease 

with increasing niobium concentration and appears to be 

independent of the nitriding potential (see Table IV. 1). 

The coarsening rate of the mean modulation wavelength 

with nitriding time t can be described by a modification 

(Butler and Thomas, 1970) of the equation derived by 

Wagner (1961) for particle coarsening by a volume 

diffusion controlled mechanism where: 

kt 0 IV92 

where is the initial mean modulation wavelength 

at the onset of coarsening; 

and k is the rate constant. 

plots of 
3 

against t gave a linear relationship 

for Fe: 35Ni: 2Nb alloy nitrided in an equivalent constant 

nitrogen potential of 1.6 x 104 atmospheres at 550-7500C 

(Figures M9 and IV. 10). The slopes of these plots 



Table IV. 1 

Modulation wavelength of nitrided Fe: 35Ni: l and 2Nb alloys 

-Alloy Time NH :H 32 
Temp. Nin a in ý*in 

Fe: 35Ni: 2Nb 14h 21 : 89 550 0c 33-55 3.6120 
30h 36.22 3.6196 

67-5h - 40.63 3.6274 
125h 43-12 3.6271 
235h 46-52 3.6263 29.24 

Fe: 35Ni: lNb 67-5h 21-89 5500C 38.23 3.6133 
125h 48.65 3.6130 
235h 52.20 3.6134 28.24 

Fe*35Ni: 2Nb 7h 5: 95 6oo 0C 47-95 3.6090 
17h 51-13 3.6186 

63.6h 60.68 3.6176 
119h 65-11 3.6138 
2o6h 67-56 3.6176 46-73 

Fe: 35Ni: lNb 7h 5: 95 6oooc 51.25 3.6048 
17h 56-77 3.6048 

63.6h 61-38 3.6055 
119h 63.28 3.6078 
206h 71-38 3.6078 56.00 

FO: 35Ni: 2Nb 0-5h lo: go 6oooc 37.69 3.6180 
2h 39-90 3.6220 
4h 40.60 3.6240 

6.05h 43-40 3.6240 
10-45h 52.60 3.6245 

15h 54-75 3.6245 
73h 71-09 3.6255 

102h 3.6246 
160h 78.87 3.6o8o 32-70 



Alloy- " -Time 2 
Temp., ý_X in, 

_R 

I 
a in 2 Xoin R 

ýe: 35Ni: M 2. . 1h 15: 85 6oooc 50.67 3.6250 

13-5h 56.09 3.6248 
41h 64.29 3.616o 
92h 69-57 3.6176 

133h 73.65 3.6118 46-73 
Fe: 3511i: lNb 2.1h 15: 85 6000 C 55.02 3.6048 

13-5h - 59-34 3.6152 
27h 67.29 3.6142 
41h 71-51 3.6109 
92h 80-70 3.6122 

133h 78.23 3.6133 49-32 
Fe: 35Ni: 2Nb 5-5h 20: 80 600 0C 55-10 3.6206 

16-5h 69.00 3.6192 
24h 55.65 3.6282 
96h 93-00 3.6205 

Fe: 35Ni: 2Nb 0.5h 11: 99 6500C 54-07 3.6294 
1.0h 62.68 3.6274 
1-5h 69.10 3.6253 
2h 74-58 3.6228 
4h 73.28 3.6277 
5h 95-04 3.6143 

41h 105-98 3.6144 
63h 103-39 3.6128 

-84h 151-71 3.6126 49-32 
Fe: 35Ni: lNb 0-5h 11: 89 6500C 55-05 3.6238 

1-5h 71-88 3.6139 
63h 113.85 3.6112 

Fe: 35Ni: 2Nb 7min 7: 93 7000C 60-44 3.6282 
15min 67-44 3.6262 
30min 73-77 3.6213 
45min 86.65 3.6258 



Alloy Time NH 3 :H2 Temp. Xin a in in 

Fe: 35Ni: 2Nb 61min 7: 93 7000C 83-38 3.6254 

120min - 
85-57 3.6207 

421min 116.06 3.6123 

96h 116-37 3.6095 54-83 

Fe: 3r,: Ni: 2Nb 3min 3.75: 96.25 750 0C 64-09 3.6258 

4-3min 72.09 3.6236 

5-7min 75.83 3.6236 

7min 89-09 3.6222 

2h 108.61 3.6044 

15h 114.24 3.6061 

J 
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were calculated by a linear regression analysis and 

the errors quoted are the mean deviation. A further 

plot of log k against the reciprocal of the nitriding 

temperatures J/T (see Figure IV. 11a) gives an 

activation energy for modulation coarsening of 

340 + 23 kJmol- 1 (81-3-± 0-5 Kcal mol- which is in 

good agreement with the value obtained by Spnrk, ---,,, James 

and Leak (1965) of 344 + 21 kJ mol- 
1 (82.3 ± 0-5 Kcal 

mol-1) for Nb. diffusion in auqtenitic Fe-Nb alloys. 

Cahn (1968. ) has also-shown that a plot of the nitriding 

temperature T against 1/ý, 2 (the initial modulation 0 

wavelength) should be linear and the intercept on the 

temperature axis is the coherent spinodal temperature 

above which the modulated structure is not formed. 

A plot of T against 1/ ý2 
as shown in Figure IV. 11b 

0 
for Fe: 35Ni: 2Nb alloy nitrided in pN of 1.6 x 104 

. 2 
atmospheres is linear and gives a modulation solvus 

temperature of 746 + 14 0 C. 

Daniel and Lipson (1943) predicted that the number 

of side bands in-reciprocal space for a periodic lattice 

parameter variation depends upon the non zero integers of the 

diffracting (hkl) plane. Hence for the (200) 

reflections the diffraction pattern will show two side 

bandsq and for the (220) refleotions four side bands as 

shown in Figure IV. 8. The side band intensities of the 

. modulated structure formed in Fe: 35Ni: l and 2Nb alloys 
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during nitriding at 500-750 0C 
are asymmetric (see X-ray 

photographs Figures IV-4 to IV-7) with an approximate 

ratio of 1: 2.5 for the low angle to the high angle side- 

band intensity. The side-band intensity of the 

modulated structure of Fe: 35Ni: 2Nb nitrided in 11: 89 

NH*H also increases iith nitriding time as shown by 32 

X-ray photographs (Figure IV. 6) and intensity 

measurements were made from the X-ray photographs (by 

a Joyce-Loeble microdensitometer adjusted for-a 

constant background intensity and sensitivity); see 

Figure IV. 12. 

The unit cell dimension of the modulated structure 

formed in Fe: 35Ni: Nb alloys is found to be equivalent 

to a solid solution of niobium and nitrogen in Fe: 35Ni 

(Table IV. 2) given by: 

am - 'a +a NwtýON + aNbwt%Nb **to IV-3 

where a is the lattice parameter of Fe: 35Ni 

(3-5919 ± 0-0005 

and aN and aNb are the increases in the unit-cell 

dimension of Fe: 35Ni produced by one wtý of. nitrogen 

and niobium in solution respectively. Values of 

aý, and a Nb can be determ, 
. 
ined from plot of the unit- 

cell dimension of Fe: 35Ni: N and Fe: 35Ni: Nb alloys 

. against the nitrogen and niobium contents (Figure IV-13a) 
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Table IV-2 

The latticeparameter of the modulated structure at 550-7500C 

Alloy NH :H 32 Temp. /\o wt ýW a in 2 a calo in RI 

Fe: 35Ni: 2Nb 21: 89 5500C 29.24 0.815 : 
3.6274 3.6269 

50*95 6000C 0-502 3.6176 3.6154 

1.0: 90 6000C 32-70 0.787 3.6255 3.6259 

11-: 99 650 0C 49-32 0.903 3.6282 3.6310 

7: 93 700 0c 54-05 0.689 3.6254 3.6223 

3.75: 96.25 7500C 0.747 3.6234 3.6244 

Fe: 35Ni: lNb 21: 89 5500C 0.650 3.6152 3.6180 

5: 95 6oooc 0.459 3.6078 3.6109 

10: 90 ! 6000C 0-570 3.6134 3.6150 

Fe: 35Ni: -1,2Nb 10: 90 6000C 0.480 3.6070 3.61o6 

Overaged modulated structure 

Fe: 35Ni: 2Nb 10: 90 6oooc 0-787 3.6080 3.6090 

11: 89 6500C 0-833 3.6126 3.6118 

7: 93 700 0c 0.689 3.6095 3.6062 

3-75: 96.25 750 0C 0.747 3.6052 3.6083 
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respectively and are found to be: 

aN 0-0368 + 0.0016 R/wtý, N 

allb 0.0025 ± 0.0003 R/wt5/oNb 

*to@ IV-4 

ll *to* IV*5 

The value of aý, of 0.0368 is slightly larger than 

that found by Jack (1951) for nitrogen in austenitio 

Fe-N alloys of 0-0334 ± 0.0034 The value of a Nb 

of 0.0025 is similar to that found for niobium in 

solution in austenitio Fe: 30Ni: Nb alloys by Leith and 

Chaturvedi (1971)- The variation of lattioe parameter 

of Fe: 35Ni: 2Nb alloy with nitriding time in 10: 90 NH 3 :H2 

at 600 0C is given by Figure IV-14a and shows an initial 

increase which is due to the increase of nitrogen 

concentration in the X-rayed layer. The lattice parameter 

remains constant during coarsening of the modulated 

structure and decreases as the modulated structure overages 0 
to form a fine dispersion of Y-NbN. The variation of* 

microhardness with nitriding time for Fe: 35Ni: 2Nb in 

1ONH 3 : 
90H 

2 at 600 0C is shown in Figure IV-14b. The 

-2 increase in the microhardness is 1; ýý/ 100kg mm in excess 

of that due to solid solution hardening by nitrogen and 

niobium contents in Pe: 35Ni: 2Nb nitrided at 600 0C (that 

predicted from a plot of hardness against the nitrogen 

and niobium concentration in Fe: 35Ni as shown in 

Figure IV-13b) and is an indication of the considerable 
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elastic strain associated with the formation of 

interstitial-substitutional solute-atom clusters. 

As the modulated structure overages at 550 and 6000C 

in NH 3 :H2a precipitate free zone is formed at the 

grain boundaries and is associated with grain boundary 

precipitation of Y-NbN. After prolonged nitriding or 

hydrogen reduction at 550 and 600 0C the modulated 

structure transforms into a fine dispersion of homogeneous 

Y-NbN (Figure IV-15)-. Side-b'ands persist long after 

the lattice parameter has, decreased to level equivalent to 

that-of the excess nitrogen in solution and may'be due 

either to the slow transformation of clusters to Y 
-NbN, 

or to a periodic distribution of Y 
-NbN (Figure IV-5 and 

VI. 6 and Table IV. 1). The electron microstructure of 

Fe: 35Ni: 2Nb nitrided. in 11: 89 NH H at 650 0C is a 32- 

fine dispersion of 
Y 

-NbN althoug'h side-bands of the 

modulated structure are observed at the surface of X-ray 

specimens (Figures IV. 6 and IV. 16). Homogeneous 

precipitation of Y-ýNbN occurs as"the 'modulated structure 

overages and is associated with: 

(i) a change in the modulation coarsening rate 

(Figure IV. 9. and IV. 10 and Table IV. 1); 

a decrease in the lattice parameter to a-level 

equivalent to the excess nitrogen content after 

the precipitation of Y-Nbjj (Figure IV-14a and 

.4 

Table IV. 2); 
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(iii) a decrease in the side-band intensity (Figure IV. 12); 

and 

(iv) a small decrease in the microhardness (Figure IV. 14b). 

Fe: 35Ni: Nb alloys nitrided in nitrogen potentials 

of, 
of 5NH. 3 : 

95H 
2 at 6oo , s', how modulated structures 

simultaneously with 
Y-NbN with no corresponding increase 

in the lattice parameter (Figure IV-3 and Table IV. 1). 

Fe: 35, A'. 0-514b nitrided in 20: 8011H 3 11 
2 at 550 0C 

gives a 

fine dispersion of Y-NbN and other re3ults obtained at 

600 0C 
su6gest that this alloy does not form a modulated 

structure in 1111 
3 : 

11 
2 at these temperatures (Pigure IV. 2). 

