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PREFACE 

This dissertation deacribes original work vil-ich 

has not been submitted for a degree at any other 

- University. 

,, ations viere carried out in the The investis 

Department of 1.1, etallurgy of the University of Revicastle 

upon Tyne during the period October 1969 to Septem"ber 1972 

under the supervision of Professor X. H. Jack and 

Dr. P. Grievecon. x- 

The main part of the theois describes a study 

of precipitation in iron-tunasten-nitro-en alloys . -. nd 0 Cý 
is part of a wider investigation being carried out at 

Neucastle on the effect of substitutional alloying C. > 
elementa on the behaviour of interstitial solutes in 

iron. 

Subsidiary topics are discussed in three 

appendices. 

9. 

Now Professor of Metullur8y at the. University of 
Strathelydep Glasgow. 
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ABSTRACT- 

Precipitation in iron-tungsten alloys containing 

nitrogen as the. predominant interstitial constituent is 

studied by a variety of techniquos including X-ray methods, 

optical metallography and electron microscopy. 

9 
Investigations into the tungsten-nitrogen system Q0 

show the marked effect of oxygen on the formation of 
tungsten nitrides. Q 

"Constant activity nitridin., 11 of i=on-tungsten alloys 

containing up to 9-3 wt. 1; 4W produces as many as s'ix different 

equilibrium tungsten or iron-tungsten nitrides and oxy- 

nitrides. The phase produced depends upon the tungsten, 

nitrogen and oxygen potential as well the the temperature. 

Alloys containing more than about 4.0 Nit. 1,146 tungsten 
0 nitrided at 590-640 C in appropriate nitrogen potentials 

exhibit a precipitation sequence 

GP zones - 
intermediate ---- equilibrium 

precipitate precipitate 

The transition from zones to intermediate precipitate occurs 
by a continuous ordering process in which tungsten atoms 
replace those of iron in certain sites. The final stage 

f 

occurs discontinuously. 6 
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Tungsten concentrations or nit. -ogen potentials 

lower than the critical values prevent rapid homogeneous 

precipitation and the intermediate phase is precipitated 
heterogeneously. 

Metallographic studies of quenoh-aged tungsten- 

nitrogen-ferrites demonstrate that tungsten has a 
negligible effect on the Para-preoipitation of iron 

nitrides. 
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INTRODUCTION 

Small amounts of manganese together with nitrogen are 
known to improve the tensile strength and creep resistance 
of iron (Baird and Jamieson, 1963; Forrest and Hopkin, 1963; 
Baird and Mackenzie, 1964; Hopkin, 1965; Baird and Jamieson, 
1966). An investigation at Newcastle showed that these 
improvements were at least partly due to the precipitation 
of manganese nitrides (see Pipkin, 1967). 

More recentlyp similar investigations in the Fe-Mo-N 

system (see Speirsj 1969; Speirn et. al., 1971) and the 
Fe-lib-11 system (see Roberts, 1970) have produced materials 
of surprisingly high hardness. Although tungsten is not 

a common addition to steels, its behaviour on nitriding is 

in some vayB similar to that of molybdenum. It was therefore 
thought that a systematic study of the precipitation of 
nitrides in iron-tungsten alloys might prove useful. 

Any examination of a ternary system requires knowledge 

of the three component binary systems. Although the phases 
occurring in the Fe-141 and Fe-YI systems are well establishedt 
many uncertainties exist in the 11-11 system. Consequently 
a short study of the latter was undertaken in order to 
provide background information for the main topic. 

The techniques used in the'investigation include 
electron microscopy, X-ray diffraction and optical 
metallography. In addition, the application of thermodynamic 
pr inciples, in particular the concepts of local and metastable 
equilibria, is necessary for the interpretation of results. 
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Chapter I 

PREVIOUS IMSTIGATIOITS 

Iol The iron-nitrogen 2hase diagram 

Figure I. 1 shows the iron-nitrogen phase diagram 
(Jack, 1951a) in which there are five stable phases 
(cx- nitrogen ferrite, ý- nitrogen austenitev ý' - Fe 4 ITO 

C- "Pe 1111 and Fe 11) and two metastable phases* 321 
(o(' - nitrogen martensite and Cý - Fe 16 IT 2 Table I. 1 

summarises the characteristics of each phase. 

The solid solutions of nitrogen in ferrite and 

austenite are isostruotural with their carbon equivalents 
but some differences between the behaviour of carbon and 

nitrogen are significant. In particular the maximum 

solubility of nitrogen in ferrite is about 0.1 wt. ýfo i. e. 

about an order of magnitude greater than that of carbon. 
The solubilities of Fe 4 11 and Fe 102 in ferrite, together 

with that of molecular nitrogen at a pressure of one 
atmosphere are shown in Figure 1.2. Ilitrogen-austenite 

exists down to 590 0C at which temperature it contains 

2-35 wt. tj!, nitrogen. 2 

61- Fe 4 11 has a face-centred cubic arrangement of 
iron atoms like austenite, but the nitrogen atoms are fully 

ordered and occupy one quarter of the available octahedral 
interstices (see Figure 1-3). 

? 
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The E -phase uhich extends f rom about 5 to 11 -1 'v-lt -cit 
nitrogen, that is approximately Fe it to Fe lit has a close-, * a42 
packed hexagonal arrangement of iron atoms. Orthorhombic 
9- Fe 2 IT is a distorted modification of C formed by a change 

in the nitrogen-atom ordering. The r: -phase. shovis ordering 

over its complete homogeneity range and the E-9 transition 

is from one ordered nitrogen-atom arrangement to another 

equally ordered but different arrangement which causes an 

anisotropic distortion of the iron-atom lattice. The 

relationships between the hexagonal 6 unit-cell dimensions 

. at and cE and the orthorhombic S dimensions a. S 
an dc are: 

Rý= r3 .C; hS - as =a6 

Body-centred tetragonal nitrogen-martensite (c, (') 
is isostructural with carbon-raartensite and is obtained by 

quenching nitrogen austenitc. a Fe IT occurs as an 16' 2 
intermediate precipitate during the tempering of nitrogen- 
martenuite or the aging of supersaturated nitrogen-ferrite. 

1.2 The quench-aging of nitroaen-ferrite 

Dijkstra (1949) showed that at 2500C the precipitation 
of nitrogen from quench-aged nitrogen-ferrite is a two stage 
process. Using X-ray techniques, Jack and Maxwell (1952) 

showed that the initial precipitate was C(II - Fe 16112 ' which 
had been previously characterised by Jack (1951b) during the 
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low temperaturo aging of nitrogen-martensite. 

The structure of Fe 16 
11 

2 can be considered merely as 

eight unit cells of body-centred cubic iron strained 

aninotropically due to the presence of nitrogen (see Figure 1-4)- 

The nitrogen atoms occupy one twenty-f ourth of the "available 

interstices but in such a manner as to expand the lattice 

'here is a consequent small in the c direction only. IL 

contraction of the lattice in the a directions. 

Electron microscope investigations (Bookerg I'Torbury 

and Sutton, 1957; Keh. und 7i'ruidt, 1962, Hale and McLeau, 

1963) confirmed the orientation relationship propo sed. by 

Jach and Maxwell, that - is 

[0011 [0013 

The phase readily precipitates as discs because of the 

excellent lattice "fit" in two directions, and the large 

degree of 'Itaisf it" in the third 1 11ib 

In recent work at Newcastle RobertS#'Gri, --veacn and 
Jack (see Speirs et. al., 1971; see Roberts, 1970) have shown 
that at high oupersaturations and at low temperatures ( -20 0 C), 

precipitation of oc"-Fe 16 11 2 is homogeneous and'oocurs via 
Guinier-Preston zone formation. As the temperature is 

increased and the oupersaturation decreased precipitation 
becomes heterogeneous (see Figure 1-5)- 

Theequilibrium phase el-Fe 
4 11 preoipitates at the 
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expense of o("-Fel6N2 after longer aging times. However it 

also occurs as a grain boundary precipitate during the first 

stage of aging (see Roberts, 1970)o The orientation 
I 

relationship between -Fe 4N and c(-Fe has been shown by 

mehlq Barrett and Jerabek (1934) and Bookerg Norbury and 
Sutton (1957) to be - 

(112) (2 10),, < 
[110) Eooilcc 

and 
V 

grove as plates such that (112)XI is parallel to 

the plate surface. 

1-3 The tungeten-nitrogen system and the effect of oxyden 

The phases reported in the tungsten-nitrogen system 

and tungsten-nitrogen-oxygen system are summarised in Table 1.2. 

Hdgg (1930a) reported the existence of a face centred 

cubic phase whose lattice parameter was a=4.118 M. This 

was confirmed by Kiessling and Liu (1951) who obtained a 
value of a-4-126 i. Khitrova and Pinsker (1959) give the 

composition limits of this phase as YIN - YIII o. 67 * 

8- YIN has a simple hexagonal arrangement of tungsten 

atoms with cell dimensions 
-a=2.893 

R 
and c-2.826 

(Schbriberg, 1954a). 

(IT, 0) has a pseudo-simple cubic arrangement 0.75 
of metal atoms with an ordered defect structure. It has a 



Table -1.2 
Phases exiating in the W-N and 17-N-0 systems 

phase crystal structure unit-cell dimensions references 

P _VINO. 67 -1,7H f. c. c. a=4.126 R Kiessling and Liu 

a=4.12-4-14 X 'hitrova and 
(1951), E 

Pinoker (1959) 

6 hexagonal a=2.893; c=2.826 Schdnborg (1954a) 

6-17 0.75 
(I'T 

10) cubic a-4-122-4-130 Kiessling and (defective) Peterson (1954) 

T., 0.62 
(if 

0,62' cubic a=4.138 KiosBling and 
(defective) Peterson (1954) 

0 0-38) 

I N H 1.2 hexagonal a-2,89; a-15.30 Xhitrova and 
Pinsker (1962) 

811 _NI N H2 hexagonal a=2.89; S=22.85 Characteriaed 
during electron 

H0 64 hexagonal a=2-87; S=11.00 
diffraction of 

. thin foils 

IV-1.11 N H o. 6 hexagonal a=2.89; 0.10.8 - 

1vt IT 0-5 orthorhombic a=2.89; S=16.4 

VI-111 N R 1.2 orthorhombic a=2.89; S=23-35 



6 

similat structure to the face-centred cubic nitride but 

with no tungsten atoms occurring at the (0,0,0) positions 

(Kiessling and Peterson, 1954). The ordered defect 

structure is stable below 850 0 C. On annealing and 

quenching the phase from 890 0Ca face-centred cubic 

structure is obtained because the vacancics are randomly 

distributed. On subsequently annealing the phase belor 
C. > 

8500C the ordered structure returns. The oxygen content 

of the phase is not known, but is considered to be small. 

With increasing oxygen concentration the cubic 
structure becomes more defective. A Phase "'0.62 * 
(NO. 62# 00,38) produced by nitriding either ammonium 

paratungstate or tungsten trioxide has a defeat NaCl-type 

structure where the tungsten atoms occupy the four metal- 

atom sites but with 38P' of them vacant. In this phase the 

vacancies are distributed randomly and hem-- only refections 

expected from a face-centred cubic structure are observed 

on X-ray diffraction patterns (Kiessling and Peterson, 1954)- 

A series of hexagonal nitrides of variable composition 
have been observed in electron diffraction studies of 

nitrided thin tungsten speoimens. These are modifications 

of the simple hexagonal 8 -11H and are identified as 8, to H V, in Table 1.2. They all have unit-cell a dimensions RQ- 
of 2.87-2.89 A with c dimensions varying between 10.8 2 and 
23-35 R (11%. hitrova and Pinsker, 1962). The phases occur 
in localised regions of nitrided tungsten foils and hence 

have only been detected by electron diffraction. 



I 

1-4 The iron-tungsten-nitrop-, en and-related syate 

At least one ternary iron-tungsten-nitrogen phase 

exists; this is ý, -Fe Y1 11. The preparation of ternary 
33 

nitrides having the "high speed steel" eta carbide structure 

was mentioned by Schdnberg (1955). The phase occurred in 

a number of systems including iron-tungsten-nitrogen but 

no details were published. -In a later investigation of 

ternary nitride systems Grieveson (1960) prepared the phase 

-Fe N1 11. As in previous preparations of the binary 
33 

tungsten nitrideaq this phase could not be prepared pure 

In and so the composition was ancsiunn-d by annallogy with tL&o 

corresponding iron-molybdenum-nitrogen phase ý, -Fe 3 Mo 3 N. 