IV. 3.2 Homogeneous precipitation of Y-NbN. 

Electron microscopic examination of l, e: 35Ni: Nb 

nitrided in NH :R to 20ýý", 11111 at 8000C showed 32 
(1 

homogeneous precipitation of Y-NbN in the matrix. The 

major features of homogeneous precipitation of Y 
-NbN in 

these alloys are: 

W the orientation relationship of ý 
-NbNT Precipitates 

with the austenite matrix is (100) 
IýbN 

(100) 
Y 

and 
1100INbN 50 (Figure IV-17); C) 

]y 

the precipitate size at the centre of similarly 

nitrided Fe: 35Ni: 2N'b specimens increases with 

increasing thickness (Figure IV. 18); 
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(iii) the coarsening rates of Y-NbN in Fe: 35Ni: 1 

and 2Nb in 1: 99 NH 
3 :H2 

those in Fe: 35Ni: O. 5Nb 

are loiv compared with 

and give a linear 

relationship between the cube of the precipitate 

radius and the nitriding time (Figure IV. 19); 0 

(iv) the initial spheroidal precipitates of Y-NbN 

overage at 800 0C to form approximate octahedra 

with faces // to the fl 111 matrix planes and 

give rise to some small diffuse streaking of the 

Y-NbIT precipitate reflections in the <111> 

directions in electron diffraction patterns 

(Figures IV. 20 and IV-17). On further ageing the 

octahedra transform to platelets of Y-NbN 

(Figures IV. 11-' and IV. 21) parallel to ý100ý 

matrix planes; 

(V) the density of the grain boundary precipitation of 

Y-Nb. ', 'i at 8000C increases with the nitriding 

potential and is associated with a wide Precipitate- 

free zone (Figure IV. 1); 

(vi) Y-NbN is identified from X-ray photographs taken 

from the centre of Fe: 35Ni: 211b specimens 

(Figure IV. 22) after nitriding at 700 and 8000C in 

NH 3 :H20 The lattice parameter of these precipitates 

are respectively 4-36 and 4.37 R 
which is in 

reasonable agreement with the values of 4.388-4-389 ý 

J. 

obtained by Roberts (1970) in nitrided Fe-Nb alloys 

and with 4.38 R 
obtained by Brauer and Jander (1952) 
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in nitrided niobium. After prolonge d ageing 

or hydrogen reduction at 800 0C 
of nitrided Fe: 3511i: 2Nb 

traces of 8 -NbN(O) 

identified. 

and &-NbN(O) were also 

IV-3-3 Stacking fault precipitation of Y-NbN. 

Stacking fault precipitation of Y-NbN is observed 

in advance of the homogeneous precipitated layer in Fe: 35Ni: Nb 

alloys nitrided in 0.02NH 
3 : 

99.98H 
2- 

20NH 
3 : 

80H 
2 at 

7000C and after prolonged nitriding'in low NH - containing 

03 
gas mixture at 550 and 600 C (Figure IV. 23). Stacking 

fault precipitation of Y-NbN occurs as discs on 

planes, and these are similar to those observed in 

quench-aged Fe: Cr: Ni: Nb: N alloys (Borland and Honeycombe, 

1970). The stacking faults formed in nitrided Fe: 35Ni: Nb 

alloyd are not so clearly defined as those in Fe: Cr: Ni: Nb: N 

perhaps because they are unable to grow before the onset 

of homogeneous precipitation, or because the stacking 

fault energy in Fe'35Ni: Nb alloys is considerably higher. 

IV*4 Discussion of results 

IV-4-1 Modulated structures. 

The modulated structures formed in nitrided 

Pe: 35Ni: Nb alloys at 550 and 6000C are microstructurally 
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similar to those found in Cu: Ni: Fe alloys during 

spinodal decomposition (Butler and Thomas# 1970)- In 

both cases the modulated structure is associated with the 

absence of preoipitate-free zones at the grain boundaries 

and with the presence of side-bands in electron and 

X-ray diffraction patterns. 'Similar observations have 

been made in Cu: T. i alloys (Cornie, Datta and Softat 1972), 

and in nitrided ýe: 35Ni: V alloys (Driver, Handley and 

Jackq 1972; Driverg Sinclair and Jack, 1974)- The 

modulated structure is a result of the formation of 

interstitial-substitutional solute-atom clusters with 

a period ic distribution in the <100> directions and 

is also associated with: 

Ma high nitrogen to niobium atom ratio 

4: 1. see Table -IV. 2); 

(ii) a lattice parameter which is equivalent to a 

solid solution of niobium and nitrogen (see 

Table IV. 2); 

(iii) nitriding kinetics which are independent of 

niobium content. This suggests that the 

diffusivity of niobium. is too slow to prevent 

rapid diffusion of nitrogen through the specimens 

and so allows the nitrogen concentration to exceed 

the modulated-structure solvus before the 

occurrence of Y-NbN 
precipitates (see Chapter V); 

and 

(iv) a niobium concentration greater than 0-5Nb and at 
6000C a nitriding Potential greater than 5NH 

3 : 
95H2' 
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This implies the existence of a modulated structure 

1301VUS. Re*cent work by Driver et al (1974) has 

shown that a modulated structure solvus exists in 

nitrided Fe: 35Ni: 'V alloys at 60 0-780 0C depending 

on'nitrogen potential and vanadium content. 

These observations are similar in many ways to 

clustering in nitrided Fe; Nb alloys (Roberts, '1969) apart 

from the presence of side-bands. 

After the modulated structure has been formed, 

subsequent nitriding causes rapid coarsening (Figures IV. 9 

and IV. 10) at a rate dependent upon niobium diffusion but 

independent of nitrogen conoentration (Table IV. 1) at 

6000C. 

The side-band intensities of X-ray photographs of the 

Fe: 35Ni: 2Nb alloy nitrided in 11NH 3 : 
89H 

2 at 650 0C 

(Figures IV. 6 and IV. 12) and in 10: 90 NH 3 :H2 at 600 0C 

increased with nitriding time and are asymmetric where 

the degree of asymmetry. at 650 0C for the high angle to 

low angle intensity ratio increased from 2: 1 at 1h to 

3-5: 1 at 4hrs. Similar observations on side-band 

asymmetry have been made in nitrided Fe: 35Ni: V alloys 

by Driver et al (1974), and were attributed to the change 

in the wave form of the modulation. Preliminary work by 

Westin (1973) on the X-ray intensity of diffuse scattering 

of nitrided Fe: 355ITi: 1N`b and 2V alloys has shown that 
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the periodic structure is essentially a result of 

lattice parameter modulation due to nitrogen-atom 

Clustering and the change in the side-band asymmetry is 

attributed to changes in both the modulation amplitude 

and wave form. 

Several theories have been developed to explain the 

me6hanism of spinodal decomposition in binary and 

ternary alloys as reviewed by Cahn (1968) and Hilliard 

0970). Spinodal decomposition occurs in systems which 

exhibit a negative second derivative of the free energy 

and composition (d 2 
f/do 2 

which promotes uphill 

diffusion of the clustering solute atoms. Cahn also 

predicted that for alloys which spinodally decompose, 

2 
a linear plot of 1/ A., -against T would extrapolate 

to 4: 1ve a coherent spinodal temperature on the temperature 

axis. A similar plot for Fe: 35Ni: 2Nb nitrided at a 

constaný nitrogen potential (1.6x104 atms) is linear 

and gave a spinodal temperature of 750OC- This 

temperature coinoides with an upper temperature for the 

a 

modulated structure formation as seen in X-ray photographs. 

Similar observations have been made by Driver et al (1974) 

who noted a sharp transition from the modulated 

structure to a fine dispersion of VN at'about-7600C in 

nitrided Fe: 35Ni: V alloys. 

The coherent spinodal temperature in Au: Ni alloys 
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is depressed several hundred degrees below the chemical 

spinodal temperature and moved to lower nickel contents 

(Golding and Moss, 1967) due to the large coherency 

strains associated with the modulated structure. Similar 

considerations may apply to the modulated structure 

formed in nitrided Fe: 35Ni: Nb alloys. The solvus 

temperature is '-ý' 1500 0C below the solution treatment 

temperature (after Smith, 1962); the critical nitrogen 

to niobium atom ratio is moved from 1: 1 to > 2: 1; 

ai, U' there are large coherency strains due to the mismatch 

parameter of 
Y-NbN 

and the matrix which is 

The hardness increase due to the modulated. structure 

100 VM in excess of that predicted for a 

Fe: 35Ni: 2Nb: N solid solution (Figure IV-14b) and is an 

indication of the considerable elastic strain associated 

with the formation of clusters during nitriding. 

e 

No attempt was made to determine thermodynamio data 

from low angle scattering by modulations in these alloys 

(see Hilliard, 1970)- It is also impossible to test 

the reversibility of interstitial-substitutional solute- 

atom clusters formed in Fe: 35Ni: Nb solid solutions., 

C 

In the absence of these thermodynamic data it is 

impossible to state the exact mechanism by which the 

modulated structure is formed. The results obtained by 

the present investigation, by Driver et al (1974) in 
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nitrided Fe: 35Ni: V alloysq and by Westin (1973) indicate 

that the modulations are due to a periodic lattice 

parameter variation produced by interstitial- 

substitutional solute-atom olusters, and not to fine 

scale precipitation of 
Y-NbN. 

Khachaturyan. (1969) has shown that fine 

_. 
scale'precipitaticn may occur in a periodic array to 

minimise the '. b. ulk strain energy of alloy systems where 

the precipitate exhibits a large misfit parameter. 

This type of precipitation can produce similar 

microstructures to those observed in-alloys during 

spinodal decomposition, and may explain the existence of 

. periodic structures outside the modulated structure solvus. 

Krawitz and Sinclair (1974) have shown however that lattice 

parameter measurements can be used to determine 

unequivocally the difference between a solid-random or 

non-random solution (interstitial-substitutional solute- 

atom clusters) - and fine scale precipitation. The 

lattioe parameter of the matrix deoreases during fine 

scale precipitation due to solute depletion whilet no 

change occurs during clustering. A review of a large 

number of systems shows that the invariance of. the lattice 
C 

parameter occurs during clustering in both G. Pe zone 

formation and spinodal decomposition. The lattice parameter 

of the modulated structure in Fe: 35Ni: Nb alloys is equal 

to that of a non-random solid solution of the same niobium 
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and nitrogen concentrations (Table IV. 2) and remains' 
i 

constant during modulation coarsening (Table IV. 1 and 

Pigure IV-14a). Where no marked increase in the lattice 

parameter occurs after nitridingg the subsequent electron 

microscopic examination shows precipitation of Y 
-NbN. 

Therefore the modulatý*d structure is formed by clusters 

and not a fine dispersion of Y-NbN, and the results 

suggest that the modulated structure may be formed 

by spinodal decomposition. 

As the modulated structure overages, Pe, Ni and 

.- excess N atoms are probably rejected in fav-our of Nb 

atoms until the nitrogen-niobium atom ratio is 

appropriate to form discrete particles of 
Y-NbN. 

Preliminary results of weight gain. observations at 

6500C on thin specimens show that the weight decreases 

from 0.90wt%N after 5hrs to 0.83 at 24-5hrs. At lower 

temperatures there is insufficient time for "through"- 

nitriding before the modulated structure starts to 

overage and so the resulting weight gain appears to remain 

constant. Driver et al (1974) hau suggested that the 

excess nitrogen which is rejected from the modulations 

: Ln nitrided Fe: 35Nio*V alloys might be retained at the 

interface of the VN precipitate. This may explain the 

observed behaviour at 600 00 in nitrided Fe: 35Ni: Nb alloys 

where the weight remains constant after the modulated 

C 

structure decomposes. At higher temperature the 
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modulations overage more rapidly and nitrogen probably 

diffuses more readily out of the specimen. Y-NbN 

then occurs as discrete particles of 30-35 2 in 

diameter. 

The presence of fine scale precipitations of 

Y-NbN and side-bands in diffraction patterns after 

prolonged ageing at 550 and 600 0C of nitrided Fe: 35Ni: Nb 

alloys, after hydrogen reduction at 600 0C (Figure IV-15), 

and also after nitriding at potentials insufficient to 

exoeed the modulation solvus are similar to the observations 

made by Driver et al (1974) in nitrided Fe: 35Nk. V alloys. 