Continuing the analogyq Grieveson attempted to prepare a 

ternary iron-tungsten-nitrogen phase having the ý-r:. anganasc 

structure and isoctructural with Pla-Fe 
7 MO 13 

N 4* 
Ile was 

unable to do so, probably due to the. inability to nitride 

the metal powders completely. P M-M 1 140 occurs in systems 
17 

13N4 
where M" Un, Fe, Co or Ni and replaces the ý2 -carbide 

I Ito 0 in the equivalent carbon systems (Evans, 1957; 112 4 
Grieveson, 1960). 

Ternary eta-phasee also exist where the interstitial 

atom is oxygen (Schbnbergl 1954b). Grieveson (1960) 

prepared several eta-oxide phases of slightly smaller unit 

cell dimensions than had been obtained for 7? 1-carbides and 

nitrides (see Table 1-3) but Nutter (1969) showed these 

phases to be of composition Ill 11 11 (O, C*N) which he 12 12 
designated as ý3* 



Table 1.3 

Lattice parameters of some 27-2hases 
4ý 

phase unit-cell dimensions references 

Fe 3 Id 3 IT a=11-095 Grieveson (1960) 

Fell C 33 a-11.08 kX Westgren 1933 ý ý 
Krainer 1950 

Fe 3 Mo 3 IT a-11.065 11-095 Evans (1957) 

Ni 3 Mo 3 IT a-11.020 11.027 Grieveson (1960) 

Ni 3 Mo 3C a-1 1 -05 Xuo (1953) 

Fe 676C a=10-934 Lociejewioz (1964) 

Ni 6"060 a=10.893 Fraker (1967) 

12 40 12(o C N) a=10.889 Nutter (1969) 
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No systematic study of the precipitation of tungsten 

nitrides in iron has been reported in the literature. 

The precipitation of carbides in iron-tungsten-carbon 

martensite has been studied-by Davenport and Honeycombe (1967)- 

The phase transformations and metallography are similar to 

those observed in iron-molybdenum-carbon secondary hardening 

steels. The precipitation sequence on aging a 

Fe-6 wt. ýA'r - 0.2 wt., jIf6C alloy at 500-700 0C after quenching 

to martensite is 

re 
3cý I'll FC, ýl 

3c 

yr 2C is close packed hexagonal with a-2.990 
R and 0=4.710 

and grows as needles in ferrite. The orientation relationship 

is identical to the Pitach-Sohrader relationship suggested for 

6-carbide in ferrite, that is 

(011), 
0( 

11 (001)VI 
2 c; (01 r)o( 

11 
(0 10 ), u 

2c; 
(100)0( 

11 (270)71 
20 

and the growth direction is 4100> 

Precipitation studies in other transition metal-iron- 

nitrogen systems carried out in thin laboratory in recent 

years are probably more relevant to the presont work. than 

iron-tungsten-carbon, and these will be discussed 

appropriately in the text. 



Chapter II 

EXP'I,, RII. U, " ITAL TECIRTIQUES 

I1.1 The preparation of alloy samples 

Iron-tungoten alloys supplied by the British Iron 

and Steel Research Association had tungsten concentrations 

0-50v 1.009 2-059 5-05 and 9-30 Wt4', - In addition two 

further alloy samples were prepared having nominal tungsten 

concentration of 3-5 and 4.0 wt. Vo respectively. The former 

was prepared by arc molting pure B. I. 3.11. A. iroa together 

with tungsten ponder, and the latter was prepared from the 

2-05 and 5-05 wt. 6jfo tungsten stock material. It was 

subsequently found that the Fe-0-50 wt. ý-ýl alloy also 

contained 0.16 vt. ýfa vanadium (see Appendix II). 

The "as-received" alloy bar 'was sectioned and cold 

rolled to a variety of thicknesses ranging from 0-005 to 

0-050 in., the thicker material providing specimens fo; 

X-ray, examination, optical metallography and accurate weight 

changes, and the thin material providing specimens for 

examination by electron microscopy. 

All ispecimens were abradedl cleaned and degreased in 

benzene or "chemiclene" pzior to nitriding. 
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11.2 Preparation of tungsten samples 

Two qualities of tungsten wire were u3ed in the 

investigation (a) 99.9AI supplied by Koch-Light Laboratories 

Ltd. and (b) 99-975ýV supplied by I. Turex Ltd. All wires viere 

abraded and degreased'before nitriding. 

Tungsten powder (min. q8c; ý, ', J) was dried under vacuum at 

100 0C in the presence of phosphorus pentoxide before use. 

11-3 Ammonia-ydrogen nitridinE 

The nitrogen activity of an amnonia-hydrogen gas 

mixture is determined by the ratio of concentrations of 

ammonia and hydrogen; Lehrer (1930), Brunauer, Jeffersong 

Emmett and Hendricks (1931) and Paranjpe, Cohen, Bever and 

Floe (1950)- The nitriding reqction is 

N+ 3/2 H2 (6) 

and at TOK, the equilibrium constant is given by 

H2 

NH 3 

fees 

oooa 

where aIT is the activity of nitrogen in the nitride phase 

and fjjH 
3 and ý 112 are the partial pressures of ammonia 

K1 
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and hydrogen respectively. A system can therefore be 

brought to equilibrium under a predetermined nitrogen 

activity by controlling the proportions of ammonia and 

hydr6gen. 

In the iron-nitrogen system at 6300C the successive 

phases forned with increasing nitrogen content are 0(-solid 

solution, ý-aolid solution and 9'-Fe 
4 1T. When an iron 

specimen is exposed to a nitriding atmosphere of 

sufficiently high nitrogen potential to form Fe 4 IT, the 

-activity of the combined nitrogen will vary in the following 

mannc! r. it will increase from zero in the Pure clý tO " 

value of 
, (-max in the saturated nitrogen ferrite at which aN 

point aus-Cenite of composition 6-min will form. Since the 
cc -max . W-min As the two phases co-exist a NT is equal to N0 

total nitrogen conten-ý. increasest the ac-Civities remain 

constant and grows at the expense of o( When no cX 

remainag the activity of ý increases and the composition 

of changes. Eventually the solubility limit of nit-rogen 
X-max 

in is reached and forms such that 8ý, is equal 
to a,, 

I, min 
. Thus the process is repeated un-IIi. 1 the system 

attains equilibrium with the'gas phase, that is W'-Pe 
4N of 

a fixed composition in equilibriud with a gas mixture of 
fixed composition. 

In any single nitride phase the nitrogen activity will 

vary regularly 
* 
with composition, and since all is proportional 

to -P 11113 lf4H2 
, then a gas mixture of fixed composition is 

in equilibrium with a nitride of fixed nitrogen content. 



12 

Considering the case of ferritel the reaction is 

NH 3 -'*' N Ot + 
3/2 11 2 

for which, the equilibrium constant K 2' is given by 

3 

K2MaN CC 0f2H2 

ITH 3 

roarranging aNe' NH 32 

2 r2 

oooo 

9oeo 

.... (II). 5 

Since Henry's Law is applicable over the complete range 

of nolubility of nitrogen in ferriteg then 

aN cx m kh ' wt 'ýfo L; ""' ' -P "H3 0x2 eget 
JT2, 

.fH2 

where kh is Henry's Law constant. Therefore the wt. ýo 

nitrogen in solution in pure ferrite nitrided in an. 

ammonia-hydrogen gas mixture is given by 

Wt. C/!, lie, 1111 K3 

)P 
2H2 

where X3WK2/ kh* 
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The procedure is complicated by the "cracking" of 

a=onia 

NH (g) 11 3/2 H 
322 

(5) 
-'+ 2 0@** (II). s 

where the equilibrium mixture contains only a few per cent 

of a=onia at normal nitriding temperatures. If the 

- catalytic effect of the specimen and reaction tube is 

constant, then the degree to uhich the gas approaches its 

equilibrium ITH 3-H2-N2 mixture is determined by its flow 

rate. With flow rates used in the present study the 

extent of "cracking" is negligible. 

The diagrams oompiled by Lehrer (1930) and shown 
in Pigure II. 1 proved useful in determining suitable 

nitriding donditiona. 

11-4 Nitrogen=adrogen nitriding 

The nitriding potential of a nitrogen-hydrogen gas 

mixture is determined only by the partial pressure of 

nitrogen. The nitriding reaction is 

1/2 11 2 
(6) 

for which the equilibrium constant at T0K is 

1 

P2112 

0000 

9900 



Fig. II. 1 
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where Px2 is the partial pressure of nitro6en. 

The range of nitrogen potentials for which nitrogen- 
hydrogen nitriding is suitabld is clearly small. The 
technique complements ammonia-hydZogen nitriding by 

allowing accurate nitrogen partial pressures up to about 
one atmosphere. The nitrogen partial pressures equivalent 
to ammonia-hydrogen mixtures in the region where ammonia 
can be accurately metered (greater than about llj5j NII 3-H2) 
is about 10 

2_ 
10 

4 
atmospheres of molecular nitrogen 

depending on the temperature. 

As well as being a diluent, the hydrogen in the 

gas mixturc reduces the oxygen potential of the system. 

11-5 Apparatus 

Ifitriding apparatus with both vertical and horizontal 

reaction tubes are shown in Figure$II. 2 and 11-3- 
Commercial hydrogen, nitrogen and ammonia wexe purified 
by standard methods (see Figure 11-4)- The calcium oxide 
was freshly prepared by decomposition of small marble chips 
at 950 0C 

and the activated copper (xeceived as oxide) was 
pre-reduced in hydrogen for two days at 160-180 0 C. During 

use, the activated copper was maintained at 120 0 C. Gas 
flows were measured by capillax-y flowmeters (see ? igure 11-5)' 
calibrated by a bubble displacement technique. G 'as 
velocities of 50cm min- 

1 
gave no detectable cracking at 

620 0 C. 
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The furnace temperature was controlled to +50C by 

a standard "Ether" controller using a built-in Pt/Pt-Rh 

thermocouple situated between the reaction tube and-the 
furnace winding. The specimen temperature was monitored 
by a chromel/alumal thermocouple situated adjacent to the 

specimen in an alumina aheath. 

The total gas pressure was maintained at slightly 

greater than atmospheric by 1-2cms. of oil in an exit' 

bubbler. A (r2umn of potassium hydroxide placed between 

the reaction tube and the exit bubbler eliminated the risk 

of any buck diffutiion of attaospheric moisture. 

The procedure adopted in the nitriding experiments 

was essentially the same for both types of furnace. After 

cleaning and weighing, the specimens were inserted into the 

furnace and placed at the cold end. The system was then 

evacuated and checked for leako before being filled with 

nitrogen. Hydrogen was then allowed to flow through the 

furnace for about one hour before moving the specimens into 

the hot zone. After annealing the specimens in hydrogen 
0 for 3 hr. at 880 C, the furnace temperature waa lowered to 

that required for nitriding and the nitriding gas mixture 
subsequently introduced. 

After nitriding, the specimens viere cooled in the 
following manner. In the horizontal furnace, the alumina 
boat was quickly moved to the furnace "cold end". Except 
for the thinnest specimens the cooling rate was too slow to. 

prevent auto-tempering of saturated nitrogen ferrite. 



In the vertical furnace an appreciable cooling rate was 

obtained by raising the specimens quickly and allowing Q 
them to quench in the incoming gas stream. For exceptional 

cooling rates, the specimens were released and alloved to 

fall into an oil bath included in the system. 

11.6 Preasure nitriding 

Pigure IIA shows the arrangement for nitriding in 

high pressures of molecular nitrogen (Jacko unpublished; 

see Evans, 1957). The source of nitrogen can be any nitride 

which decomposes fully below the required nitriding 
temperature. It is known that 6 or 6 

-Fe 2 IT, prepared 

by passing ammonia at high flow-rates over 100 mesh iron 

powder at 450 0 C. provides a gas of high pUrity. As an 

alternative source of nitrogen E) -, MnITO. 9 was also used. 
This was prepared by passing a=onia at high flow-rates 

over 300-mesh "electrolytic" manganese at 500 0 C. 

The calculated amount of nitride was weighed out and 

pressed into a pellet before being placed in thick-walled 

silica tube of internal diameter 0-500me- The silica tube 

was then evacuated to 10-5 torr and sealed. The specimens 

ivere, nitrided in a vertical furnace and quenched by plunging 
the tube into a water bath. Nitriding of tungsten wires 
was carried out in the temperature range 800-950 0C usina C> 
nitrogen preqsures of "-'15-60 atmospheres. 
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IA-on-tungsten alloys were nitrided in the same manner, 

and after quenching, were resealed in small evacuated silica 
0 capsules and aged in the temperature range 550-750 C. 

In some experiments it was desirable to introduce a 

small oxygen Potential-during nitriding. This was done by 

including a small amount of C_r2 03 in the manganese or iron 

nitride pellet. 

11-7 X-ray te--niques 

For "in eitul''determination of precipitated phases 
in nitrided iron-tungsten alloys it was necessary to use 
monochromatic Fel'ot radiation reflected from a lithium 
fluoride single crystal. Diffraction patterns Avere recorded 

photographically using a 9cm. "Unicam" camera. 11.14onoohromatic 

radiation was essential in order to reduce background 

intensity during the long exposures necessary to obtain 
diffraction patterns from small volume fractions of 
precipitate. 

Por accurate lattice parameter determinations a Hdgg- 
Guinier focussing camera was used together with pure 
monochromatic CuX-w 1 or CrxCW 

I radiation as appropriate. 

Por W3 critical work diffraction Patterns were 
obtained usind either manganese filtered FeKa radiation 
or nickel filtered CA, radiation. 



in 

11.8 Yetallographic examination 

Alloy specimens in the form of otrip or vire viere 

mounted vertically in hot mounting compound and poli3hed 

on two grades of emery paper followed by four grades of 

diamond down to 0.25/A Specimens were etched in 2-5i4, 

nital for 5-25 seconds. 

Low temperature aged specimens uere of course mounted 

in cold mounting compound and subsequently prepared in the 

same manner. 

A Reichert projection microscope was used for Optical 

microscopy and photomicrography at a direct magnification 

up to 2,000 X. 

11.9 Hardness measurements 

Hardness measurements were made on etched und unetched. 

metallographic specimens using a standard micro-hardness 

tester fitted to the Reichert microscope. 

II. 10 Preparation of specimens for electron microscopy 

(a) In general thin foils of nitrided alloy specimens 

were prepared from 0.0051n. thick- strips usiný,, a standard 

window technique. Specimens were electropolished using a 
"Shandon" eleatropolisher poiier supply at 16-22 volts and 
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04? 
-2 to +3 C in a solution of 681o acetic acid/16"D Perchloric 

acid/161,, ý 2-butoxy ethanol. When thicker specimens were 

used (e. g. 0.020in. ) they were subjected to a prior 

chemical polish in a solution. -Of 50 parts water/50 parts 

hydrogen peroxide/5 parts hydrofluoric acid. After 

polishing, the specimens were washed in methanol and 

ethanol, and thin foils removed. 

(b) Extraction replicas were taken from thicker 

material 0.020in. ) in the following manner. The 

-nitrided alloy strip was given a light electropolish as in 

(a) nnd ctchcd in 51, f) nital for 30-40 fieconds at-10 0 C. 

This was found to be more successful than etching in 21; 11 nital 

at roon temperature. The specimens were then given a fairly 

thick ooatina of carbon using an Edwards evaporator, and 05 
subsequently scored with grid marks. The replicas were 

removed either in 2c/'o nital or in ethanol after a short 
(5. second) electropolish at 18 volts and OOC. The replicas 

were washed in a mixture of ethanol and water and placed on 

copper grida. 

II. 11 Electron microscopen 

Most of the electron microscopy was carried out using 

a Philips E-14-300 equipped with a goniometer stage. Additional 
facilities were available in the form of a J. E. M. 10OU 

microscope equippod with a goniometer stage and some of the 

earlier work was carried out on an A. E. I. E. M. 6G instrument. 

equipped with a high resolution stage but having only 
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limited tilt facilities (: t5o). 

11.12 Extraction of procipitates 

It was found that precipitates could be successfully 

extracted by dissolving nitrided alloy specimens in 20cifý 

sulphuric acid. The extract was subsequently washed in 

do-ionized water, centrifugedg and the supernatent liquid 

poured off. This process was repeated six or seven times 

using water and two or three times using ethanol before 
drying the extract. The precipitate was Placed in a 0-5mm 

glass capillary and examined 614Y X-ray diffraction. 

11-13 Nitrogen analysis and sample weighings 

Some nitrogen analysis was carried out using a 
standard micro-Kjeldahl apparatus with colorimetrio 
determination of the distilled ammonia using Nesslers 

reagent and with ammonium chloride as a standard. 

In general the nitrogen levels in nitrided alloys are 
much higher than those in steela (up to nearly 1.0 wt. ýo in 
the present study) and at these values weight differences 
before and after nitriding give exceptionally good 
reproducibility. Even at levels as low as 0.1 wt. ý!, nitro. gan 
using suitable specimens (2-36ms-) reproducibility was within 
+ 0-005 vt-ý9- Weighings to + 0.0001g were made on an 
"Oertling" analytical balance and the average of at least 
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three values was taken as correot. 

11-14 Internal friction measurements 

0.017 in diameter virea were nitrided in a vertical 

furnace and quenched into an oil reservoir included in the 

systera, bat, cooled externally by a jacket containing 

methanol and liquid nitrogen. Specimens were retained at 
0 

-40 C until required. The internal friction apparatus was 

of the inverted tornional pendulum typo, ksee Figure 11-7), 

with the damping measured by the free decay method. 

A mirror on the head of, the pendulum reflects light 

from u suitably positioned light source onto the "spot-follower" 

of a continuous recorder. The pendulum was oscillated by 

means of two small electromagnets and'allowed to decay freely. 

The frequency of oscillation x7as varied between 0.46 and 1.53 

o. p. s. by means of countenyeights placed on the pendulum arms. 
Small strain amplitudes were used to ensure that damping was 

amplitude independent. 

TemperalCure control was by means of three furnace 

vindings each in series with a variable resistance but 

supplied by one variable transformer.: The test temperature 

was measured using two copper-constantan thermocouples whose 
hot junctions were adjacent to the wire, one at the top and 

one at the bottom. 

The system was evacuated to 10-5 torr pior to each 
measurement. 
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Chapter III 

THE SCOPE OF THE PRESENT- ! NVESTIGATION 

Previous examinations of ternary Fe-X-11 systems 

where X is Mn, Mo, Si, ITb and Cr have been primarily based 

on constant activity aging in ammonia-hydrogen j.,, as mixtures 

described in Chapter II. This preparative technique coupled 

with the sensitive X-ray methods employed at ITei. -icastle hass 

allowed unequivocal characterisation of tho phases produced. 

It has also been shown that In all systems except Fe-3i-11 

homogeneous precipitation of metastable phases precedes the 

formation of the equilibrium nitride if the conditions are 

carefully controlled. in the present thesis the-interaction 

of tundsten and nitrogen in iron is examined and so 

contributes to the understanding of P-X-IT systems. 

The, work on formation of nitrides on "pure" tungsten 

described in Chapter IY was carried out in order to provide 

a basis for the precipitation studies of Chapter V. The 

effects of variations in nitroGen, oxygen and tungsten 

activities and in temperature are emphasived and an 

Unterpretation of the observations is offered. 

'The various stages observed in the decomposition of 

tungsten-nitrogen ferrite are presented in Chapter VI, whilat 

in the following chapter the stability of the non-equilibrium 

phase is examined and a simple thermodynamic model 13 

suggested which can be qualitatively extended to give some 
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indication of the conditions for homogeneous precipitation. 

Chapter VIII presents the results of Para-precipitation 

studies in tungsten-nitrogen-ferrites. In similar studies 
it has been observed that the distribution of iron-nitrides 

in alloy-ferrites is related to the magnitude of the 

alloy-nitrogen interaction and the present work is in good 

agreement with this. 

, 
In Chapter IX an attempt is made to relate all reaults 

to the general phenomena of nitride Precipitation and pre- 

prceipitation in ternary Fe-X-11 systems. 

Pinally, an in every researcho subsidiary topics arise 

are these are discussed in appendices. 

I 
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Chapter IV 

THE TUNGSTEN ITITROGEIT SYSTEM AND THE EFFECT OF OXYGEN 

IV. 1 Interatitial alloy! j 

Interatitial alloys, that is compounds in which small 

non-metal atoms such as H, B9 C and 11 occupy the interstices 

between relatively close-packed arrangements of larger 

metal atoma, were first classified by Hdgg (1930b) who 

concluded that the structure type depended upon the radiue 

ratio R- rx/rm, where rx and rm are the radii of the 

non-metal and metal atoms respectively. If R is less than 

0-59, the metal atom arrangement is usually simple wicreas 
for R greater than 0-59 the structures are "complex" and hwre 

less pronounced metallic proportion than "normal" interstitial 

alloya. 

Geometrical, principles, whilst being a necessary 

condition for interstitial alloy formationg are not the Only 
determiners. The fact that interstitial alloys are. formed 

only by metal atoms with an inner incomplete electron shell 
implies that there is an "electronic" factor. It is also 

accepted (Seitz, 1945) that the electronegativity differences 

between the metal and non-metal plays some part in determining 

the possibility of interstitial alloy formation. Thus, 

oxides with relatively high oxygen concentrationa are usually 
ionic or covalent and not metallic. 



The radius ratio for tungsten and nitrogen is 0-53 

and only simple netal-atom arrangements, or slight 

distortions of them, are expecte d in the. tungsten-nitrogen 

system. Although some previous studies have been carried 

out in this system (see Chapter 1) the results seem 
inconclusive and with the exception of 6-""0-75(111 0) no 

reasons for the structural modifications observed have been 

sugý; ested. Also, with the exception of ý-V'0-75(N'O)1 the 

compositions of the phases are not knovin with certainty. 
The g-phase is reported as having a range 17 3 IT 2 -WIT. In 

the present thesiaAt will. be referred to as W 1-5(1190) 
although the composition range sugeested is not disputed. 

IV. 2 Nitridina of tunLýston in aia-monia-hydrogen iaixture, s 

No thermodynamic data are available for tungsten 

nitrides but by analogy with other transition element 

nitrides it is expected that the nitrogen potential required 
for their formation will be low (<<1 atm. ) Therefore the 

phases produced under different nitriding conditions will 
be largely dependent on kinetics and oxygen potential. 

"'he phaaes formed on nitriding tungsten wire in 

am, nonia-hydrogen gas mixtures are listed in Table IV. 1. 
Typical X-ray photographs are shown in Figures IV. 1 and IV. 2, 

and the unit-cell domensions of phases obtained are given in 

Table ! V. 2. 

'lhe conditions existing during ammonia-hydrogen 
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Table IV. 2 

Unit-oell dimensions of tungsten, iiitrides observed in 

the present investigation 

- (a) ammonia-hydrogen nitriding 

phase crystal 
structure 

unit-coll dimen2ions 

ý_v 0-75(1"0) cubie a- 4-106-4.128 

ß -v 1-5 
(IZ, 0) f. o. cubic a=4.128 ý 

pressure nit=iding 

phase crystal 
structure 

unit-cell dimensions 

hexaGonal a=2.898 

0=2.831 

8-WN(O) hexagonal a-2.898 
(faulted) 

c=2.839 

at In this dissertation (0) represents accommodation of 
small quantities of oxygen in ail otherwise "pure" nitridet 
whereau (11,0) represents an oxy-nitride whose existence 
depends on the presence of oxygen. 
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nitriding are such that the stable phase is -rT (ITOO) ý' 0-45 
although ý41 

1.5 
(11,0) is sometimes observed. The actual 

nitrogen potential is not known because at the high 

temperatures employed, ammonia is dissociated to a large 

extent. The small oxygen potentials required for oxy- 

nitride formation are assumed to be due to impurities in 

the ammonia. The difficulty in differentiating between 

the two oxynitrides can be appreciated from the X-ray 

photographs. The metal-atom structure of ý -phase is 

merely that of -phase with vacant lattice sites substituted 

for the(0,0,0) tungsten atoms. Furthermore the range of 

observed lattice parameters ovt-zriap, so that the intense 

diffraction lines-of ý-phase are often coincidental with 

those of ý 
-phase. Indeed it is possible that a thin layer 

of -vir 1-5 
(IT, O) exists between 6 41 0.75 

(N, O) and c4-V. on all 

specimens: this would rarely be observed on an X-ray 

photograph. 