These observations of a fine scale precipitation of Y-NbN 

. 
and side-bands in X-ray diffraction patterns are also 

similar to those made by Hillerto Cohen and Averbach 

(1961) in Cu: Ni: Fe alloys outside the apinodal. 

This suggests that at some critical stage of the 

coarsening process, one o bserves, on an electron 

diffraction pattern the replacement of side-bands by 

diffuse Y-NbN spots which evolve towards sharp 

characteristics Y-NbN spots as the precipitates lose 

their coherency. During this transition stage separating 

full coherency from complete loss of coherency the following 

process may take place in a manner suggested by De Fontaine 

(1969): the selective growth and dissolution of coherent 

particles, of )(-NbN and loss of coherency of the largest 
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particles. Since these mechanisms may operate 

simultaneously at different rates this may result in a 

very irregular structure containing clustersq coherent 

and incoherent precipitates of Y-NbN and may probably 

explain persistence of side-bands after the modulated 

structure has decomposed and the presence of side-bands 

outside the modulated structure solvus. 

At temperatures above 600 0C the modulated structure 

is formed near the surface and, 'due to the slow build 

up of the nit-rogen, stacking-fault and homogeneous 

precipitation of Y-NbN is observed (Figure IV. 16) 

in the centre of the sPecimen. 

IV-4*2 Homogeneous precipitation of Y 
-NbN. 

Homogeneous precipitation of Y 
-NbN oocurs in 

0 Fe: 35Ni: Nb alloys during nitriding at 800 C# as the 

modulated structure overages, and at nitrogen potentials 

outside the modulated structure solvus at temperatures 

1150 0C in NH 3 :H2 gas mixtures. 

Electron microscopic examination of Fe: 35Ni: 0-5*, 1, 

and 2Nb alloys nitrided at 800 0C in 1: 99 NH 3 :H2 show 

coarsening rates for Y 
-NbN precipitates of 49*. 899 8.61 

and 5.65 x 10-25 cm 
3/sec 

respectively (Figure IV. 19). 
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The coarsening rates of Y-NbN precipitates in 

Fe: 35Ni: l and M. alloys nitrided in 1: 99 NH 3 :H2 

at 8000C increased to 3.46 and 2.89 x 10-22 CM3/sec 

during hydrogen reduction after removal of the excess 

nitrogen. The particle size distribution of Y 
-NbN 

during coarsening is fbund to exist over a narrow 

range where the ratio of the precipitate radius over 

the mean particle radius varied between 0.25 and 2 

with a maximum close to the mean radius. 

I 
Lifshitz-and Slyozov (1961) and Wagner (1961) 

explained the time dependence of particle size coarsening 

by a diffusion controlled mechanism by assuming a narrow 

. 
Gaussian distribution of size for the initial spherical 

particles and that the volume, fraotion of precipitate 

remained constant during coarsening. For coarsening 

times greater than, that taken for the initial distribution 

to reach a steady state the approximate variation in mean 

particle radius r at any time t is given (Wagner 1961) 

as: 

3 
r3 kt 

0 

86 co Vm 2D 

. 
9RT . 

000 41 iv, 

0060 IV*7 

where r0 is the initial mean particle radius at the 

onset of coarsening: 
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the matrix-partiole interfacial energy; 

C0 the equilibrium molar concentration of solute 

in the matrix in mol/cm3 
C0 wt% x 8.2707 

C0 
_92.906 

T, the temperature 0 K; 

Vm, the molar volume of Y-NbN (25-167 mol/cm3) 

and R, the gas constant. 

The observed particle size distribution does not 

obey the Lifshitz-Slyozov distribution exactly but is 

similar to those observed experimentally by Jack (1969). 

A plot of r3 against t (Figure IV. 19) obeys the 

Wagner relationship for particle coarsening. 

/ �. 

The equilibrium. 'value of niobium, solubility in 

Fe*-3511i: l and 2Nb alloys'nitrided in 1NH 3 : 99H 2 at 

800 0C is determined as 2.1 and 3-9 x 10-3wtVoNb respectively 

(by equating the coarsening rates of Y-NbN k19 and k2 

before and after hydrogen reduction, and assuming that 

Y-NbN redissolves after prolonged hydrogen reduction) 

from: 

kic 

k2 

where Ci is the concentration of niobium, in 

equilibrium with nitrided Fe: 35Ni: Nb; 

ta 0000 IV, a 

and C2 is the concentration of niobium in solution 

after hydrogen reduction. 
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Using these values of niobium solubility and the 

nitrogen solubility in Fe: 35Ni, a solubility product 

of Y-NbN at 8000C in Fe: 35Ni: l and 2Nb alloys is 

-4 determined as 0.945, and 1.68 x 10 which is much 

larger than the predicted value of 3-16 x 10-6 for NbN 
I 

in austenitio Fe: Nb: N- alloys (Smith, 1966; Mori et al, 

1964)- 

The value of the matrix- Y-NbN particle interfacial 

6 
can be derived from the grain boundary energy 1 

interfacial-energy 62 and the dihedral angles 

(01 a-A E)2 made at the grain boundaries between Y-NbN 

and austenite (. E)2 and 
.Y 

-NbN (after Smi th 1948) 

where: 

62 sin 02 
IV* 

sin 

The dihedral angles 02 and 01 were determined from 50 

particles as 134-9 ± 6.2 0 
and Y-NbN as 90.2 + 80 . 

Using a value of the grain boundary surface energy in 

auatenite of 850 ergs/cm. 
2 (Vlack, 1951) the matrix- 

Y-NbN interfacial energy is found to be 600 + 90 ergs/cm 
2. 

Herring (1951) found that grain boundary precipitates in 

solids are subjected to angular forces which attempt to 

turn the grain boundaries into crystallographic orientations 

which have a lower atrain energy. After prolonged 
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ageing the platelets of Y-NbN 
re-align at an angle to 

the grain boundary in order to minimise their elastic 

'strain 
energy. Since the error involved in determining 

the dihedral angle is large, any correction for thQ 

re-alignment of Y-NbN can be ignored. 

Using the values of 
6 the interfaoial energy and 

-. the niobium solubility in nitrided Fe: 35Ni: l and 2Nb 

the effective diffusion coefficient is determined as 

7-9 and 4-3 x 10 -44 cm 
2 /see. which ar . e. an order of 

magnitude larger than the value of 4-3 x 10- 15cm2/sec. 

(Spork-, James and Leak, 1965)- 

The interfacial energy of Y-NbN is the sum of 

the chemical energy due to mismatch of bonds across the 

boundary and the geometric energy due to the dislocation 

structure of the boundary (Swalint 1962). The chemical 

strain energy of 111ý planes in face centred cubic 

materials is less than that for (100) planes (Swalin, 

1962). This may explain the formation of approximate 

octahedra Y-NbN with faces parallel to (1111 planes 

during the early stages of ageing Fe: 35Ni: Nb in 

NH 3 :H2 at 800 0 C. As the Y-NbN* 
precipitates lose 

coherency with the matrix the geometric strain energy 

may become significant (because of the large mismatch 

between Y-NbN and Fe: 35Ni of 22%) and hence cause the 

octahedra to transform to platelets parallel on the softer 
(100) planes. 
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The variation in particle size at the oentre of 

specimens of different thicknesses did not obey the 

relationships determined by Kahlweit (1965)- The 

variation in particle size with specimen thicknesses 

is similar to internal oxidation of Cu: A1 alloys 

(Wood, 1959) where the deviation from the theory is 

most marked for higher alloy contents. 

The modulated-structure overages more rapidly to a 

fine- dispersion of Y-NbN in nitrided Fe: 35Ni: Nb 

alloys in ammonia-hydrogen gas mixtures with a small 

oxygen -Dotential. This effect is more marked as the 

modulated structure approaches its solvus temperature. 

The modulated strubtures formed in 

01 nitrided at 600 C in 10: 90, NHi: H 
2 

specimens pre-annealed for 0-5h at 

evacuated silica capsule than simi 

Fe: 35Ni: Nb alloys 

are less stable in 

1200 0C in an 

lar treated specimens 

in an aluminium capsule. Even though 'the oxygen content 

of the nitriding gases is maintained at a low level the 

affinity of niobium for oxygen in Fe: 35Ni-. Nb alloys 

is such that traces of S-NbN(O) are formed after 

prolonged nitriding and S-NbN(O) and 6 
-NbN(O) are 

formed after hydrogen reduction. 

IV-4-3 Stacking fault precipitation of X -NbN. 

Stacking fault precipitation of Y-NbN occurs at the * 
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nitriding interface of Fe: 35Ni: Nb alloys nitrided 

at 650 to 750 0 C, and in nitrogen potentials from 

0.02 : 99.98 - 20: 80 NH 3 :H2 at 700 0 C. The precipitates 

occur as discs on ýiiiý *planes, and are similar to 

those observed in quenohed aged Fe: Cr: Ni: Nb: N alloys 

(Borland and Honeyoombe, 1970). There is some evidence 

to suggest that the stacking fault density is reduced as 

the nitrogen potential increa . sesi, and increases with 

nitriding time. This is indicated by the hardness 

profiles (see Chapter V) and electron microspecimens. 

In very low nitrogen'potentials 0.02 NH : 99.98H in 32 
thin microspecimens the density of precipitates is 

reduced. Borland'(1969) found that stacýing fault 

precipitation of Y-NbN in quenched iýged Fe: Cr: Ni: Nb: N 

alloys had an incubation period of ýý 20hrs and a growth 

period of k:: ý 200hrs at 700 0 C'- The effect of increasing 

the nitriding potential may reduce the incubation time for 

staoking fault preoipitationg and at higher nitriding 

potentials the onset of homogeneous precipitation of 

Y-NbN may occur earlier due to the more rapid increase 

in nitrogen concentration. This may explain the observed 

decrease in stacking fault density at high and very low 

nitrogen potentials since in both cases there may be 

insufficient time for nucleation and growth before the 

onset of homogeneous precipitation. Preliminary calculations 

of the nitriding kinetias at 700 0C in 101TH 3 : 
90H 2 in 

Fe: 35Ni: 2Nb show that the onset of homogeneous precipitation 
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of Y-NbN occurs at 0.11wt%N, and from electron micrographs 

about 9% of the available niobium is then precipitated at 

stacking faults (Chapter V). This suggests that stacking 

fault precipitation occurs in Fe: 35Ni: Nb alloys only 

when the niobium concentration exceeds the nitrogen 

concentration, and that homogeneous precipitation occurs 

at nitrogen potentials lower than 0.02 NH 3 : 99.98 H2 at 

700 0 C. 

IV-5 Conclusions 

Three structures are formed in nitrided Fe: 35Ni: Nb 

0 alloys in NH 3 :H2 at 500-800 C: 

(i) a modulated structure; 

(ii) homogeneous precipitation of Y-NbN; 

and 

(iii) stacking fault precipitation of Y 
-NbN. 

The modulated structure is formed by interstitial- 

substitutional solute-atom clusters formed periodically 

as rods in <1001'> directions on ý1001 planes. 

The modulated structure is obtained when: the niobium 

concentration exceeds 0-5wt%; and at 6000C in ammonia: 

hydrogen mixtures where the NH 3 
1H 

2 ratio is ',; ý5/95; 

when the niobium to nitrogen atom ratio is < 1: 2; and 

at temp*eratures `750 0 C. The modulated structure is 

associated with: 
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side bands in electron and X-ray diffraction 

pattorns; 

a lattice parameter which is equivalent to a 

solid solution of niobium and nitrogen in Fe: 35Ni; 

and 

(iii) a lattice parameter which remains constant during 

modulation coarsening. The modulation coarsening 

rate is dependent upon niobium atom diffusion 

where the activation energy is 340 kJ/mol-1. (81. Kcal/mol-1)- 

The morphology of the modulated structure is similar to 

that found by Driver et al (1974) in nitrided Fe: 35Ni: V 

alloys and to the modulated structure formed in Cu: Ni: Fe 

alloys during spinodal decomposition (Butler and Thomas, 

1970)- 

Homogeneous Precipitation of Y-NbN occurred in all 

NH 3 :H2 mixtures at 800 0 Cl also as a periodic array when 

the modulated structure overages, and at nitriding 

potentfials or niobium contents outside the modulated 

structure solvus. 