The general trend in nitrided wires is for the ratio 

of)0 :6 to increase as the ammonia content and hence the 

oxygen potential is reduced. The nitriding of powders 

usually produced only 6-phase even when the ammonia content 

of the gas %Tas redu-ced. However, on one occasion (run 6) 

not only were the two phases observed together, but the 

lattice parameters differed sufficiently to cause "splitting" 

of the diffraction patterns (Figure IV. 2). Surprisingly, 

this ras with 100CP4 ammonia. A specimen of 6 -17N on tungsten 

wire was converted to 6 when nitrided in ammonia (run 7)- 

Successive etching with 705'010 3 
/A'! )HF with X-ray examinatio4 

at each stage showed the sequence of nitride phases from 
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outside to inside as: 

6-8 --.. cx 

Etching the specimen from Figure IV. 1b ( ý+16) showed 

no difference in the phases present at different depths 
, 

implying that (ý+, G) exists as a duplex structure and not 

as successive layers. - Hence their nitrogen potentiala are 

similar but at least one of them is stabilised by impurities. 

Alternatively Figure I. V. 1b may in fact show only 8 -nitride 
in which case its structure must contain either ordered 

metal-atom vacancies (althoursh a much smaller number than 

or nitrogen in ordered positions. It is also possible that 

the faint superlattice reflections (320) and (321) exist on 
the pattern of S in Figure IV. 2b. However Khitrova and 
Pinaker (1959,1962) assert that the phase is free from 

defects and contains randomly distributed nitrogen. 

I It seems evident that both j6 and 9 are oxynitrides 

with 6 existing at slightly higher oxygen potentials than 
A while 6-1711 is clearly unstable in the oxygen potentials 
Produced in ammonia-hydrogen mixtures. 

IV-3 ITitriding of tungsten in high-pressure molecular nitrogen 

Oxyp, en-free phases in the molybdenum-nitrogen system 
are formed by pressure nitriding (Evans and Jackp 1957; 

see Evans, 1957) with pure colecular nitrogen obtained by 
decomposition of E or 6 -Fe 2 11 (see Chapter II) provided 
that oxygen-free (i. e. wire) specimens are used. Preliminary 
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experiments on tungsten wire showed that the phases formed 

included ternary iron-tungsten nitrides--(see Appendix I). 

In order to avoid the formation of these phases, it was 

necessary to useO -mniro. q as a. source of nitrogen. 
Table IV-3 lists the phases observed on nitriding wire and 

powder and Figure IV-3 shows X-ray photographs of 6 -1-71T. 

The presence of a ternary ý -phase on nitrided tungsten 

powder is also discussed in Appendix I. The only phase 

producad on tungsten wire was 8-TIN. This phase has never 

been prepared sufficiently pure for analysis and is only 

assumed to be of composition TIN by analogy with its 

it: omorph VC. 

The presence of a very low oxygen potential (fo2"'107 25atm. ) 

in the system, obtained by including a small amount of Cr 203 
in the reaction tube, cauaes a small increase in the a 
dimension of S-UN and produces stacking faults in the crystal. 
This is demonstrated by the broadening of X-ray lines in 

Pigure IV-3- X-ray line broadening due to stacking disorder 

has been observed in other hexagonal interstitial phases* 
Roberts (1970) studied faulting in E-IMI(O) and concluded 
that the stacking of niobium atoms in AABB sequence was 
periodically interrupted by a sequence ABAB existing over 

several atom planes. Alternatively the structure could be 

described as coherent discs of 6 -NbIT(O) (ABAB) in a matrix 
of -G -11bIT(O) (AABB). Since it was known that 9 contained 
less oxygen than 8 Roberts concluded that the phase was 
broken up into regions of "oxygen-rich" and "oxygen-poor" 
NbN. Mortimer (1971) obtained faulting in hexagonal IAn22 c 
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and also showed the phase to be an oxy-carbide. 

It is clear from the present-experimental results that 

the only "pure" phase in the tungsten-nitrogen system is 

&-17N. The presence of a small amount of oxygen is 

tolerated but at higher oxygen potentials (ammonia-hydrogen 

nitriding) the phase becomes unstable. 

IV-4 Aainr, of tunt,, sten nitride and oxy-nitride 

In order to deterwine the relative stabilitieu uf 

0) and &-wN, specimens of each phase produced '10-75(1ý1 
on vire were uged in evacuated scaled silica capsules. 

It is reported that the vacant metal lattice sites 

in 6 become randomly distributed, on annealing at 8900C 

and hence give an X-ray diffraction pattern like that of 

(Kiessling and Peterson, 1954). This was not observed in 

the present study. Instead, after-aging for only one day 

at 900 0 Cp 6 decomposed according to the reaction 

W (iigo) YN 

producing the "oxygen-free" 6 
-phase. The oxygen potential 

produced at high temperatures in evacuated silica tubes can 

be appreciable (Bell, Hetherington and Jackv 1962; Robertat 

1970) but evidently it is not high enough to stabilise 

or prevent the formation of S. 
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Schbnberg (1954a) obtained decomposition of S 4IN 

at 600 0C in vacuum, but no details were given. He assumed 

the composition of B to be VI 2 11 and gave the decomposition 

reaction as 

2WIT 71 N 2 

9A- gas 

In the present study a specimen of, 6 -VIN on the surface of 

CA -wire was aged for 17 days at 900 0C with no detectable 

decomposition. This is. completely at variance with the- 

observations of Schbnberg. Tne only possible reason for 

the marked difference in behaviour is that the system used 
by Schdnberg was at a higher oxygen potential than in the 

present caseq and so stabiliBed A at the expense of &- 

IV-5 Discussion 

The differencea in behaviour observed on nitriding 
tungsten can be attribut -ed to the effect of oxygen. The 

sequence of phases produced with increasing oxygen potential 

ia6 -Vill -* a _W 1-5 
(N 

10) --. t _Vr 0.75 
(1110) - 11 0.62 

(N 
o, 621 0 0938 

with 6 being 11oxygen-free". The term "oxygen-free is 

of course relative and it is possible that 8 can contain 

small concentrations of impurity before faulting is observed. 
The phase VI 0.62(110.62'00.38) was never observed in the 

present inveatigation because the oxygen potential was not 
high enough. 
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Kiessling (1954) sugaested that as the oxygen content 

of the cubic oxy-nitrides increases, the tendency to form 

N-0 bonds reduces the contribution of electrons by nitrogen 

to the tungsten lattice. In order to minimise the 

electron imbalance, defects are introduced in proportion 

to the oxygen content of the phase, 

VI 1- 5 Cýt vacant sites 

6- vi 0.75 
(NqO) 

vlo. 62("10.62'00 9 38) 

25ý vacant sites 

3Ccio vacant sites 

A similar effect occurs with the hexagonal nitride 9 
-VIN 0 

and it is likely that all the defective phases reported 
by Xhitrova and Pinaker (1962) are oxy-nitrides. One such 

phase 8111) has been confirmed in the present work but is 
H 

not produced on "pure" Ix -tungsten. It is often observed 

as a precipitate in Fe-11-N alloys and is therefore discussed 

in Chapter V; it is certainly an oxy-nitride and has a 
defect structure. 

A schematic ternary phase diagram for the 11-11-0 

system which accounts for this and other work is shown in 

Figure IV-4- Since R 
-phase has beon observed in 

equilibrium with gas (Hagg 1930a) then 6 can not co-exist 
with Jý (see Figure IV-4). Therefore in the conversion 
Of S to (run 7, Table IV. 1) a layer of A must exist 
between and 6 but it is, too thin to be detected. 
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IV. 6 Conclusions 

(a) Three phases are observed by nitriding- o(-tungstenp 

namely 4111, _W 1- 5 
(N, O) 

I 
-and -17 0-75 

(NjO). 

(b) A critical-oxygen potential exists, above which 

stacking disorders are introduced into 6 -TIN. There is a 

second critical oxygen potential above which the -phase 

can not be formed. 

(c) Oschematio ternary phase diagram is suggested 

which ohows the saqucnce of phases pzodaced as the oVgen 

content is increased. 

0 
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Chapter V 

PRECIPITATION IN Fe-17-N ALLOYS: THE EQUILIBRIUM PHASE 

Introduction 

The tivo nitriding techniques discussed in Chapter IIv 

that is, constant activity aging in ITH 3 Of 2 gas mixtures and 

pressure nitriding using molecular nitrogeng ar(_ý complementary. 

By continuously supplying nitrogen constant activity aging 

allows all the substitutional . 3clute to precipitate and 

unequivocal characterisation of the nitride is possible 

using sensitive X-ray methods. Pressure nitriding using 

pure Molecul ar nitrogen has the advantage of eliminating 

oxy-nitrides. 

V. 2A structural modification of 6 
-%'Ilf 

Preliminary experiments using iron-tungsten alloys 

nitrided in ITH 
3 : 

11 
2 gas mixtures established the existence 

of a hexagonal oxy-nitride the unit cell of which is related 

o, 1. t -hat of 6-: 111T. The phase, designated 61, is precipitated 
in the higher tungsten alloys at about 600 0C 

using relatively 
high nitrogen potentials, typically about 6-1011o ITH 

3 :H20 

X-ray and electron diffraction patterns of 9 'extracted 

from iron alloys are shown in Figure V. 1. All reflections- 
are indexed on the basis of a hexagonal unit cell (see Table V*1) 
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Table V. 1 

X-ray data for -Wo. 9 (IT 
10) 

camera: Haa-Guinier (CuK-< 

unit-celh hexaconal a=2.876o + 0.0005 

10.86 + 0.02 R 

O/a = 3.776 

I-To I obs breadth Sin 
26 

obs sin 
20 

cale fhlcll 

1 V1 b 0.0201 0.0201 002 

2 11 vb 0.0814 0.0805 004 

3 S sh 0.0957 0.0957 100 

4 11 b 0.1157 0.1158 102 
5 M vb 0.1764 0.1762 104 
6 vil vb 0.2783 0.276s 106 
7 LIS sh 0.2869 0.2870 110 

8 if sh 0.3069 0.3071 112 

9 If, b 0.3674 0.3674 114 
10 Il sh 0-3826 0-3826 200 

11 M sh 0-4025 0.4027 202 
if) VV'j vvb 0.4219 0.4176 108 
13 14 b 0.4633 0.4631 204 
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with dimensions: 

2.876 R; 10.86 
a 
-Va -77 

S' is usually precipitated in a heavily faulted condition 

causing severe line broadening on X-ray patterns. Consequent 

inaccuracies in determining the unit-cell dimensions (especially 

the c dimension) were minimised by using a Hagg-Guinier 

focussing camera. The broadening of all lines (hkl) where 
1/0 is clearly seen in Figure V. I. 

seems that 61 is the phase characterised by 'Ahliz-va 

and Pinsker (1962) during electron diffraction-studico and 
termed & III. The metal-atom arrangement of 6 1,, is merely 11 H 
a simple-hexagonal stacking of close-packed atom planes in 

the sequence A At A A', where alternate planes have sites 

which are only 28ý occupied (A'). The nitrogen atoms (one 

atom per simplo-hexagonal sub-cell) are in trigonal-prisms 

and stacked in the sequence BqCB. Therefore with respe%-dt 
to the metal-atom lattice the unit cell consists of only 
two basic subtoells and it is only the positions of the 

nitro6en atoms which make the true unit equal to four sub-cells. 
X-ray diffraction is insensitive to interstitial atoms 
especially in the presence of the heavy tungsten atoms and 
it is for this reason that the reflections (hkl) where 1 is 

odd are not seen on the X-ray pattern of Figure V. 1; these 

are observed, however, on the electron diffraction pattern 
and clearly show the nitrogen superlattice. 

The apProximate formula for 8111 suggested by Xhitrova H 



35 

and Pinaker was It 0.64 N. Nitrogen analysis of the extracted 
9' precipitate (three determinations) gave a nitrogen content 

of 51.6 at. ý', ) corresponding to a forraula of VI 0.94 11, assuming 

only'tungsten-and nitrogen to. -be present in substantial 

quantities. Weight increases of nitrided alloys give 

- results in general agreement with the latter formula. 

The fact that 6' is not produced on tungsten wire 
linder the same experimental conditions as it is precipitated 
in alloys, suggests that iron is required to stalilise the 

-phase. This conclusion is supported by the following 

obze--vation. A specimen of the pure nitriLle -WI ""T, on 
tungsten Avire, aged in :H at 615 0C is not converted 

I L> 32 
to 8 even after aging, for 7 days. Ho; 7ever a specimen of 
(ýJ-ric 

3 Y1 3 11 +6 -1111) on -tungsten wire, aged under the same 
conditions shows transfornation to 8 470.9 (IT, 0) . 

It has been shown in Chapter IV that the presence of 
impurity non-metal atoms can cause stacking disorders in 
6 

-`, 71T, probably by segregating within the crystal to regions 
of "high" and I'low" impurity content. It seems possible 
that impurity metal-atoras, i. e. iron, can have a similar 
effect. 

In conclusion, a hexagonal tun-sten oxy-nitride hithe-rtO C. > U 
regarded as a pure nitride and observed only in localised 
regions of nitrided tundsten foils, ha3 been shown to exist 
if a sufficiently high oxyden potential is maintained. The 
phase is stabilised by the presence of i-ron and forms freely. 
in nitrided iron-tungsten alloys. 'A The composition is near 
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to 71 0.9 
(11,0) and the structure contains tungsten vacancies. 

-riding V-3 - Ammonia-hydrogen nit 

are All alloys up to. and including Fe-5-05 wt-"1- 

single phase (0(-iron) both in the "as-received" condition and 

after annealing in hydrogen at 600-900 0C. This is in 

accordance with the Fe-VI equilibrium diagram (Hanson, 1958) 

reproduced in Figure V. 2. At about 600 0C under equilibrium 

conditions all alloys in the range 5-62 wt. (, A1 are two-Phaset 

t. he intermetallic conpound being Fe 2 W9 a Laves phase trith 

th3 lIgZn 2 structure. Surprisingly, the Fe-9-3 in 

the "as received" condition consists of (oc +-q-oxide) and 

it is only after annealing the specimen in hydrogen at 

800-9000C that the structure reverts to that predicted by the 

equilibrium diagram (see Figure 'V-3)- The ? ý-phase has a 

unit-oell dimension of a- 10-894 R which is near to that 

of Fe 6 *VV 6C9a - 10-934 (Lociejowiczt 1964) and Ni 
12 

NO 
12 

(OICIII), 

a= 10.889 (Nutter, 1969) but considerably smaller than 

FeVI N, a- 11-05 Annealing the specimens in hydrogen 
33-0 

Oh. at 830 C) prior to nitriding is carried out for the 

following reasons: 

(i) to reduce the oxygen content; 

to allow recrystallisation and hence facilitate 

optical metallography; 

(iii) to minimise the number of potential nucleation 

sites and so encourage homogeneous precipitation. 
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Under certain nitriding conditions homogeneous 

precipitation does occur and this is more fully discussed 

in Chapter VI. 

The phaoes produced by ammonia-hydrogen nitriding are 

summarised in Table V. 2. 

(a) Annealed alloya 

At temlieratures below 590 OC there is no detectable 

pvecipitation in any alloys up to Fe-5 Wt-iP in reasonable 
times (up to 14 days). However in Fe-9- 3 'Tt4fW the P02 VI 

particles transform to either -ql or accompanied by trace 

quantities of ý (runs 1 and 2). 7? is favoured by low 

nitrogen (and hence oxygen) potentials whilst 6' predominates 

at higher values. 

Between 590-650 0C where precipitation can proceed 

under a wide range of nitrogen potentialsl the predominant 

phase produced is 8". Again 7? is seen as an alternative 
when the ammonia content of the gas is low (run 4). The 

nitride produced in the low tungsten alloys (1 and 2 
is almost always ý (runs 4,9 and 11), but the tungsten 

content above which 61 predominates is lowered as the nitrogen 
potential is increased (see Figure V. 4). Conversely this 

critical level increases as the temperature is increased so 
that even when higher nitrogen potentials are used significant 
quantities of X are seen in all alloys (runs 12-15)- 
Although the activity of tungsten controls the precipitate 
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produced to a certain extento the dominating factor appears 

to be the ammonia content of the gas mixture. In view of 

the results of Chapter IV it seems that oxygen also has a 

pronounced effect. 

As the temperature increases, e. g. at 650-7500CP the 

same nitrogen potential is achieved with lower ammonia 
contents so that the oxygen potential, if proportional to the 

ammonia content, is reduced considerably. The combination 

of a temperature increase and reduced oxygen potential results 

in yet another modification of 4111, termed (runs 139 15P 

189 19 --nd 20) (See P4 gure V-5)- Only small amounts of 

the phF-se are formed and it is always observed with considerable 

quantities of other phases. Neither the composition nor the 

structure of 9" is known, but a strong reflection on the 
diffraction patterns corresponds to a hexagonal unit-cell 

0 a dimension of 2-87 A It is thought that 611is stable at an 
oxygen potential lower than that required for 6' but higher 
than for the formation of 'Zi. Occasionally all three phases 
6' (or G" )9ý and rie 2 11 are detected in the same specimen. 

At high nitrogen potentials the matrix becomes austenitic but 
the precipitation sequence remains unchanged. Typical 
microeraphe illustrating the different nitride distribution 
in 5.05 and 9-3 Wt4. 'ýýl are shown in Figure V. 6. 

Cold-worked-alloys 

In order to facilitate precipitation several runs. 
were repeated using alloys which were not previously annealed. 



Fig-V- 5 



w t. 'ý, 

II 

I 

cx Fe 

-Wo. -,,, (N, O) 

Fe2W 

Fe3 W-i N(O) 

unmarked S" 

repeat run T 

9-3 

9-3 

4C 

X-RAY PHOTOGRAPHS SHOWING PHASFS 

PRECIPITATED IN Fe-W ALLOYS NITRIDED IN 

2'/o NH3: H2 AT 700 11C FOR 4 DAYS 

U, 1W 

! I' !! 
A 



Fig-V- 

11 ý', 1ý 



(a) Fe-9-3wt. % W 

annealed 3 h. at 880 OC 

+ Fe2W 

IJ X 2600 

r or 

F. 10 1 ýo "Tý 1% (b) as (a) 

ckI; ý01 4#V, . 

f-ýI I e, 

40k, 

nitrided 4d. in 5% NH3: H2 

at 640 OC 

b 
.*dý 

C-)( +8, 

X 2600 

4 4VI'A OW" 
. 

(C) Fe-5-05 wt. % W 

annealed 3h. at 880 OC 

nitrided 9d. in 11% NH3: H2 

ot 590 IC 

+ 

140 

PHO TOMICRO GRAPHS OF ANNEALED AND 

NITRIDED Fe-W ALLOYS. 



39 

The effect of the higher oxygen content, is shown by run 4 

where pa=tially replaces ý, in the 9-3 wt, c, ýoW alloy and 

completely replaces it in the 5-05 wt. 6,11 alloy* is 

obseived in the 2-05 and 5-05. wt. ýSd alloys because 

precipitation is more rapid than in the annealed alloys 

and the tungsten content decreases to a level where 
is stable. 

The sequence of phases produced during nitriding is 

shown by interrupting the nitriding treatment at 615 0C and 
81140 NH 3 : 11 2 

(run 10). In the Fe-9-3 wt-, Ao7 alloy after only 
81h. 4-ho original 7Z -oxide has merely tranuformed to 
lq, -Fe3ý 3 IT(O) with some formation of ý. However after 
4 days under the same conditions both phases tire unstable 
and only S remaninc (nee Figure V. 

* 
7). With 0111Y 4.0 and 

5-05 wt-'Plo S' is nucleated directly (again with( ý) 

because the alloys are single-phase before nitriding. As 
with the high-tungsten alloy 6' is the equilibrium phase, 
and 6 is not present after 4 days. During run 10 the 

ammonia content of the gas mixture exceeded 85ifl reoulting 
in the formation of ý-austenite, less of which is scon in 
the 9.3 wt. 1yW alloy beoause of the ferrite-stabilising effect 
of tungsten (Figure V-7)- 

V-4 Pressure-nitridingand guench-al., ing 

X-ray examination of pressure-nitrided alloys without 
subsequent aging (runs 1 and 2, -Table V-3) shows no nitride 
precipitation in alloYs up to 5-05 vt. ýA'I and both solutes 
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are present in a mixture of ferriteg austenite and . 
martensite, or autotempered martensite. In the 9-3 wt-4; 7 

alloy there is nome precipitation of ??, -nitride-but most 

of the tungsten and nitrogen is in solution. Surprisingly 

the ý -nitride has the same unit-cell dimensions as the 

original IZ-oxide and th 
' 
crefore is of composition Feele (0) 

or Fe W (11,0, C) and not Fe W. IT. Considerable quantities 12 12 33 
of precipitate are produced on subsequent aging and the 

low oxygen content prevents complication of the sequence by 

oxy-nitridus. The phase produced depends on the tungsten 

content of the alloy and the trend is more marked than in 

constant activity aging. The sequence of phases formed 

with diecreasing tungsten content is 7? 1- 
6 (runs 3,4,6, 

7 and 8), with ? Z1 never being observed in alloys 

containing less than 5.05 wt-c, 'OU. In alloys nitrided at 
high nit-Acgen pressures '*? Zl is present in both 9.3 and 
5-05 Trt4ý7 specimens (runs 3 and 4) whilst at lower pressures 
( -15 and -6 atm. 11 2) the 5.05 wt. ý, AWI alloy contains only 
(runs 6 and 7) (see also Figures V. 8 and V. 9). 

The same alloy nitrided in -40 atm. N 
2 

but aged at 
5600C (run 8) also contains only 6 but this is probably 
due to a slightly lower P11 

2 value than the one quoted, rather 
than the lower aging temperature. Relatively small amounts 

of Fe 2 11 are used as a nitrogen source 0.060gm. ) and 

'variations in the volume of the sealed nitriding tube can 

cause errors in the assessment of the nominal pressure. 
This is particularly noticeable in the present study because 
the critical tungsten level at which the stable phase changea 
almost coincides with the composition of one alloy (5-05 
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Precipitation is more rapid than in constant activity 

aging and in the high alloys the tun-sten activity quickly 

reaches the level at which becomes stable (runs 3 and 4)- 

The only occasions when 9 is not seen with -ql in the 

9-3 wt. ýýT alloy is when the alloy is nitrided in low nitrogen 

pressures and there is insufficient nitro3en to combine with 

all the available tungsten (runs 6 and 7)- 

The converse of the above uituation in when the 

low tungsten alloys are nitrided at a pressure of -40 atn- 

and contain nitrogen in excess of that required to 

precipitate all the tung6ten. In the early stages of aging 
before any appreciable precipitation of tungsten occurs, 

most of the nitro6en in present in either austenite (above. 

59000 or PC 4 11 (belo" 59000- If the nitrogen is in excess 

of that required for complete precipitation of tungsten plus 

saturation of ferrite, it stabilises either austenite or Fe 4N 
depending on the temperature (runs 5 and 8). Similarly if 

aging is interrupted before precipitation is complete (run 
0 4) 

austenite is also present. Run 3 shows the presence of 

austenite in the 5-05 and 2-05 llt-ý. -ýV alloys because the 

specimens were nitrided at a higher temperature (und therefore 

a slightly higher pressure) and so contain more nitrogen. 

Because the alloys are two-phase (ot+16) at the 

nitriding temperature the nitrogen is inhoraogencously 
distributed in the speciman. On subsequent aging most of 
the nitrides occur in regions which at high temperaturas 

vere austenite and on quenchin, - are martensite or retained 
auatenite (see Figure V. 10). 
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V-5 Discussion 

ITo attempt has been made in this chapter to discuss 

all the experimental data in d'etail, but examples have been 

chosen to illustrate the effect of the different variables. 

It is clear that the nitride phase produced in Fe-'. "--N 

alloys depends upon the tungsten, nitrogen and oxygen 

activities in the alloy and the aging temperature. Of 

these the oxygen potential appears to-have the most 

significant effect, but at o constantq low oxygen potential 

the activity of tungsten becomes more important. 

The effect of substitutional solute activity on 

precipitation in other Fe-X-11 systems has been previously 
demonstrated (Pipkin, 1967; Speirsp 19659; -Roberts, 1970; 

Mortimer, 1971). In Fe-Mn-IT alloys Pipking Grieveson and 
Jack were able to show how the precipitation sequence was 
in accordance with, and could be predicted from thermodynamic 

data applied to a pseudo-equilibrium model. Thus Figure Vell 

shows a partial molar free energy 7 composition diagram for 

the manganese-nitrogen system on which are plotted the 

"curves" for the three manganese nitrides lin 3N 2t 
;. In 

5 
IT 2 and 

M, 4 N. The nitrides are assumed to be stoichiometric and 
therefore the integral molar free energies of format -ion are 
at fixed compositions. The nitrogen potential. greatly 
exceeds that required to precipitate all the nitrides and. 
the relatively high diffusivity of nitrogen allows complete 
saturation of the specimen'before appreciable precipitation 
Occurs* Therefore the phase produced is controlled by the. 

prevailing manganese activity. It is easily predicted 
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(Figure V. 11) that as the manganese activity decreases 

during precipitation, the critical levels at which Un 5N2 
and Mn 3N2 become stable are successively passed. The. ý 

experimental data compiled by Pipkin are in good agreement 

with this model. Speirs was subsequently able to apply 

the argument qualitatively to his study of precipitation 

in Fe-Mo-N alloys. 