The orientation relationship of Y-NbN m6trix are 

(100) NbN (100) 
and 

[100] 
NbN 

The initial spheroidal p: recipitates of Y-NbN overage 

at 8000C to form approximate octahedra with faces parallel 

to ý111) matrix planes and these octahedra overage to 

1100] y 
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form platelets of )(-NbN parallel. to the tlOOý matrix ' 

planes. Homogeneous precipitation of Y-NbN is associated 

_with 
a wide precipitate free zone at the grain boundaries, 

and the initial octahedra in the grain boundaries overage 

to form platelets of Y-NbN at an angle to the grain 

bound ary in order to minimise their'strain energy. 

The elastic strain energy of the Y 
-NbN-matrix interface 

is found to be approximately-600ergs/cm 
2. The coarsening 

rate of )r-NbN at 8000C obeys the Wagner relationship 

for particle coarsening where the effective diffusion 

coefficient of 4x 10-14cm2 /sec. 

The solubility product of 
Y 

-NbN is found to be ýý 1-3 x 10-4 which is about 

- two orders of magnitude largor than extrapolated form Of 

values obtained by Smith (1962) and by Mori et al (1964)* 

The particle size of 
Y-NbN increases with nitriding 

depth. 

Stacking fault precipitation of Y-NbN 
occurs as 

discs on (111) planes, and are similar to those observed 
in quenched aged Fe: Cr: Ni: Nb: N alloys (Borland and 

Honeycombe, 1970). These precipitates are formed when 

the niobium concentration exceeds the nitrogen 

concentration (i. ee at the nitriding interface) at 

temperatures of 650-750 0 C. 
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Chapter V 

THE NITRIDING KINETICS OF Fe: 35Ni AND Fe: 35Ni: Nb ALLOYS 

V. 1 Introduction 

Previous work by Mortimer (1971) on the nitriding of 

ferritic Fe: Cr alloys and Pope (1972) on ferritic Pe: V 

alloys has shown that with binary ferrite alloys 

containing strong nitride forming elements nitriding in. 

14H 3 :H2 gas mixtures proceeds by the formation of a hard 

subscale which advances progressively into the material. 

In both cases the rate controlling step during constant 

activiiy ageing. at 400 to 600 0C is by nitrogen diffusion 

through the matrix. Similarly the rate controlling step 

in nitriding pure c/- -iron (Darken, 1958) and 
Y-iron 

(Grieveson and Turkdogdnt 1964a)is nitrogen diffusion 

through the matrix. 

I 

V. 2 Experimental 

Fe: 35Ni: 0.0,0-5,1.0, and 2.0 wt%Nb alloys were 

prepared as 0-5 and 1.25= thick strip and annealed for 

2hrs at 1200 0 C. The rate of nitriding was followed by 

two methods: 
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(a) by niýriding separate specimens for different 

times; 

(b) by nitridingg weighing, sectioningg and 

re-nitriding the same specimens for different 

time intervals. 

After each interruption a small sample wad cut from the 

1.25mm strip to measure the case depth and hardness 

prof ile. 

V*3 Result s 

Typical hardness profiles and optical micrographs 

of Fe: 35Ni and Fe: 35Ni: N b alloys nitrided in NH 
3 :H2 gas. 

mixtures at 600 to 800 0C 
are shown in Figures V. 1 to'V-3- 

At 600 and 6000C a single case is observed to advance 

at a parabolic rate into the specimen as shown in 

Figures V-4 and V. 5. 

However, at 650 to 750 0Ca double subscale is developed 

as shown by the hardness profiles and optical micrograph 

of Figure V. 2 and V. 6. From the optical microstructure 

a "tweed pattern" subsequently identified as due to 

stacking fault precipitation of Y -NbN (see Chapter IV) and 

corresponding to a lower hardness level can be seen in 

advance of the normal case. Similar parabolic nitriding 

rates were found for both subscales of the alloys nitrided 
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at 7000C (Figures V-7a and b and 8). These results also 

demonstrate that by increasing the nitrogen Potential the 

rate of nitriding of both subscales increases. 

Alloys nitrided at 650 0C 
and above showed a decrease 

in nitriding rate with increasing niobium content 

(Figures V-59 V-7 and V. 8). However, at 500 to 600 0C 

the case depth of ine ni-crided alloys appeared 'to be 

independent of niobium content and is similar to the 

depth of nitrogen in pure Fe: 35Ni nitrided under similar 

conditions (Figures V-3 and V-4). 

V-4. Discussion of results 
I 

V-4-a Hitriding kinetics of Fe: 35Ni: Nb alloys at 800 0 C. 

The nitriding kiýletios of Fe: 35Ni: Nb alloys at 

800 0 C*oan be analysed by using an equation derived by 

Wagner (1959) and applied by Hepworth et al (1966) for 

the internal oxidation of a Fe: O. lwtýoAl alloy in H2 :H20 

gas mixtures. Hepworth et al (1966) made the following 

assumptions which may be applied to nitriding kinetics: 

(i) the nitrogen concentration'decreases linearly Xrom, 

the surface to the interface between the nitrided 

and unnitrided zones; 

(ii) the nitrogen concentration at the surface is in 

equilibrium with the gas phase; 
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Fig. V. 8 

Nitriding Kinetics of subscale advance of Fe-35Ni- 
2Nb in NH3: H2gas mixtures at 700*C. 
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(iii) the niobium concentration and diffusivity in the 

alloy are such that counterdiffusion of niobium 

can be neglected; 

(iv) the niobium and nitrogen concentrations are in 

equilibrium with Y 
-NbN at the interface of the 

case and the unhitrided core. 

For the above conditions, and applying Pick's First 

Law, the kinetics of internal nitriding are given by: 

dn 0-0 
i-t - 0000 voi 

dn is the instantaneous flux of nitrogen into dt 

the specimen in gm atoms/cm 
2 

sec; 

x is the instantaneous thickness of the nitrided 

layer; 

0. is the nitrogen concentration at the surface 

in equilibrium with the gas phase; 

c is, the nitrogen concentration in Fe: 35Ni.: Nb 

alloys at the metal subscale-interfaoe in 

equilibrium with -NbN; 

D is the diffusion coefficient of nitrogen in 

Fe: 35Ni; 

a1 for Y 
-NbN at 8000C is ý: ý 10-5 (Smith 1962) and 

hence can be ignored. The amount of nitrogen transported 

across unit area of the specimen is given by the mass 
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balance equation: 
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n 
(wt5ýNb. 10-2)X V, 2 

zr 

where ,o is the density of Fe: 35Ni; 

z is the atomic-weight of niobium (92.8); 

(wtýýb) is the niobium concentration in the original 

material; 

r is the nitrogen-niobium atom ratio in the 

nitrided layer. 

By combining equations V. 1 and V. 2 and converting 

the nitrogen content to wtýoq 

dx '- ý2.8 (WtýON) D 
dt 14 r(w t%Ný ) 

and upon integrating: 

2 
x= 92.8 D ZI. 7 

j 

ooot V4,3 

eoo* Vo4 

The diffusion coefficients for nitrogen An Fe-. 35Nii 

0-51 1.0, and 2. ONb alloys at 800 0C derived from the 

2 
slopes of x against t (Figure V. 5)*and equation V-4 

are 5.6,4.1 and 3-7 x 10-9cm 2/sec 
respectively 

2/ 
which compared favourably with the value of 5-7 x 10-9cm sc 

extrapolated from data of Grieveson and Turkdogan (1960). 
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The rate of advance of subscale for other nitrogen 

potentials at 800 0C 
can be determined from a plot of the 

outlet ammonia conoentration against nitrogen solubility 

in Fe: 35Ni and Fe: 35Ni: Nb alloys as shown in Figure V. 9. 

V-4. b Nitriding kinetics of Fe: 35Ni: Nb alloys at 650-750 0 C. 

Under conditions for which a double subscale is 

formed the interpretation of results is more oomplex. 

Kindleman and Ansell_(1970a) have studied in detail the 

nitriding kinetios of the double subscale formed by 

.. TO precipitation in advance of chromium nitrides in 

nitrided austenitic Fe: Cr#-Ni: Ti alloys. However, a 

simplified approach using a modified version of 

equation V-4 has been found adequate to analyse the 

present results if the nitrogen concentration varies 

linearly across the two subsoaleB. The following symbols 

are defined: 

C3 is the surface concentration in equilibrium ' 

with the gas mixture; 

C2 is the nitrogen concentration at the primary- 

secondary interface; 

and C1 is the nitrogen concentration at the primary 

subscale-metal interface. 

C2' is thus the nitrogen concentration required to form 

homogeneous precipitates of 
Y-NbN; 

C, is the nitrogen 

concentration required to form stacking fault precipitation 
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of 
Y 

-NbN and is effectively zero since the solubility 

-6 0 
product Of Nb and N in 1ýý 10 at 700 C (Smith 1962), 

X is the thickness of the secondary (homogeneous Y 
-NbN) 

subscale and Y the thickness of the primary (stacking 

fault Y 
-NbN) subsoale (Figure V. 2). 

Assuming that a fraction f of the niobium 

precipitates as Y 
-NbN in the staoking fault layer then 

the remaining fraction (1 - f) will precipitate 

homogeneously as 
Y 

-NbN in the-secondary layers The 

equation for internal nitriding when homogeneous 

precipitation occurs can therefore be written as 

x2 92.8 c-02 
t 

il D9ooo V-5 7 -. wt%oNb rh 1 

where rh is the nitrogen to niobium atom ratio in 

the homogeneous layerg and can be determined for different 

nitrogen potentials from a plot of the saturation 

nitrogen oontent in Fe: 35Ni: Nb alloys against inlet 

ammonia conoentration (see Figure V. 9). 

Similarly for the stacking fwalt precipitate layer 

the equation can be written as , 

y2 
r3 

L2.8 c2--c1D 

oeoe V, 6 7rsf wt %N-b 
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where r 13 
is the nitrogen to niobium atom ratio in 

the stacking fault layer. 

The nitriding rate of the primary stacking fault 

layer is higher than that of the secondary homogeneous 

case (Figures V-7 and_V, 8) as would be expected if f 

is relatively small and (C 
2-C1) is not too large. 

__A 
typical value of f (the fraction of Nb precipitated 

as stacking fault precipitation of Y -NbN) derived 

from electron micrographs of Fe: 35Ni: 2Nb nitrided in 

10 Nil 3 : 
90H 2 at 7000C is 0.09. From equations V-5 and 

V. 6*the V`alue of C2 is calculated to be 0.11 wtýoN 

-where C3 under these conditions is 0-32 wtýW. The 

diffusivity D of nitrogen in austenite at 700 0C is 

calculated as 2.25 x 10- 
10 

om 
2 /sec in Fe: 35Ni: 2Nb alloy 

nitrided in 10 NH 3 : 90H 2 compared with the value of 

8-3 x 10- 
10 

cm 
2/bec*extrapolated from data by Grieveson 

and Turkdogan (1964a). 

If there is a critical supersaturation C2 for 

homogeneous precipitation of Y-NbX then C2 is expected 

to be approximately constant at a constant Nb concentration 

for different nitriding potentials. However, for the 

Fe: 35Ni: 2Nb alloy nitrided in 20 NH : 80 H the value 32 

of C2 is half that 6btained for the same alloy nitrided 

in 10 NH : 90H assuming f remains constant. This 32 

simplified assumption of constant f for these fast 
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nitriding rates is therefore erroneous. This is 

reasonable since the nucleation and growth of stacking 

fault preoipitation is a relatively slow prooess in 

niobium containing auatenites. For example, Borland 

(1969) found that stacAng fault'precipitation'of Y -NbN 

in Fe: Cr: Ni4oNb: N alloys had an incubation period of 

20h and a growth period of 1:: L0200h at 700 0 C- Hence 

j at higher nitriding potentials the amount of stacking 

fault precipitation will be reduced since there is 

insufficient time for nucleation and growth before the 

onset of homogeneous precipitation. Some evidence for 

this suggestion is provided by the hardness profiles of 

the otacking fault precipitate layer. The hardneas 

. 
decreases with increasing depth within the specimen which 

indicates a variation in the stacking fault precipitate 

density throughout the primary layer. 