In the Fe-W-N system the above. theory is not 

generally applicable. It is approached in, preasure-nitrided 

and quench-aged alloys ivhere only "pure" nitrides are formed, 

but -. inccc onc of them is an iron-tungoten-nitride ( ý1) 
ii should not strictly be included on the same diagram. 
11oviever, if Mn 3 if 2 an d Mn 4 11 tire replaced by TIN and Re 3 V1 3N 
respectively then the predicted precipitation sequence witv 
decreasing tungsten activity will be Z, -& which is 

actually observed. No thermodynamic data are available 
for tungsten nitrides and thereford the model can not be 

rigidly applied. 

The presence of the highest nitride (& -17.1, T) in the 
low tungsten alloys and the lowest nitride (11-Pe 

3W3 N) in 
the high tungsten alloys is shown in the metastable 
equilibrium diadrams of Figure V. 12. The critical tungoten 

content at which A, is formed increases from 5-0 wM', ', 

to > 5-0 wt. 'Oo as the nitriding pressure-is lowered from 

- 40 atm. to " 15 atm. of N2 (Figure V. 12 c. and d. ). 
The formation of Y, is given by the equation: 
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3Fe + 317 +N Fe 3 VI 3NM. 
1 

a Fe It 3 IT 

a3 
3 see* 

(V). 2 
Pe*Nl-'ýl 

assumina pure Fe and Fe 3 11 

1 
(V). 3 K3 

a 

i@e* a3, =1- to* (V). 4 
3 x. UN 

Therefore if the initial activity of nitrogen on aging is 

decreased, (by lowering the nitrogen pressure during 

nitriding) then the critical tungsten activity at which 

,ý1 forms will be increased. 

, rams for high and low ammonia The pseudo-ternary diag Cj 

contents in constant activity aged alloys are shown in 

Figure V-13. The predominant phases produced in 

ammonia-hydrogen nitriding are the oxy-nitrides and 

Again it is the higher (oxy-)nitride, 6 -1.7 0.75 
(11,0), which 

is found in the low tungsten alloys and the critical 

tungsten activity at which 6 begins to form is increased 

trogen potentials at higher temperatures and lower nit 
(Figure V-13). Considering a series of alloys 

0 111 :H according to Figure V. 13bl nitrided at 615 C in 8c, ýR% 
32 
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ferrites of composition greater than Fe-2 wt. c,, o-kl after 

saturation 'with nitrogen will ba'at the appropriate point 
I 

on the -OC-solvus to precipitate I)uring precipitation 

the ferrite composition moves'along the solvus until it 

reaches -2 rt. ljlý'r at which point 6 forms. Conversely, 

alloys of composition-leos than Fe-2 wt., "'j'J precipitate 

only t. 

one surprising feature of constant activity aged 

alloys is the appearance of several phases apparently 

formcd at the same tungsten activity in specimens containing 

Fe 2 11. In particular 6 was detected with when some 

Fe 2W remained and therefore where the tungstent content in 

the ferrite should not have been low enough for Y to be 

the stable phase. One possible explanation is that the 

nitridec detected are in different regions of the specimen 

and different stages of nitriding are being observedg 

allowing unconverted Fe, to be in the same specimen as 

and ý without the phases co-existing locally. Howevert 

run 10 (Table V. 2) shows that ý can nucleate together with 

in a 5.05 Wt-', -ýW alloy (which does not contain Fe TI) and is 

subsequently replaced by as aging continues. A probable 

explanation for this is that on aging, nitrogen diffuses 

into the ferrite and a concentration profile moves through 

the spacimen until eventually the ferrite is in equilibrium 

with the gas. Therefore at all points within the specimen 

the activity of combined nitrogen gradually increases from 

zero to that of the gas. In cold-worked specimens 

nucleation is rapid and some precipitation occurs before 

the specimen reaches a constant nitrogen activity. It is 
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suggested that when precipitation from any small volume 

element within the specimen begins, the tungsten ferrite 

"sees" a low nitrogen activity and heiice the system 
initially behaves as if it was. at a low nitrogen potential. 
This results in 6 being PreciPitated from a high tungsten 
ferrite (Figure V-130), and it is only when the specivien 
is saturated with nitrogen that the sy6tem behaves as 
predicted by its true nitrogen potential (Figure V-13b) 
i. e. 6' grows and Zý disappears. 

Conolusions 

A hexagonal oxy-nitride &_T, 
0.9 

(IT, O) is characterised 

and shown to be stable if sufficiently high oxyGen otnj 

nitrogen potentials are maintained. 

2. As many as six different tungeten or iron-tungsten 

nitrides and oxy-nitrides are Precipitated in Fe-17-17 

alloys under various conditions of teraperature, 

oxygen potential and solute activities. These are 
ý -Tr 0-75("T '0)' 

6" -110 
-9 

(11' 0) ' 
S'l-oxy-nitride 

, 
6-1111,7Z 

1 -Fe 3 
11 

3 
N(O) and _ý 

3 
(probably Fee'6 N(O) 

In additiont the iron-nit-rogen phases Y&_Fe, 

If & "K 
-Fe 4 11 , 0('-raartensite and cK _Fe 16 

11 2 are precipitatel 
under certain "all-established conditions of temperaturev 
nitrogen potential and heat-treatment. 

The general observations can be satisfactorily 
interpreted in terms of schematic ternary phase 
diagrams. 
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Chapter VI 

PRECIPITATION III Fe-TI-N ALLOYS: THE PRECIPITATION SEQUENCE 

VI. 1 Introduction 

It is now well established that under certain 

conditions, homogeneous precipitation can be obtained 
in many ternary Fe-X-N systems. Constant activi ty aging 

not only provides a high nitrogen potential and therefore 

a high oupersaturation, but also a continuous source of 

nitrogen. As precipitation proceeds neither the driving 

force with respect to nitrogen nor the supply of nitrogen 
decreases, and the extent of precipitation is controlled 

only be the substitutional solute content of the alloy. 
Homogeneous precipitation in Fe-W-N alloys can also occur 

under carefully controlled conditions which include nitrogen K: > 
potential, tungsten aotivityt temperature and the phyaical 

Etate of the alloy. 

Figure VI. 1 shows the nitriding, rates for various 
Fe-17 alloys in %'ýWll 3 :H2 at 615 0 C. The nitrogen potential 
is slightly lower than that required to stabBise nitrogen- 

austenite at this temperature and would produce a nitrogen- 
ferrite containing about 0.08 wt. ýýI in pure iron. Any 
increase in weight above about 0.08c, '50 is therefore 

attributable to precipitation of nitrogen. The high 
tungsten ferrites rapidly increase in weight due to the 
initial formation of substitutional-interstitial 
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Guinier-Preaton zones. Conversely precipitation in 

nitrided Fe-2.0 wt. ýW is very restricted and within 

experimental error there is no detectable increase in 

weight other than that expected from nitrogen in solution. 

At intermediate tungsten compositions moderate reaction 

rates are observed. 

VI. 2 Homogeneous preci2itation 

- The structures obtained in Fe-4.0 and Pe-5-0 wt-`it'l 

alloys after nitriding for short times wider conditions 

described in Pi, -, -, ure VI. 1 are shown in Figure VI. 2. 

together with typical diff=action patterns (Figure VI-3)- 

In Fe-5-05wt-c, o tungsten the disc shaped clusters 

lying on {100J matrix planes are about 200-300 Jý 

diameter and 5-10 ý thick. Bright-field micrographs 

. 
(Pigure VI. 2) exhibit characteristic matrix strain-field 

contrast (Ashby and Brown, 1963) and structure factor 

contrast (Hirsch, Howie, Whelan, Nicholson and Pashley, 

1965)- Electron diffraction patterns (Figure VI-3) show 

only emall amounts of streaking in [100j, matrix 
directions, which is surprising in view of results obtained 

from other systems, e. g. Fe-! "o-N (Speirs et. al., 1971; 

Driver et. al., 1972), Fe-Nb-11 (Roberts, 1970) and 
Fe-V-IT (Pope, 1972; see also Appendix II). The extent 

of visible streaking indicates a disc thickness of about 

15 Xt a figure which seems high by comparison with the 

bright-field images. There are three possible reason8 
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for the surprisingly small amount of streaking: 
(i) Unlike other Fe-X-N systems a study of the first 

stage of precipitation in Pe-TI-11 alloys is restricted 

to 'small volume fractions of clusters and diffraction 

effects will be less noticeable. 
(ii) It is thought that the zones contain an appreciable 

quantity of iron, in which case the effective atomic 

scattering factor of the zone metal-atom is reduced.. - 
(iii) Electron diffraction streaking can be due to either 

matrix strain associated with disc-shaped coherent 
' 

clusters, or pirely shape effects from semi-coherent 

or partially coherent di8o-shaped' precipitates 
(Hirsch et. al. 1965)- The former mechanism applies 
in the early stages of precipitation in Fe-17-11 alloys 

and the extent of streaking is governed by the degree 

of strain. This. is supported by observations in 

Fe-V-N alloys where the streaking is continuous - 

even in alloys containing only 0.4 'ut-50V (Pope, 1972), 

but is due to a much higher degree of matrix strain 
than is present in Fe-W-N alloys. 

The atomic arrangement of a substitutional-interstitial 
solute atom cluster is shown schematically in Figure VI-4* 
When no nitrogen is present, the sixfold co-ordinated 
octahedral interstice in bec iron has tetraGonal symmetrys 
the B-B interatomic distance being r2 a (Fýgure VI-4)9 

whilst the A-A distance is only a. When the site is 

occupied the filled octahedron becomes regular with equal 
B-B and A-A distances, the strain being essentially in only, 
one direction. A cluster can be regarded as a "disc" of 
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filled octahedra with some iron atoms replaced by those of 

tungsten. This arrangement is stabilised at about 6000C 

by the low mobility of tungsten and the high affinity of 

tungsten for nitrogen. Neither the composition of the 

zone nor the preferred tungsten sites (if any) are known. 

An indication of the overall matrix strain due td 

substitutional-interstitial GP zones is given by matrix 

lattice parameter measurements. This is clearly demonstrated 

in Pe-V-N alloys (Pope, Krawitz and Jack, 1972) where nitrogen 

contents several timas greater than the maximum solubility 

in p. -re forrite produue proportional increases in thecX-iron 

lattice paramoter. Conversely in nitrided Fe-TI alloys 

both the increase in lattice parameter and the total amount 

of ni-trogen present in clusters are small. 

A study of the early stages of precipitation in Fe-W-N 

alloys is difficult because the tungsten content at which 

GP zones are stable is relatively high. In addition there 

is no detectable pseudo-equilibrium between GP zones and 

enriched solid solution; that is, there in no stage during 

nitriding when precipitation is interrupted and GP zones 

are left (temporarily) in metastable equilibrium with a 
high tungsten ferrite. This would be shown by a 
discontinuity in the weight increaue v time curves of 

Pigure VI. 1. Instead, after short nitriding times, tha 

pre-preciPitates transform to an ordered Fe-17-11 intermediate 

phase, the onset of which is just apparent in Figure VI-3c- 
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VI-3 The structure and morphology of the intermediate phase 

Continued nitriding of alloys with tungsten contents 

greater than about 3-5 wt. ý, fj produces a homogeneous 

distribution of intermediate precipitate (Figure VI-5)- 

The intermediate precipitate in Fe-W-11 alloys has been 

described as a two-dimensional superlattice of 0(-iron- 

similar in structure to c("-Fe 16 IT 2 
(Stephenson, Grieveson 

and Jack, 1972). The metal-atom arrangement is very similar 
to that of 0('ý-Fe 

16 
N2 (see Figure 1-4) and is formed in a 

similar manner, but chemically the two phases are different. 

Figure Vi. 6 shows an el, otron diffraction pattern 
obtained from extracted intermediate phase indexed on the 
basis of a tetragonal unit cell with a dimension 5.74 

but whose c dimension is not determinable# The habit 

plane of the precipitate plates is fOOIJ and centred 
dark-field techniques show that only plates lying 

perpendicular to the electron beam contribute to the 
diffraction pattern, which is essentially that due to the 
[001] zone of a single precipitate crystal. The 

precipitate is too thin to give f0011 and [hOlj 

reflections and even when tilted, gives no reflections 
other than fhkO}. Thus there are insufficient 1001ý 

precipitate planes for diffracted electron waves to be 

reinforced and the atomic arrangement can be considered as 
essentially "two-dimensional", Certainly in (1001 

directions the crystallinity extends over large distances 

since metal-atom ordering produces reflections which 
correspond to a superlattice of ferrite, the superlattice a 
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dimension being twice that of ferrite. 