V-4-o The nitriding kinetics of Fe: 35Ni: Nb alloyB at 500-600 0 C. 

From Figure V-3 the rate of advanoe of the interfaoe 

of the aingle case in Fe. 35Ni: Nb alloys nitrided at 

500-6000C is independent of niobium concentrationg and 

is similar to the rate of penetration of Fe: 35Ni. Lattice 

parameter measurements of these alloys nitrided at 600 0C 

show that the modulated structure behaves as a clustered 

solid solution (Chapter IV), - This unusual kinetic 

behaviour may possibly be explained by a variation of 

0 
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effective surface nitrogen concentration with niobium 

concentration. For example, the wt%N term in equation 

V-4 is no longer the wt%N in equilibrium with Fe: 35Ni 

but the wtýW in equilibrium with the Fe: 35Nl: Nb solid 

solution. Thus since r the overall N: Nb atom ratio 

in the nitriding layer- wt%N 92.8 / wtOjfoNb14 

both the (wt%N) and the (wt? oNb) terms in equation V-4 

cancel out and hence: 

2D oooo V. 7 

The diffusion coefficient of 5-3 x 10- 10 
cm 

2/sec for 

nitrogen diffusion in Fe: 35Ni: Nb alloys nitrided in 

15NH 3 : 85H 
2 and 20NH 3 : 80H 2 

is determined from the 

slope of the graph of case depth squared against 

nitriding time (Figure V. 4) and equation V. 11. This 

value is slightly higher than that obtained by Grieveson 

and Turkdogan (1964-4) i. e. 7. '6 
x 10- 11 

cm 
2 /see, but since 

the diffusivity of nitrogen in austenitic iron reported 

by other workers differs by an order of magnitude from 

that given by Grieveson and Turkdogan (see review by 

Grozier, Paxton and Mullins, 1965) the present value 

seems reasonable. 

V-4#d The nitriding kinctics of Fe: 35Ni. 

Fe: 35Ni specimens were nitrided at 500,600# 700, and 
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800 0C in NH 3 :H2 gas mixtures to give approximate 

constant surface nitrogen concentrations of 0.30 wt%N. 

At temperatures below 800 0C the hardness profiles 

(Figure. V. 10) are similar to those observed in nitrided 

iron (Grieveson and Turkdogan, 1964a). Assuming that 

the nitrogen concentration is proportional to the 

0 hardness, the hardness profiles at 700 and 600 C could 

be analysed by an equation derived by Williamson and 

Adams (1919) for the heating up of a solid slab: 

cs -cx 
ht _. 

ý- (ax _ x2 C, 3 -c0 2D 2 
Otto V. 8 

where C tc and C are theooncentration of nitrogen ax0 

at the surface, at x, and at the 

centre of the specimen respectively, 

h, the nitrogen flux passing through 

unit surface area 

D, the diffusion coefficient 

a, the half specimen thickness 

and x, the thickness of the nitrided layer* 

The values of D calculated from Figure V. 10 at 600 and 

7000C are approximately 1-05 x 10-9 and 1.1 x 10-8cm 2 /sec 

respectively which are an order of magnitude larger than 

the values of 7.6 x 10- 11 
and 8.3 x 10- 10 

Cm 
2 /seo 

extrapolated from Grieveson and Turkdogan (1964a). At 

800 0C the hardness Profile appeared to be too insensitive 

. -P 
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to the nitrogen concentration to be analysed by 

equation V. 8. 

2 

A Plot Of log (the slope of case depth 

squared against the nitriding time) against the 

reciprocal of the nitriding temperature T is shown 

in Figure V. 11. The activation energy derived from the 

slope of this plot is 176.4 + 8,2 kJ /mol (41-7 Kcals/mol) 

which is in good agreement with the value of 

168-44'kJ/mol (40-3 Kcal/mol) found by Grieveson and 

Turkdogan'(1964a) for nitrogen diffusion in pure iron 

austenite. 

V*5 Conclusions 

(a) The nitriding kinetics at 8000C of austenitic 

Fe: 35Ni: Nb alloys in which homogeneous NbN precipitation 

occurs are similar to the nitriding kinetics of 

ferritio alloys where the square of the subsoale 

depth is: 

M proportional to the nitriding time; 

(ii) proportional to the surface nitrogen concentration; 

and 

inversely proportional to the alloying 

element concentration. 

(b) The above relationships hold for Fe: 35Ni: Nb alloys 
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nitrided at 650 to 750 0C 
where a double subscale 

is formed. The kinetios of the double subscale 

can be analysed by a modification of the usual 

equation for internal nitriding. 

(o) The nitriding kinetics of the subscale advance at 

temperatures of 6QO 0C 
and below, where a modulated 

structure is formed, is independent of the solute- 

atom concentration. 

(d) The aotivation energy for nitrogen diffusion in 

nitrided Fe: 35Ni of 176-4 kJol/mol (41-7 Kcal/mol) 

is in good agreement with that found by Grieveson 
(1964a) 

and Turkdogan/in pure iron-nitrogen austenite. 

i 
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Chapter VI 

MECHANICAL PROPERTIES OF NITRIDED Fe: 35Ni: Nb ALLOYS 

VI. 1 Introduction 

Previous work by. Roberts (1970) has shown that a 

high hardness and yield stress are developed_. by the 

G. P. zone structure in nitrided Fe-Nb alloys. These 

properties pexýsist even after-several hours overageing 

I- _n at temperatures Approaching 700-C. 

hardness and yield stress decreases 

at 800 0C with the formation of the 

precipitate, and decrease still fur 

formation of Y-NbN (Figure VI. 1). 

However, the 

rapidly after ageing 

Fe 
16 

N. -type 

ther with the 

Kindleman and Ansell (1970b) have shown that the yield 

stress and tensile stress of nitrided austenitic 

Fe: lBCr: Ni: Ti alloys: 

(i) increased with Ti content; 

(ii) decreased with increasing specimen thickness due 

to a variation in the interparticle spacing and 

particle size with depth; 

and 

decreased with increasing test temperature. 
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Kindleman and Ansell (1970b) also noted that grain 

'boundary precipitation of CrN in the nitrided layer 

led to porosity and embrittlement after hydrogen reduction. 

VI. 2 Experimental 

Tensile specimens of Fe: 35Ni and Fe: 35Ni: 0-59 

.0 and 2. ONb alloys were prepared with gauge lengths 

of 10 and 25mms thicknesses of 0-159 0.30.0-50 and 

1.25mm and widths of 5- and 12-5mm" and were annealed 

for 0-5h at 9509 1050,1150 and 1200 0C 
respectively. 

Further specimens of Fe: 35Ni: 0-2Nb alloys were annealed 

for different times and temperatures to give a range of 

grain sizes. The grain size was determined by a linear 

intercept method and the resulting value multiplied by 

a factor of 1.65 (after Lements et al, 1954). 

The mechanical properties of nitrided Fe: 35Ni: 0-2Nb 

alloys were determined after nitriding for different times 

in:. 1NH 3 : 
99H 2 and 5NH 

3 : 
95H 2 at 8000c; 1ONH 3 : 90H 2 at 

600OC; 'and after hydrogen reduction of specimens nitorided 

for 5 and 16hrs at 800 0C in 1NH 3 : 
99H 

20 

The effect of test temperature upon the mechanical 

properties was determined for Fe: 35Ni: 2Nb nitrided for 

95hrs at 800 0C in 1NH 3 : 99H 
20 
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The meohanical properties are also determined for 

Fe: 35Ni: Nb alloys nitrided in 1ONH 
3 : 

90H 
2 at 600 0c 

after 95% prior deformation. 

VI-3 Results 

Figure VI. 2. shows typical stress strain curves for 

annealed Fe: 35Ni and nitrided Fe: 35Ni: 0.0 and O-5Nb 

alloys. In all cases the stress-strain curves exhibit 

no yield point. After. an initial rapid rate of work 

hardening the flow stress of Fe: 35Ni and Fe: 35: Ni: N 

levels off, and there is no significant difference between 

their initial rate of work hardening (7-5 MNm-2 for 

0-05-0.29 15 and 19 MNm-2 for 0-1-0-5 and 40 and 

46 Mm -2 for 1.0-5.0 elongation respectively for similarly 

annealed specimens) and the difference in'flow stress is 

attributed to the friction stress of nitrogen. The 

nitrided Fe: 35Ni-90-5 Nb alloy at 800 0C 
shows an increase 

in both the flow stress and the rate of work hardening 

compared with Fe: 35Ni. 

The variation in the 0.2ýo proof stress 6f at 

2980K with grain Bize d in 'Fe: 35Ni is shown in 

Figure VI. 2b and obeys the Hall-Petch relationship (Hall, 

1951; Petch, 1953); equation VI. 16o 

6fw60+kd 0000 
viol 
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where the flow stress. 6' is determined as 191 +8 JjNm-2 
0 

and ky, a constant, as 0-44 ± 0.10 d-4 MNm-4. 

The friction stress determined from the 0.2% proof 

stress for interstitial solid solution hardening of 

nitrogen in austenitic Fe: 35Ni increased with 

decreasing grain size (Pigure VI-3a) from 336 + 44 to 

462 + 38 MNm-2 wtýW-l for grain sizes of 0.082 to 

0-052mm. 

The variation in the 0.2'115 Proof stress of Fe: 35Ni: Nb 

with niobium content is 33 ±4 MNM-2 wtýWb- and is 

-2 1 
similar to the value of 40 TANm wt%Nb`* reported by 

Irvine et al (1969) in austenitic stainless steels 

(Figure VI-3b). 

Similar observations are made in nitrided Fe: 35Ni: Nb 

alloys to those made by Kindleman and Ansell (1970b) in 

nitrided Fe: l8Cr: Ni: Ti alloys where the 0.2ý, o' proof stress 

decreases with increasing specimen thickness due to a 

variation in particle size with depth (Figure VI-4)- 

Figures VI-5 and Vi. 6b show a deorease in the Ot2%o 

proof stress and an increase in the'ductility with 

nitriding time for Fe: 35Ni: Nb alloys at 8000C in 

lim 3 : 99H 2 and 5NH 3 : 95H 2 respectively due to particle 

coarsening. 
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Figure VI. 6s, shows a decrease in the 0.2ýo proof 

stress with increasing test temperature of Fe: 35Ni: 2Nb 

alloy nitrided for g., ')hrs at 800 0C in 1NH : 99H 32 

Figure VI-7 shows the 0.2ýt proof stress and the 

ductility of undeformed Fe: 35Ni: 0.0 and 0.5Nb alloys 

and Fe: 35Ni: 0-2Nb alloys after 9V6 prior deformation 

0* nitrided for various times at 600 C in 1ONH 3 : 90H 20 

VI-4 Discussion of results 

The variation of the 0,2% proof stress d, of f 
Fe: 35Ni with grain size obeys the Hall-Petch 

relationship (equatibn VI. 1) and from Pigure VI. 2 it 

follows that: 

1 
6f 191 +8+0.44 :t0.10d 2MNM-2 

so** VI*2 

,3 The value of (k 
y) 

in equation IV. 2 of 0-44 NNm 
for FO: 35Ni: O. OIC is similar to that found by 

I 
Sonon and Smith (1965) at 3040K, i. e. 0.48 MNm-2 

in Fe: 33Ni: 15cr: 0-07 (C + N) alloyt and the difference 

in the flow stress of 191 and*114 jalm-2 respectively is 

attributed to the chromium content of these workers' 

alloy. ' 
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The friction stress of nitrogen in nitrided Fe: 35Ni - 

determined from Figure V-3 increased fýom 336 to 462 

MUM-2 with a decrease in the grain size from 0.082 
1 

to 0-050mm- The variation of the friction stress in 

Fe: 35Ni with grain size is approximately 4-37MNm 2 

wt%N- which compares favourably with a value of 
3 

4.76 )ANm 2 wt% (N + C)-ý' for Fe. *33Ni: 14cr alloys 

determined from Sonon and Smith (1965)- The increase 

in ky in nitrided Fe: 35Ni may be due to: 

(i) increased resistance to slip propagation at the- 

grain boundaries into adjacent grains: 

possible changes in the stacidng fault energy 

which increase the stress required for cross-slip; 

, 
(iii) a change in -the shear modulus. 

Haush and Warlimont (1972) have shown that the shear 

modulus (G) of' Fe. *35Ni is a"minimum and increases with 

small changes in the nickel content due to possible changes 

in the electronic structure. Work by Khomenko and 

Tseytlin (1969) has shown that additions of Si, Cr and 

Cu to Fe: 35Ni increases the Young's modulus, and hence 

nitrogen may have a similar effect. However, the change 

in kY of 4-37MNm-i due to nitrogen is much large3Z than 

that which can be attributed to any changes in the 

elastic and shear moduli of Fe: 35Ni due to nitrogen 

-3 (which may be a maximvm of about 0.0810m -: ý). 
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Sonon & Smith(1965)attributed the increase in ky 

in Fe: 33Ni: 15Cr -allpys with the C and N content at 

low strains to an increased resistance to slip propagation 

occurring at the grain boundaries. They also found 

that this increase in ky appeared to be-independent 

of the test temperature'below 155 0 C. Hence the increase 

in the friction stress in Fe: 3511i with grain size may 

be due to an increased resistance to slip propagation 

across the grain boundaries, The effect of any possible 

change in k due to a change in the stacking fault 
y 

energy is probably small (Sonon and Smith, 1965)- 

The friction stress of nitrogen in austenitio 

. 
Fe: 176r: 14Ni was found to be 316 IRIM-2 wtýoN-' which is 

- -2 -1 in good agreement with the value of 336 MNm 17tc in 

Fe: 35Ni for grain sizes of 0.05 and 0.08mm, respectively 

(Roberts and Bergstri3m, 1965). The results of these 

workers are corrected for the nickel and chromium contents 

in Fe'*17Cr: 14Ni but they made no mention of any variation 

in the friction stress with grain size. 

The variation in the 0.2ýa proof stress with the 

niobium content of 33MIm-2 wtýoýb- 
I in Fe: 35Ni is 

similar to the 40MNM-2 wt%Nb- 
1 found by Irvine et al (1969) 

in austenitic stainless steels. This variation is 

independent of the grain size. 
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The variation of the friction stress in 

austenitic Fe: 35Ni with grain size with the 

nitrogen oontent is unusual in that this 

behaviour is not normally found. in f. c. o. 

materials (Embury, 1971) and the behaviour of 

niobium is more normal:. 

The variation in the 0.2ý'o proof stress of 

nitrided Fe. 35Ni: Nb alloys with specimen 

thickness is similar to that observed by 

Kindleman and Ansell (1970)_in nitrided 

Fe: Cr-. Ni: Ti alloys and Woods (1969) in inter- 

nally oxidised Cu: Al alloys. The decrease in 

. the proof stress with specimen thickness is 

attributed to a variation in particle size with 

the nitriding depth (Figure VI-4). The use 

of thin specimens is preferred to electrothinned 
1. 

thick specimens in order to reduce the 

variation of particle size with specimen 

thickness. The latter is due to the difficulty 

of electrothinning Fe: 35Ni: Nb alloys after 

nitriding. 

The decrease in the 0.2Vo P. S. with nitriding time 

of Fe: 35Ni: Nb alloys at 800 0C in 1NH 3 : 99H 2 
(Figure VI-5) 
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is due -to an increase in the particle size (Figure IV-17)* 

The 0,2 P. S. also increases with the niobium content 

(Figure VI-5). 

Various formulae were used in attempts to explain 

the dislocation particle-interaction in nitrided 

Fe: 35Ni:. Nb alloys (see Kelly, 1973; Brown and Ham, 1971)o 

The theoretical and experimental flow stress increments 

A6 for a range of particle sizes of Y-NbN in 

nitrided and in hydrogen-reduced Fe: 35Ni: Nb alloys are 

found to obey a relationship derived by Brown and Ham 

.- 
(1971) for Orowan'looping (Figures VI. 8 and Vi. 9, and 

Table VI. 1). The theoretical value is calculated from 

. 
Brown and Ham's equation and multiplied by a Taylor 

factor of 2 (for Polyorystalline materials) where: 

2 
0.4 Gb ln(2r 

s 
/b) 

Cos (T VI*3 
L (1 2 

where G is the shear modulus of Fe: 35Ni (5.6o x 104MNM-2 

Hausch and Warlimont, 1972); 

b, the Burgers vector (2-55 

the cutoff angle where Alý'is a maximum when 

y. 00; 

Poisson's ratio (0.259; Kaye and Labye, 1968); 

the effective particle radius (where 
3ý 

rs2 r) 

r, the particle radius; 
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Table VI. 1 

The variation of 0.2ýo P. S. ', 6dwith Precipitated radius r 

AlloY Grain wt', '41T ppt 
- 

0.2% P. S. Cal c 45 in ILNM-2 
Size 

mm 
radius r 

R 2 Yxm- ý-G. S. -wt5N A eppt 

Fe. *35Ni: 0-041 . 415 14.65 759 261 191 306 

0-5Nb -130 31.68 609 261 31 316 

-177 75.63 446 261 57 128 

-174 125-79 414 261 56 97 

-155 156-37 372 261 45 66 

Fe: 35Ni: 0.120 -174 18.99 651 231 11 409 

1Nb . 265 59-30 497 231 34 232 

. 279 75-09 483 231 37 214 

. 229 97-72 462 231 25 209 

0.063 . 129 497-50 265 246 0 19 

. 129 920.00 246 246, 0 0 

Fe: 35Ni: 0.168 -411 41.61 570 224 '22 324 

'2Nb -382 62-75 549 224 16 309 

0*113 -386 66-50 537 232 23 281 

0.168 -372 78-03 534 224 14 296 

0-113 . 267 468.14 287 232 0 55 

-304 1062.50 270 232 1 37 

A 
Calculated from A6 6- 191 - 0-44d *2_ (4-38d-i- 178) wt%N 

in solution 
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L, the interparticle spacing (where L 2] r 
S); 

and f the volume fraction of Y-NbN in the nitrided 

Fe: 35Ni: 0-5,1 and 2Nb alloys (0-00565, 

0.0113 and 0.0226 respectively). 

The above relationship is applicable to the flow stress 

increment due to Orowan. looping in elastic isotropic 

materials containing strong particles. This 

-relationship may hold for nitrided Fe: 35Ni: ITb alloys 

since any error due to the anisotropy will be corrected 

for by the values of G and ((, and Y-NbN will remain 

undeformed since its elastic modulus (4-84 x 10- 
51-ANm-2 

; 

Portnoi et al, 1968) is larger than that for austenite 
5 -2 (1-415 x 10 MNM ; Hausch and Warlimont, 1972). 

'Electron micrographs taken from nitrided and deformed 

Fe: 3511i: Nb alloys showed dislocation looping around 

precipitates of Y 
-NbN (Figure VI-10) accompanied by a 

high rate of work hardening (Figure VI. 2a) due to the 

increase in the dislocation density. 

c 

The mechanism of deformation in nitrided Fe: 35Ni: Nb 

alloys containing small coherent particles of Y 
-NbN 

may occur by particle shear due to the lower interfacial 

energy, Preliminary calculations have shown that 

'. 4 

Y-NbN may lose its coherency during deformation for 

particle radii greater than 11 X (from rl: vb/ 9 
where 

is the linear fraction extension). This calculation 

does not account for the effect of interparticle spacing 
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since large volume fractions of precipitates will reduce 

the interparticle spacing and hence give a preferred 

shear deformation. However calculations of the shear 

stress due to coherency hardening or modulus hardening 

of nitrided Fe: 3511i: 0-5.1 and 2Nb alloys for a 

particle radius of 10 gave values (after Kelly, 1973) 

which are higher than those for Orowan looping. 

The variation in the 0.2 proof atress of nitrided 

Fe: 35Ni: 2Nb with the test temperature (see Figure VI. 6a) 

0 
shows a marked decrease between 25 and 200 C, between 

600 and 700 0C 
and a smaller decrease at other temperatures. 

The smaller decrease in the proof stress with temperature 

between 200 and 600 0C 
and above'700 0C can be attributed 

to the temperature dependence of the shear modulus G, 

and is similar to that observed in nitrided Fe: Cr: Ni: Ti 

by Kindleman and Ansell (1970b). The initial deorease 

is similar to that observed by Harding and Honeyoombe 

(1966) between 0 and 3000C in Fe: 35Ni: lTi: 0.10 alloy. 

They also noticed a slight decrease in the proof stress 

.10 
above 00 C but they did not determine the extent of this 

decrease. However insufficient results have been 

obtained to analyse fully this effect. 

The modulated structure formed in nitrided Fe: 35Ni: Nb 

0 
allo'ys at 600 C is very brittle due to the formation of a 

precipitate free zone at the grain boundaries. 
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Plewes (1973) has shown that the mechanical 

properties of the modulated structure formed in 

Cu: gNi: 6Sn alloys can be improved by prior deformation. 

Similar experiments carried out on Fe: 35Ni: Nb alloys 

nitrided in 10: 90 NH 3 :H2 at 6oo 0C after 95% Prior 

deformation (Pigure Vf-7) showed only a small improvement 

in the ductibility, and a proof stress of, -4 1000IMM-2. 

The electron microstructure of these alloys was highly 

dislocated with a cell size of 5000 R 
and a fine 

dispersion of Y-NbN. The appearance of a cell 

structure might indicate that the Fe: 35Ni: Nb alloys 

. .. undergo recovery during nitriding at 600 0 C. Rosenbaum 

and Turnbull (1959) found that cold work prior to ageing 

. 
Al: Si alloys promoted precipitation within the 

precipitate-free zone formed in the undeformed alloy. 

For this reason cold work may have reduced the precipitate- 

free zone in nitrided Fe: 35Ni: Nb alloys., 

The mechanical properties listed in Table VI, 2 show 

the 0.2% proof stress, the tensile stress and elongation 

of nitrided Fe: 3511i: Nb alloys. The tensile stress 

increases with decreasing Precipitate size and is often 

associated with a decrease in ductibility. 

VI@5 Conclusions 

Dislooation-partiole interaction of Y-NbN in 



Table VI. 2 

Mechanical properties of nitrided Fe: 35Ni: Nb_alloyi3 

Alloy ýM 
3 

Time 
ý ý hrs 

remp 
0 

.0C 

0.2%P. S. 

kNm! -2 
T. S. 