"In situ" diffraction patterns of intermediate phase 

e. g. Pigure VI-7, show streaking and characteristic super- 
lattice apots. The streaks appear to be continuous in 

reciprocal space but they are very narrow due to the large 

precipitate diameter (z!: 0.1p) and are only seen to be 

continuous when an exact foil orientation is obtained. 

The position of the streaks in reciprocal space is 

shown superimposed on the reciprocal lattice diagram. of 
ferrite of Figure VI. B. The reciprocal lattice points 

corr 
* 
esponding to the precipitate {hkol planes are merely 

those points given by the appropriate reciprocal lattice 

vector for ferrite, but having, only half of the magnitude. 
That isp the precipitate is considered as having a body- 

centred tetragonal unit cell of unknown o dimension, 

precipitated in ferrite according to tha orientation 
relationship: 

(001) precipitate 
11 (001). 

i. e. the same as that of 

; [001] precipitate 
11- [0013c< 

ol-ý-Fe 1eT2" 

The positions at whicli the network of streaks intersect 
in reciprocal space can be determined by considering several 
orientations of thin foils containing the three mutually 
perpendicular precipitate types. Thus the spot arrowed 
in the [001]cx pattern of Pigax-e VI-7 is a ý1101 superlattice 
type but is not present on the [110],,, ( pattern in the same - 
figure. Inspection of Figure VI. 8 shows that the reflection 
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would be contained in a continuous streak if'the orientation 

was exact, and its intersection with mutually perpendicular 

streaks is at a different point in reciprocal space. The 

slight deviation from an exact [1103., zone is illustrated 

by the "splitting" of superlattice spots which converge 

as the exact Bragg condition is approached. All diffraction 

patterns are characterised by intense well-defined spots 

vhere rel-rods intersect the Ewald sphere and they become 

quite complex at less simple foil orientations e. g. the 
[210]c, 

c zona shown in Figure VI. 9. In this orientation 

one set of precipitates are parallel to the electron beam 

whilat the other two sets are incident at angles of 63-5 0 

and 26-5 0 respectively. The streaks produced are 

perpendicular to the precipitate habit planes and can be 

diStinguiShed on Figure VI. 9 because one set produces 

elongated "apots" due to its low incident angle. In the 

micrographs of Figure VI. 10 the dark-field image (d) using 

the elongated spot reveaA the discs of low aspect area 

whilst that using the sharp spot shows the precipitates 

of high aspect area (Figure VI. 10c). The micrograph (b) 

shows all three precipitate types because all-three sets 

of streaks intersect at this point, which unfortunately 

is not clear on Figure VI. 9 because of an intense spot due 

to the presence of an epitaxial surface oxide film (It"eawn 

and Dyson, 1966). All oxide spots marked (hkl)ox are 
produced by a [211] zone of Fe 304 

(a - B-39 R). 

Iihen the PreciPitate plates thicken, their c dimension 

, 
becomes determinable and they can be isolated by dissolution 

of the matrix in 20; ") 11 2 so 4* Figure VI. 11 shovis electron 
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and X-ray diffraction patterns of th .e phase at this stage. 

X-ray diffraction yields only reffiotions from {hkOj planes 

because the small crystallite size in the [001] direction 

causes irresolvable diffraction broadening, but ordering 

of the metal atoms is confirmed by the presence of super- 

lattice lines. However, electron diffraction patterns now 

show fhk1j reflections which, on the body-centred 

tetragonal interpretationg give a c/a ratio of about 
F2 

and therefore the simplest unit coll is approximately cubic 

having an orientation relationship with the matrix of: 

(11O)Procipita-too 11 (100)oc ; [001] precipitute 
Ill 

[00131 

i9e* the Baker-Ifutting orientation relationship (1959) for 

f. c. c. carbides and nitrides in ferrite. The electron 

diffraction pattern of Pigure VI. 11 consists of reflections 

from three precipitate zones and is now indexed on the basis 

of a cubic unit cell, the reciprocal lattice points of vhich 

are shown relative to ferrite in Figure VI. 12. 

The presence of iron in the extracted precipitate was 

confirmed by compacting the extract and reducing in hydrogen 

at 8000C. The resultant alloy was shown by X-ray diffraction 

to consist of VI(Fe) solid solution and Fe 17 Although the 
23 

test was only qualitative the iron content of the residue 

was estimated as being about 5-10 at. ', O. A previous 
determination using electron probe analysis of carbon 

extraction replicas gave a much higher value (ev5oýo) but it 

is possible that considerable error was introduced due to 
the presence of corrosion products produced during extraction. 

0 

0 
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It is clear from the intensity of the superlattioe 

reflections that there must be ordering of the two metal 

atoms and/or possibly defects. The most probable 

explanation is that iron atoms"partially occupy the (000) 

positions of a face centrod cubic arrangement of tungsten 

atoms. The altenative is that these positions are partially 

or totally vacant, but this would make the structure simiiar 

a to ý-"10-750110) 
and the nitrogen content should be about 

three times greater. In addition ý-'ý10-75(11,0) can not 

exist at low oxygen potentials whereas the intermediate 

phase can. ' 

The shifts in metal-atom positions necessary for 

transformation of the original clusters to intermediate 

phase are illustrated in Figure VI-13- Precipitation 

proceeds by continuous replacement of iron atoms by those 

of tungsten accompanied by the clustering and ordering of 
nitrogen. In this manner the precipitate is formed without 
any change in the overall metal-atom arrangement, and the 

process merely continues until the most stable composition 
is attained. In systems such as Fo--Ci-N (Mortimer, 1971) 

and Fe-V-11 (Pope, 1972) where the equilibrium nitride is 
face oentred cubic, the process continues until the 

equilibrium phase is produced directly. However in the 

present system, where the equilibrium composition is near to 
VIN and the structure is simple hexagonal (see Chapter V), 
the continuous ordering process ceases before stable 
equilibrium is attained. The equilibrium phase in these 

alloys nucleates at grain boundaries and grows die6ontinuouslyl 

and the intermediate precipitate persists in its metastable 
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form until it is consumed by equilibrium phase growth. 

VI-4 Heterogeneous precipitation 

Figure VI. 1 shows that with less than 4-0 wt*', /4-m79 

nitrogen diffuses into the specimen at a significantly 
faster rate than it PreoiPitaten. With 3-5 wt. ljýW- the 

rate of weight increase up to about 0.1 vt. ý21 is greater 
than that above 0.1 wt. eit vhilst with only 2.0 wt. ", b the 

rate of increase above the nitrogen solubility. is virtually 

"C=* This is because precipitation is now heterogeneous 

and since the number of nuclei is reduced considerablyq the 

rate of precipitation is low. 

Figure VI-14 shovis micrographs of FC-3-5 wt-07 alloys 
nitrided in 8', fNH 

3 :H2 at 6150C for 36 hours. The alloy 
contains about 0.14 wt-ciýl and since the precipitation 
reaction is slow compared to nitrogen diffusion into the 

specimen, then at 6150C most of this nitrogen 0.09 01 
must be present in solution in ferrite. A combination of 

auto-tempering during the quench and retaining the specimens 

at room temperature allows decomposition of the supersaturated 

nitrogen-ferriteg producing Pe-IT GP zones. The high 

nitrojon potential employed in these experiments produces 
the high concentration of nitrogen required for homogeneous 

precipitation in nitrogen-ferrite (see Chapter 1). Thus 

Figure V-14a shows heterogeneous precipitation of Fe-77-11 
intermediate phase produced at 6150C in a background of 
ferrite containing Fe-11 GP zones produced at about 20 0 C. 
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The intermediate phase precipitates have an irregular 

disc shape and are usually formed as clusters of three 

plates on a single nucleus very similar in appearance to 

E-carbide plates in aged carbon-ferrite (Hale and McLean, 

1963) and a"-Fe 16 N2 plates in aged nitrogen-ferrite (Hale 

and McLean, 1963; Lehtinen, 1972). Electron diffraction 

patterns obtained from the region containing the large 

precipitates in Figure VI-14a show characteristic super- 
lattice spots despite the low volume fraction of precipitate 
(Figure VI-14b). The distribution of precipitates is seen 

more clearly in Figure VI-14c and is predominantly on 
di6J1oCO a tio 

An o. The surface of the foil from -wh ioll this 

extraction replica was produced is near to (100)c< and the 

section of the dislocation lines on which precipitation is 

dense lie in the (100)a ferrite plane. General 

observations indicated that precipitation on dislocations 

was more predominant when this condition was fulfilled. 

Purther nitriding of the alloy shown in Figure V1.14 

produces additional nucleation and growth until ultimately 

a dense network of interlocked precipitates is produced 
(Pigure VI-15a). There is some indication that the 

continued nucleation of intermediate phase occurs by tin 
autocatalytic mechanism similar to that discussed by Lorimer 
(1970) for the precipitation of 0" in Al-Cu allo)rS. in which 
as one plate grows, nucleation of an adjacent plate is 
induced in Ithe strain field of 4. -he first. A prerequisite 
of such a mechanism is the existence of strain in the matrix 
at the periphery of the precipitate and this is clearly 
Qeen in Pigure VI. 10a. The particles probably grow by 
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a ledge mechanism similar to that described by Mitchell (1971) 

for hafnium nitride in Liolybdenura, in which coarsening 

occurs by the successive formation of extrinsic steps and 

intrinsic loops which grow radially, generating matrix 

strain near to the circutaference of the disc. 

With only 2.0 the rate of heterogeneous 

precipitation is reduced dramatically. Figure VI-150 

shows small amounts of intermediate phase produced 

after nitriding, for 78 hours, which have been detected only 
by subsequently aging 4. -he specimen at 2500C in order to 

transform the fine diStribution nf 'Fa-IT GP zoncs to a 
0 

coarse dispersion of o(-Fe 16 N 24 

Cahn (1957) predicts that for a given phase precipitation 
on dislocations becomes energetically more favourable as the 

supersaturation increases. In the present system as the 
tungsten content is increased up to about 3-5 ylt-ý, 
precipitation on dislocations becomes more evident but at 
the supersaturations at which homogeneous precipitation occurs 
the latter is so extensive that dislocation nucleation is 

not commonly observed. Thus the influence of dislocation 
is greate8t at moderate supersaturations (Kelly and 
Nicholson, 1963). 

The observations are consistent with the existence of 
a zone oolvus but in this case since there are two solutes 
the supersaturation required for homogeneous precipitation 
must be achieved by exceeding an activity product. The 
tungsten content above which homogeneous precipitation occurs 
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will thetefore depend on the nitrogen potential. 

VIA Discontinuous precipitation 

The final stage of precipitation is the heterogeneous 

nucleation of equilibrium nitride at grain boundarieB9 and 

transformation of the microstructure by discontinuous 

precipitation. The reaction interface is a high angle 

boundary at which simultaneous dissolution of the intermediate 

phase and precipitation of the equilibrium phase occurs. 
I 

I lamellae o4 growine, in V. 16 : 31iCA-40 A' 
the direction indicated and "dragging" a grain boundary at 

which the intermediate phase is consumed. Matrix 
recrystallisation is clearly demonstrated in the matrix 
bright field-dark field micrographs which show that the 

interlamellar ferrite is of the same orientation as the 

grain from which the precipitate originates. There is no 
dissolution of the intermediate phase at lari3e distances 

ahead of the boundary. 

Extraction replicas from alloys containing continuous 

and discontinuous precipitation reveal the habit plane of 

the equilibrium 6, plates to be (001)61 
, and the plates 

gro,. -I extensively in all directions lying in the basal plane 

of the hexaZonal unit cell. The Pseudo single crystal 

electron diffraction pattern of Figure V. 1 was obtained 

from such a plate lying perpendicular to the electron beam. 

Figure VI-17 shows a series of micrographs obtained from a 

thin foil which was successively tilted until the projected 
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precipitate width was a minimum i. e. the plates are ultimately 

lying with their habit planes parallel to the electron beam. 

The S. A. D. P. accompanying Figure VI-17d was obtained from 

the interlamellar matrix and shows that the precipitate 

habit planes, as expected, are parallel to the {110ý,, 

ferrite planes. 

Unfortunately a diffraction Pattern of the two parallel 

zones was not obtained; however Figure VI-18 shows a pattern 

from a specimen alligned such that (311)0( and (02T)S' 

are both nearly perpendicular to the electron beam, and 
th -IU0, 

. 4. c Masured. angle betvcen (T21)., and (200) is about 5 

This is consistent with the orientation relationship; 

(0001)8' 11 (011)", (112018' 11 [1003"' 
(Pitsch and Schrader, 1958) 

'which is illustrated in Figure VI. 19a. 