-2 1ANm 

Elong 
% 

wt%N G. S. 

mm 

P. S 

Fe: 35Ni 0-5 950 232 393 39-7 - . 12 
2 1050 227 349 31-5 . 25 

2 1200 211 350 31.8 -43 
150 539 306 313 0.8 -108 -05 
150 600 341 377 4.0 . 186 -05 
150 650 321 374 -8.8 -138 . 05 
150 700 301 337 5.7 . 126 -05 

10 160 600 373 388 3.0 . 295 -05 
15 800 - 234 342 18-0 -034 . 08 
1 95 800 267 313 7.5 -042 . 08 
11 209i 800 225 343 18.6 -033 . 98 

Fe: 35Ni 2.1 1200 209 386 41-1 -56 
: 0.5Nb 1.5 1150 1 236 401 39-5 -47 

10 333 550 278 287 -3 -04 
10 24 600 742 767 1.0 . 277 . 04 
10 ý64-5 6oo 793 793 .2 -415 . 04 

95%def 
1 

10 23 I 6oo 917 1038 5.9 . 278 
of 10 73 600 950 1066 6.6 . 412 

10 160 600 935 983 -9 . 479 
1 5 800 437 604 14.2 . 167 -04 75 
1 95 800 414 588 17.0 . 181 -04 125 

209 800 375 552 18.2 -155 . 04 156 
t=-15 1 326 800 367 367 .2 . 181 
t=, 25 1 326 800 348 376 1.8 1.210 
t=-52 1 326 800 299 299. .2 0,180 

1 

t-1-25 1 326 800 338 430 12.2 . 180 



Alloy q/NH 
3 

Time 

hrs 
Temp 

- 60C 
0.2ýtP. S. 

imm 
72 

T. S. 

MNm -2 
Elong wt%N G. S. 

mm 

P. S. 

in 

Fe: 35Ni 1-5 1100 241 418 32.0 -. 313 

: 1Nb 2 1200 221 398- 39-5 . 595 
9 51/lfoD ef 10 15 600 988 1114 1.7 . 208 

10 23 6oo -1036 1150 1.1 . 420 
10 73 6oo 990 1070 0-5 . 470 
10 16o 6oo 887 887 0.2 . 576 

84h H2 10 326 6oo 651 651 0.2 . 134 . 063 19 
reduced 1 5 800 497 620 3.2 . 265 . 118 69 

1 97 1 800 481 577 -5.3 . 254 . 118 75 
1 209 800 463 569 6.3 . 229 . 118 93 

t-. 52 1 326 , 800 405 414 1.1 . 269 
t=1.32 1 326 800 371 403 3.3 . 268 

Fe: 35Ni 2 1200 263 483 26.2 . 413 

: 2Nb 1 5 800 570 718 7.4 . 410 . 169 41 
1 97 800 549 675 5.1 . 382 . 169 63 
1 209 800 534 692 7-3 -371 . 169 78 

102h'Hj 1 16 800 287 391 5.8 . 169 467 
reduce - t=-15 1 428 800 537 592 2.4 -386 -113 66 
t=-52 1 428 800 421 448 1-1 -425 
t=1-32 1 428 800 388 428 2.1 . 426 
95%def 10 15 6oo 1017 1265 R-4 . 372 

it 10 23 6oo 1036 1205 1-3 . 380 
if 10 73 600 1115 1118 0.2 . 645 
to 10 16o 6oo 896 896 0.2 . 787 

22 0C 1 95 800 380 380 0-3 
1930C 1 95 800 288 329 0.8 

0 400 C 1 95 800 312 317 0-4 
5900C 1 95 800 248 248 0-3 
698 0C 1 95 800 100 100 0.2 
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nitrided Fe: 35Ni: Nb alloys occurs by the Orowan 

mechanism. 

The nitrided structure of Fe: 35Ni: 2Nb maintains 

a 0.2ýo proof stress greater than' 200IONm -2 at temperatures 

up to'700 0 C. 

Prior deformation marginally improves the 

mechanical properties of the modulated structure. 

The mechanical properties are affected by the 

specimen thickness. 

I 
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Chapter VII 

SUMIARY OF EXPERIMTAL RESULTS 

The present investigation has shown'that three 

_structures 
are formed in nitrided austenitic Fe: 35Ni: Nb 

alloys at 500-800 0C in NH 3 :H2 gas mixtures: 

(i) a modulated structure; 

(ii) homogeneous Precipitation of Y-NbN; 

and 

stacking fault precipitation of Y-NbN. 

The modulat. ed structure is formed by interstitial- 

substitutional solute-atom clusters in 1ý100) matrix 

directions on (1001 matrix planes in nitrided 

Fe: 35Ni: l and 2Nb alloys at nitrogen potentials which 

exceed the modulated structure solvus and below the 

maximum solvus temperature of 750 0 C.. The morphology of 

the modulated structure is similar to that of spinodally 

decomposed Cu: Ni: Fe alloys (Daniel and Lipson, 1943; 

Butler and Thomas, 1970) and is associated with the presence 

of "side-bands" about the matrix reflections in X-ray and 

electron diffraction Patterns, Since nitrogen atom 

diffusion in austenitic Fe: 35Ni: Nb alloys is several 

orders of magnitude faster than the niobium atom diffusion, 
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the formation of clusters is probably controlled by the 

short-range atom diffusion of niobium. As the clusters 

overage, excess iron and nickel atoms are rejected in 

favour of niobium atoms until the niobium: nitrogen 

atom ratio in the clusters approaches 1: 1. The 

coarsening rate of the modulated structure is controlled 

by niobium atom diffusion. 

Outside the modulated structure solvus, or as the 

modulated structure overages in Fe: 35Ni: Nb alloys 

nitrided at 550 to 750 0 C, homogeneous precipitation of 

Y-NbN occurs in a periodic array in order to minimise 

Ahe bulk strain energy. The orientation of Y 
-NbN and 

the matrix shows a oube: cube relationship. The initial 

spheroidal precipitates of Y-NbN overage to form 

octahedra with their facen parallel to fill) matrix 

planes. The appearance of Y-NbN precipitates in 

bright field electron micrographs is accompanied by a 

decrease in the nitrogen content and the gradual 

disappearance of strain contract in electron 

microstructures. 

As the octahedra of Y-NbN overage they lose 

coherency and transform to Platelets parallel to (100J 

matrix planes when the geometric interfacial energy 

becomes a significant factor. Calculation of the 

interfacial energy of Y-NbN gives an approximate 'value 
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of 600 ergs/cm 
2* 

It has also been shown that the precipitate size 

of Y-NbN formed at 800 0C in nitrided Fe: 35Ni: Nb alloys 

varies with specimen thickness. Also after prolonged 

ageing or hydrogen reduction of nitrided Fe: 35Ni: Nb 

alloys the formation of oxynitrides occurse 

The present study is complicated by the formation of 

stacking fault precipitation of Y-NbN mainly at 

6"10-750 0C at the advancilig nitriding interface in nitrided. 

.- 
Fe: 35Ni: Nb alloys. Stacking fault precipitation occurs 

when the niobium concentration exceeds the nitrogen 

- concentration and is a relatively slow Process. For this 

reason the density of stacking fault precipitates varies 

with the specimen thickness, with alloy content and with 

nitrogen potential. Due to the relatively slow increase 

in the nitrogen concentration at the centre of Fe: 35Ni: Nb 

specimens, nitriding at 650-750 0C 
gives both stacking 

fault and homogeneous precipitation of Y-NbN before the 

nitrogen concentration exceeds the modulated structure 

solvus. The present system is therefore not an ideal one 

in which to study modulated structures formed in nitrided 

austenitic Fe: Ni: X alloys, 

The present investigation shows that the dislocation- 

particle interaction which occurs in nitrided Fe: 35Ni: Nb 
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alloys is of an Orowan type. Further, the solution 

hardening which occurs i's affected by the grain size. 

The 04o proof stress decreases with temperature and 

decreases with increasing specimen thickness due to a 

variation of particle size with depth. The mechanical 

properties of the modulated structure are marginally 

improved by prior deformation. 

Because most of these studies were preliminary 

investigations, further work should be carried out to 

determine: 

(i) the effect of a range of prior deformation on the 

properties of the modulated structure; 

(ii) the high temperature properties of nitrided 

Fe: 35Ni and Fe: 35Ni: Nb alloys compared with 

unnitrided Fe: 35Ni; 

and 

(iii) the variation in the 0.2% proof stress with nitrogen 

content of Fe-35Ni compared over a range of 

grain sizes. 

Lh6 nitriding kinetics for all alloys are explained T 

by a previously reported mechanism for internal oxidation 

and are controlled by nitrogen diffusion. 
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Appendix I 

PRECIPITATION IN Fe: 35Ni: Nb ALLOYS 

Introduction 

An investigation was carried out to determine whether' 

the precipitation of any second phase occurred in 

Fe: 35Ni: 0-5-2Nb alloys during ageing at 700 and 800 0 C. 

The effect of nickel additions to iron-niobium 

alloys is to increase the solubility of niobium in 

austenite (Leith and Chaturvedi, 1971) and promotes the 

formation of Ni 3 Nb (Pread and Borland, 1969; Leith and 

Chaturvedig 1971) at the expen'se-of the Laves phase Fe 2 Nb, 

Kirman (1968) has determined the effect of nickel content 

upon the precipitated phase Fe 2 
Nb and Ni 

3 
Nb in 

Fe: 15Cr: Ni: 2-5 and 5Nb alloys (FigureAI. 1). Since 

chromium promotes the formation of Fe 
2 

Nb in Fa: Cr: Nb 

alloys (Voles and West, 1973) the exact location of the 

phase boundaries in Figure AI. 1 may be moved to lower 

nickel contents in the absence of chromium. 

The mode of precipitation of the second phase in 

austenitic Fe: Ni: llb alloys may occur by a process of 

clustering (Ivanushkina and Livshitz, 1957; Manenc, 1969) 
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. -, nd the formation of a metastable precipitate, either 

f. c. t. yI (Manenc et alp 1968; Manenc, 1969; Faive, 1969) 

if 
or b. c. t. Y (Pread and Borland, 1969) prior to the 

formation of the equilibrium Precipitates of orthorhombic 

Ni 3 Nb and hexagonal Fe 2 Nb (Pread and Borland, 1969). 

Manenc (1969) found that the formation of clusters and 

is associated with a periodic structure, and side-bands 

in 'Fe: 30Ni: 5Nb alloy aged at 550 0C 
and that this 

transformed to platelets of parallel to J100) 

planes upon overageing at 650 0 C. Borland (1973) and 

Pread and Borland (1969) found that'" Y4 overaged to 

Ni Nb in the matrix of Fe: 40Ni: 6Nb at 775 0C and to 3 

grain boundary precipitation of Fe 
2 
Nb after prolonged 

age ing. 

Leith and Chaturvedi. (1971) identified a sequence of 
0 

precipitation in Fe: 30Ni: Nb allOYs at 700 and 800 c 

similar to those observed by Pread and Borland (1969) in 

Fe: 40Ni: 6Nb alloys at 775 0 C. However. -Leith and 

Chaturvedi (1971) determined the phases formed in 

Fe: 30Ni: Nb alloys at '100 and 8000C from powders and 

electron microspecimens which had been annealed and aged 

in evacuated silica capsules. Work by Ramstead, 

Richardson and Bowles (1961) and'Bell, Hetherington and 

Jack (1962) has shown that silica maintains an Oxygen 

potential at temperatures of 7000C, and hence the 

discrepancy between the phases identified in the French 
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work and the others may be due to oxygen. 

1.2 Experimental 

I 
Fe: 12,18 and 25Ni: 1 and 2Nb alloys were 

prepared from the master alloys by orgon-arc melting. 

The Fe: Ni: Nb alloys were solution treated in either 

I 
-evacuated silica capsules, or an evacuated alumina 

capsule with a zirconium getter and then aged at 700 and 

800 0 C. 

1-3 Results and disbussion of results 

X-ray examination of Fe: Ni: Nb alloys aged in silica 

capsules showed a face centred cubic phase of lattice 

parameter 4.46 (Figure AI. 2). ' This phase is reported 

by Leith and Chaturvedi (1971) as Ni 3 Nb and Ve2Nb where 

the intensities of the reported lines are such that they 

cannot be attributed to either of these phases. X-ray 

investigation of Fe: Ni: Nb alloys annealed and aged in 

alumina capsules shows that the Laves phase Fe 
2 

Nb is 

formed in Fe: 12,18 and 25Ni: l and 2Nb alloys where 

the intensities on X-ray diffraction Patterns decreases 

with nickel content; traces of the Laves phase are seen 

in the aged Fe: 35Ni: Nb alloys. X-ray photographs 

taken from Fe: 35Ni: Nb alloys aged in hydrogen at 700 
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and 800 0C showed the same f. c. c. phase which is found in 

Fe: Ni: Nb alloys aged in silica. 
C; 

The f. c. c. phase occurs as coarse particles in the 

grain boundaries and in the grains of Fe: 35Ni-*2Nb aged 

for 160hrs in a silica-capsule at 800 0C (Figure AI. 2). 

The electron microstructure of the centre of the same 

specimen is shown in Figure AI-3, and is similar to that 

observed by Manenc (1969) at 550 0C in Fe: 30Ni: 5Nb alloy. 

The electron microstructure of Fe: 35Ni: 2Nb aged in 

0 
alumina capsule for 88hrs at 800 C indicates no fine-soale 

precipitation in the matrix (Figure AI-3) but some coarse 

particles in the grain boundaries are attributed to the 

Laves phase Fe 2 Nb. 

Careful monitoring of the oxygen content of hydrogen 

by a zirconium getters placed before and after specimens 

in the nitriding apparatus has shown that the water vapour 

pressure varied between 0.1 and 10 p. p. m. From the 

standard free energy of formation of oxides as a function 

of temperature (IRichardson and Jeffes, 1948) neither 

iron nor nickel oxides are stable at 700 and 800 0C in 

water vapour pressures of 10 p. p. m. or less but niobium 

oxides are stable. No weight gain is recorded-for 

Fe: 35Ni: ITb alloys aged in alumina capsules but a weight 

gain of 0.06wtýo is found in a large 0-15mm specimen of 

Fe: 35Ni: 2Nb aged in silioa for 160hrs at 800 0C where the 
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niobium to oxygen atom ratio in the oxidized layer is 

about 1: 1. For these reasons the f. c. o. phase is assumed 

to be a f. c. c. niobium oxide most probably containing 

nickell i. e. (Nb, Ni)O. 

Work by Turnock (1966) on Fe-Nb ocides at higher 

oxygefi potentials found only higher niobium oxides and 

mixed Fe-Nb oxides. In the present investigation it is 

proposed that either NiO and NbO are completely miscible, 

or that some of the vacant sites in the defective NaCl 

structure of NbO reported by Brauer (1941) are filled 

-. with Ni and excess 0 in a random manner. This may 

then explain the difference in the lattice parameter from 

4-20 X for NbO to 4.46 R 
and the change in the unit- 

cell symmetry from simple cubic to face-centred cubic. 

1.4 Conclusions 

Only the Laves phase Fe 2 
Nb is precipitated in 

Fe: 35Ni: N alloys at 700 and 800 0 C; 

A f. c. c. phase is formed in Fe: Ni: Nb alloys 

aged at 700 and 800 0C in a low oxygen potential 

in silica capsules and hydrogen; 

(iii) The f. c. c. phase is Probably a mixed oxide of 

NbO and NiO; 

(iv) Previous work on tho Fe: Ni: Nb system ignores the 

presence of oxygen and it seems possible that the 

reported phases and structures may be stabilized 

by oxygen. 
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Appendix II 

NITRIDING OP Fe: Ni ALLOYS 

Introduction 

The effect of increasing nickel content in iron is 

to reduce the solubility of nitrogen in ferrite (Imai 

et all 1966) and in austenite (Wriedt and Gonzalez, 1961; 

Heckler and'Petersong 1969; Atkinson and Bodsworth, 

1970)- Atkinson and Bodsworth (1970) have determined 

the following relationship for the variation of 

nitrogen content in nitrided Fe-Fe: 15Ni alloys at 

660 to 810OC: 

log aN - 109 NN 789 + 3-65 + 2.422NN, AII-1 
- 5'N T 

where aN is the activity of nitrogen in austenite 

(a 
N 

JP_N2) 

P112 is the effective partial pressure of 

nitrogen in ammonia-hydrogen gas mixtures 

N. is the atom fraction of nitrogen in nitrided 

Fe: Ni alloys; 

HN, is the atom fraction of nickel in nitrided' 

Fe: Ni alloys ; 

and T is the nitriding temperature. 
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Log (N 
N 

5N 
N 

is used since a plot of log aN 

against log NN is non-linear. Where this term is 

based upon a geometric exclusion model on the premise 

that the strain field associated with each interstitial 

atom excludes from occupance a fixed number (4) of 

adjacent interstitial sites and orily applies to 

nitrogen concentrations up to '; ý'2-5wtýo- 

I Howevert this relationship may not apply to higher 

nickel contents since VIriedt and Gonzalez (1961) found 

that the heat of solution of nitrigen in austenite 

varies with the nickel content (from -3200cals/gm atom 

in pure iron to +3900 oals/gm atom in Fe: 41Ni 'alloy). 

- Further, Heckler and Peterson (1969) have shown that the 

activity coefficient of nickel in nitrided Fe: 0-35Ni 

alloys a,, in equation 11.1 varies with the nitriding 

temperature: 

24 log 'Ili 
L 0.0056] **ei> AIIo2 

For these reasons a limited study was made of nitrided 

Fe: 11i alloys and Fe: 35Ni to determine the variation of 

nitrogen content with the nickel content and with the 

nitrogen potential at 600 to 800 0C re. spectively. 

Three phases have been found in nitrided FG: Ni 

alloys: Y'-(Fe, Ni) 4N 
(Arnott and Wold, 1960; Atkinson 

rx 
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and Bodswortht 1970); hexagonal Ni 
3N 

(Arnott and Wold, 

1960); and S -Fe 3N 
(Atkinson and Bodsworth, 1970). 

Arnott and Wold (196o) found that Yý-(FejNi) N formed 4 

in nitrided Fe: Ni. alloys at 50C as a wide range 

of nickel solubility (0-80atýoNi)'. Lehrer (1930) has 

shown that 6 is formed in austenitio iron at 

temperatures above 650 0C 
nitrided with NH 

3 :H2 ratios 

greater than 10: 90 (Figure II. 1). Atkinson and 

Bodsworth (1970) found-that E-Fe 
3N is formed in 

Fe: 0-15Ni alloys nitrided in NH 3 :H2 at 660. -810 
0 C. 

- 11,2 Experimental 

Fe: 8,12,18,25,409 and 47Ni were prepared by 

argon-arc melting pure iron and nickel with Fe: 35Ni. 

Thin electron miorospeoimens of Fe: Ni were hydrogen 

annealed for 16hrs at 9000C and then the ammonia turned 

on and the specimen allowed to cool to the nitriding 

temperature. The Fe: Ni alloys were nitrided in this 

manner at 539,600,657,7009 7509 and 800 0C 
and their 

nitrogen contents determined by weight gains and analysis, 

One of the difficulties involved in this study is the 

time required to "through"-nitride the higher nickel*alloys 

at 600 0C (at least 100hrs in 1ONH 3 : 90H 2)' Fe: 35Ni was 

nitrided in different NH 3 :H2 gas mixtures at 6009 700* 

800 0C and the nitrogen contents determined by weight gains. 

X-ray specimens of Fe-Ni were nitrided in higher nitrogen 
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potentials at 600,700, and 800 0 C. 

11-3 Results 

The weight gains of Fe: 35Ni nitrided at 700 and 

800 0 C' are shown in Figure V. 9. At nitrogen potentials , 

greater than 7NH 3 : 
93H 

2 
the-nitrogen content of 

Fe: 35Ni continued to increase with nitriding time, and 

the value shown in Figure V. 9 is the amount of nitrogen 

in solution (determined by the initial decrease during 

hydrogen reduction). Electron microscopic examination 

of nitrided Fe: 35Ni showed small amounts of grain 
0 

boundary precipitation, At 800 C the weight gain of 

. nitrided Fe: 35Nj remained constant at nitrogen 

potentials greater than 15NH 3 : 
85H 

2* 
This is attributed 

to the formation of a thin surface layer of a nitride 

which inhibits any further nitride formation. X-ray 

examination of Fe: 11i alloys nitrided at 8UU 0C in 

30NH 3 : 
jUH 

2 showed 6 
and Y' where the intensity of 

appropriate refleotiona in X-ray photographs decreased 

with increasing nickel content. The unit-cell dimension 

of YI decreased with increasing nickel content but this 

phase might have been formed on cooling, Similar 

observations were made of a decrease in the unit-cell 

dimensions of & with increasing nickel content. 

Purthermorev the X-ray reflections of el- disappeared in 

X-ray photographs taken from nitrided Fe: 35Ni specimens 
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I 

where the surface layer had been removed by 

electropolishing. ' At lower temperatures only 
Y/ WaG 

identified in Fe: 35Niq and 6 and 
YI were identified 

in the lower nickel alloys. 

11-4 Discussion of results 

The solubility of nitrogen decreases with increasing 

nickel content and the results are summarised in 

Table AII. 1- Since a plot of log N"against N Ni is 

non-linear these results are analysed by a plot of 

log (N11 - 5N) against N,, 
3. 

(Figure AII. 1) where 

the slopes of these plots at different temperatures are 

shown in Table AII. 1 and the average value of the 

interaction parameter is -3-125. The variation in the 

interaction parameter is such that there appears to be 

no variation with the nitriding temperature within the 

limits of experimental error and is contrary to the 

observations of Heckler and Peterson (1969). The value 

of the interaction parameter is higher than the 2-422 

obtained by Atkinson and Bodsworth (1970). The solubility 

of nitrogen in Fe: 35Ni increases wýth the nitriding 

potential at 600,7009 and 600 0C 
and a plot of log 

N against log JP_N2 (Figure AII. 2) is linear 
- 5N 

and the alopes at 700 and 800 were 0.440, and 0.453 

respectively. For this reason Henry's Law is not obeyed 
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Table AlI. 

T; itro,, -en, solubility in Fe: Ni alloys at different te. T 

T emp 
20 

;0c 

wtc"N for Ne: Ri 

f. 80 : a. 11 12.01, 18-49ý' 

alloys 

'. 6 9 24-85ý3ý ý140-93'; 47-0 
slop, 

812 539 . 516 4 S9 3 . 562 . 448 1 . 343 . 108 1 - 074 . 016" 4P ý'I 

5.0 il 498 601 -949'-973 
ý-791 

. 526 -365 1B6 -1W . 065 -ý. 11721 

3.7 0692 657 . 907 . 915 1 . 688 . 461 j . 265 . 138 . 087i . 039' -3-3554 

2.5 1 61 'I C) 5 -'32 . 622 1 
. 491 . 264 . 212 . 126 -094ý . 047i -2 . 7901 ý 

1.8 1120 749 -342 . 349 . 285 . 163 082 1 . 072; . 032. -2.9754 

-0 5628 5 700 1 . 057 1. o6 863 . 614 -41,9 . 169 1171 . 042 3- 2048, 

.0 57,91ý 3 800 . 475 588 . 462 434 .2 39 . 113 i9 . 082 052 3- 00 52 

whe re 
10 40079T 

0g 
F) 71 log -hog p li -2-Z, n3 IV2 AII. 1 NH 

3220 

(frow Yubaschcv,,, ski and -Evanss, 1958) 

I (b) Litrogen solubility in Fe: 35"l'--_at_di'Lferont nitriding potential-3 

Temp 

00C 
slono 

600 5.0 110 3 

. 143 311 

700 l, "I'H 
3 0.07: 0.5 1 2.5 5.5 7.0 ; 10 

120 
0-4 4fl) 1 

t ýN-l -035ý . 094 . . 126 
iI 

. 193 . 262 -2951-567 
800 3 0.5 1.0 2.0 4.5 10 1 0-4528 

vi tc 074 
1 

087 . 121 . 143! *9741 
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and the average activity coefficient is 0.446. The 0 

temperature dependence of nitroCen solubility is 

determined from values of nitrogen solubility in nitrided 

' 5' i at di-erent tempe-ratures and is expressed by: Fe 

0.446 log 
fp,, 

+ 1652 - 3.600 -3.125 N .. ATI. 3 Ni 2T 

where the maxiinum deviation of the calculated value from 

the observed value differed by " 0-05wtc/",, Iq at low 

nickel contents. For this reason it appears that the 

heat of soliition iýiay chan6e with the nickel content in 

accordance ;, -ith the observations by Wriedt and Gonzalez 

(1()61). 

-1, e 3N is formed at -the surface of Fe: 35J Ni 
0 

-4 nitrided at t, -, r--,,, eratures above 700 C, and Y-Fe I is 

probably formed at the grain boundaries at 700 0C 
and 

lower tem. peratures. The unit-cell dimensions of 9 and Y' 

decrease with increasing nic. 1kel content and so also does 

the am. ount of nitride formed under similar conditions. 

concj UO olls 

f Jýi The nitroý, -en solubility o. alloys decreases 

with iixrea,,, ing nickel cont r TI 
Uent. -he relationship 

derived by Atkins(In and Bodsworth could riot b(: ý applied 



to the higher nickel. alloys and an approximate 

relationship is given to explain the variation of 

nitrogen content in Fe: 8-47M alloys. 

Both fý an d Y" are formed in nitrided Fe: Ni 

alloy S. 

9 

I 
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