Preferential nucleation of cells at a boundary between 

oc-grains A and B may be explained in a similar manner to that 

in the much studied Pb-Sn system (Turnbull, 1955). 

Considering two ferrite grains A and B separated by a high 

angle boundary as shown in Figure VI. 19b. & nucleates 

adjacent to the boundary in z- ,,, -ain A with an orientation 

relationship which minimises the interfacial energy between 
8 

and Ao(. For 8" to grovin into A c< the reaction 

requires volume diffusion of tungsten atoms in grain A. 
Instead branches and grows into grain B causing the 

Aot-B, c boundary to move so as to maintain the desired 
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orientation relationship and produce a diffusion short 

oircuit. 

Previous studies of discontinuous precipitation have 

involved measuring reaction rates for precipitation in a 

supersaturated solid solution. In ouch cases the diffusion 

coefficient controlling the transport of solute atons has 

been shown to be several orders of magnitude greater than 

the experimentally determined volume diffusion coefficients 

(Turnbull, 1955), and the kinetics of the process can be 

described in terms of two parametersq the grain boundary 

diffusion coefficient and the ncto free energy decrease during 

recrystallisation (Cahn, 1959). In the Pb-Sn system only 

about 60ýo of the thermodynamic excess of Sn in solution 

is precipitated by diffusion along the migrating boundary 

as it traverses the grain, the remainder being left in 

solution and eventually precipitating'via the slower lattice 

diffusion to adjacent lamellae (Turnbull and Treaftiss 1955)- 

Subsequent studies of discontinuous precipitation in 

systems where the initial decomposition of the supersaturated 

solid solution is by prior continuous precipitation, showed 

that on the basis of the Turnbull theory the kinetics more 

closely followed those expected for predominant lattice 

diffusion. However for Al-Ag alloyal Aaronsson and Clark 

(1968) showed that the reaction was Do controlled when 

account was taken of the considerable reduction in driving 

force for discontinuous precipitation, due to the low 

solute activity in equilibrium with the continuous precipitate. 
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The kinetics of precipitation were not studied in the 

present work but by the argument of Aa-Aonason and Clark it 

would appear that the thermodynamic excess available for 

discontinuous precipitation is greater in the low tungsten 

alloys e. g. -Fe-2.05 wt. c, 11, because the activity of tungsten 

prior to cellular growth in the higher alloys is rapidly 

reduced to that in equilibrium with the intermediate phase. 

The most noticeable difference between discontinuous 

precipitation with and without prior continuous precipitation 

In thi8 alloy, vithout prior is revealed in Figure VI. 18d. T 

continuous precipitation of intermediate phase (the fine 

homogeneoue distribution has boon produced at room temperature) 
U 

considerable branching of lamellae is evident whereas with 

high tungsten contents (Figure VI. 16 and VI-17) this is 
4 

never observed. When the advancin, -, boundary passes through 

a random solid solution some of the solute remains and 

segregation is incomplete (cf. Pb-Sn alloys). The remaining 

solute eventually diffuses through the lattice to adjacent 

laths causing additional growth. Conversely, as tha moving 

boundary passes through a depleted solution containing 

intermediate precipitate, partial segregation has already 

occurred and the solute is locatedin small regions of high 

concentration, allowing virtually complete segregation by 

a grain boundary diffusion mechanism. 

One commonly observed feature is the association of 

parts of the migrating boundary with the broad faces of 
lamellae in order to reduce the total boundary surface area. 
This leads to pinning of the moving boundary at interlamellqr 

4-# 
debris (D on Figure VI. 16); such particles are probably 
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formed when the moving boundary is suitably orientated 
locally for nucleation in the special orientation relationship 
(TTu and Turnbull, 1968). 

The predominating form of precipitation during aging 
(continuous or discontinuous) is that which provides the 

highest rate of change of free energy i. e. that for which 

dAG/dt is greatest (Kelly and Nicholson, 1963). Thus 

although allowing a greater overall decrease in net free 

energy9 discontinuous precipitation is restricted in the, 

early stages of nitriding in favour of the higher rate of 

decrease which accompanies rapid formation of the metastable 
intermediate precipitate. It is only in the later stages 
that discontinuous precipitation of the equilibrium 

nitride predominates. 

VI. 6 HiC, 11 temperature aging of nitrided alloys 

Aging of nitrided alloys in the range 650-800 0C in 

vacuum produces coarsening of the intermediate precipitate 
and growth of the equilibrium phase. 

(a) The intermediate phase 
Alloys containing less than about 4-0 Wt-Ow 

do not form GP zones during nitriding, but exhibit Blow U, 
heterogeneous Precipitation. * Consequently the-matrix always 
contains nitroden in equilibrium with the gas phase, and 
if the concentration is high ( >., -o. o6 wt. ýI, ) the solution 
decomposes homogeneously at room temperature. U 
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When such an alloy is subsequently a6ed at 650 0C 
C> 

the high concentration of nitrogen is again present in 

solution and additional precipitation of Fe-19-IT intermediate 

phase occurs. The high concentration or niirogen rema. Lnu 

in the matrix until it is precipitated as intermediate phase 

and if the treatment is interrupted before precipitation 

is complete, Fe-N GP zones are again formed on cooling 

to room temperature (Figure VI. 20a). 

Figure VI. 20b shows the microstructure obtained after 

aging a partially nitrided Fe-5-05 wt., ýV alloy at 650 0 Ce 

Pricr to aging, the alloy contains Fe-To-1, GP zones and 

the microstructure is that shown in Figure VI. 2a. During 

aging the GP zones transform to intermediate phase and 

coarson, in this case from 200 ý diameter zones to 1000 

diameter precipitates, at which point electron diffraction 

patterns exhibit 11superlattice spots". In contrast to the 

previously discussed low tungsten-ferrites no substantial 

amount of nitrogen is available for additional precipitation 

at 650OC- 

(b) The equilibrium phase 
Alloys overage to the equilibrium condition 

by one of two methods depending on the residual concentration 

of nitrogen in ferrite after initial nitriding. Dis- 

continuous precipitation of 61-410.9(11,0) during constant 

activity aging is a slow process and therefore after 
homogeneous precipitation has ceaEied, the matrix rapidly 

attains equilibrium with respect to the nitrogen aotivity 

i 

of the gas phase. Subsequent high temperaturo aging leads 
U 
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to the-formation of nitrogen-austenite if the temperature 

exceeds some critical value which depends on the nitrogen 

concentration of the ferrite. The solubility of nitrogen 

in CX-Fe decreases from about. 0.1 wt. c, 17 at 600 0C to zero at 

9100C and hence the higher the nitrogen content (i. e. the 

higher the nitrogen potential used during nitriding), the 

lower will be the ex- X transformation temperature. 

w 4- 
0 

Cý Figure VI. 21 shoos micrographs of nitrided Fe-5-05 70 IV 

alloys aged below and above the 0(-ý transformation 

temperature respectively. At 6500C (Figures VI. 21a and 

VI. 21b) cellul--r dincontinuoiis precipi-tation htoq occurred 

b; - the same mechanism as discussed in the previous section, 
that is, recrystallisation without any change in crystal 

structure of the matrix% 

oc -Fe + intermediate phase--* cc-Fe + equilibrium phase 

At 7500C (Figures VI. 21c and Vi. 21d) a network of 

nitrogen-austenite is nucleated at ferrite grain boundaries 

and advances into the grains, consuming the intermediate 

precipitate and reprecipitating the equilibrium phase in a 
non-lamellar distribution. The austenite eventually becomes 

depleted of nitrogen due to precipitation of nitrides and 
re-transforms to ferrite: 

PC-Pe + intermediate phase - 6-Fe -cc-Fe + equilibrium phase. 
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The 11oxy-nitride is produced only when precipitation 

proceeds in a nitriding atmosphere uhich also provides a 

continuous oxygen supply. The sequence of phases observed 

when a specimen is overaged in vacuum can be explained using 

the equilibrium diagram constructed from the pressure 

nitriding observations of Chapter V. Pigure VI. 22 sho,,. Ns 

the phases present at various stages of averaGin,, -, at 750 0 C; 

the observations can be summarised as follows: 

o( -Fe ---40- t -Fe ---4. (x -Fe , D(-Fe 

intermediate +9-1711 +8 --wil +71-pe 3 
"ýIjl 

3 1T(O) 

pha3c +71-Fe "1,11"(0) + -ye -V1 Al (0) + 17 1ý (xi 
10) 3' 333 7ý'3-"'-"6 

6 

0 h. 2h. 25h. 100h. 

Immediately after nitridinj the alloy consists of a 
homogeneous distribution of intermediate phase particles in 

a matrix of almost saturated nitrogen-ferrite. On heating 

to 750 0C 
austenite is nucleated and some intermediate phase 

dissolves increasing the tungsten content o4L ' the matrix. 
At the advancing 6-o( interfaceg where the precipitation 

reaction occurs, local variations in the matrix tungsten 

content exist. In accordunce with Figure V-14s 8-171T is 

nucleated when the tun-sten in solution is low, but has only U 
a temporary existence since the alloy is of sufficiently 
high tungsten content for the resultant equilibrium phzsse 
to be ý, -Fe 31'! 3 11(0). The presence of the lower nitride ý3 

probably reflects the o. xygen content of the alloy since sucil 

phases are known to accommodate more oxygen-than their 1.1 11' '6 ' 
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equivalents (Nutter, 1969). It appears that the prior 
intermediate phase provides a sou--ce of oxygen which is 

insufficient for the formation of 61 41 0.9 
(11,0) but is in 

excess of that which can be accommodated by ý, -Fe 3W3 N(O). 

The araount of produced is controlled by the tungsten 

concentration of the alloy (since there is excess nitrogen)j 

and it is probably significant that the ý, -oxy-nitride is only 

present after long times when the residual oxygen-tungsten 
ratio has increased. 
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Chapter VII 

THE STABILITY OF TIM, INTERIEDIA"IT PRECIPITATE AND THE 

CONDITIONS FOR FORLIATIOIT OF G. P. - ZONES 

VII. 1 Introduction 

The concept of metastable equilibrium can be used 

whenever the approach to true thermodynamic equilibrium 
is slow compared to some other reactiong e. g. carbon steels 

invariably contain cementite although this is metastable 

with respect to graphite. The Fe-N system shows 

particularly good examples of metastable equilibrium 

since even the so-called "equilibrium nitrides" are 

metastable with respect to N2 (g) at 1 atmosphere. 
Dijkstrals internal friction results (1949) for aging of 

nitrogen-ferrite are reproduced in Figure VII. 1 and shou 

quite clearly two stage precipitation behaviour. Q- 1 
max 

is proportional to the concentration of nitrogen in 

solution and the plateaux in the aging curve represent 

regions of metastable equilibria. 

The first precipitate o( /ýPO16 IT 2 in the least stable 

phase and Ils therefore in metastable equilibrium with 

a relatively high nitrogen activity compared to X'-Fe 
4 

17 

which is formed after longer aging times. At 1 atmosphere 

pressure even Fe 4 11 is unstable and if aging were continued 

nitrogen would be evolved and the alloy would eventually 

consist of only a very dilute solution of nitrogen in c<-Pe. 
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Thus in true thermodynamic terms the low temperature aging 

of Fe-N alloys at 1 atmosphere N (g) is a three stage 
-2 

process, 

The precipitation of intermediate phase in nitrided 

Fe-VI alloys is rapid compared to the approach to true 

equilibrium, and so the application of metastable 

equilibrium concepts is valid. Both metallography and 

weight changes indicate that discontinuous precipitation 

of the equilibrium phase is slow and any change in the 

nitriding conditions which affects the intermediate 

precipitate or the matrix is qu-*. okly registered. 

I 
VII. 2 The stability of the intermediate precipitate 

Pigure VII. 2 illustrates an experiment carried out 
to examine the effect of changes in the nitrogen activity 

on the alloy in the nitrided state. The standard nitriding 

curve for Fe-5-05 wt-'P. 7 in 81,7fITH 3 : 11 
2 at 615 0C shows a reight 

increase of 0-321j4i at saturation. Under these conditions 

after complete precipitation, the matrix o(-Fe contains 

about 0.09 vit. 1, "I'V, leaving 0.23 present as intermediate 

phase. Assuming all the tungsten to be precipitated, the 

composition of the phase is determined as (POY-11-75 119 

where the concentration of iron is not known precisely 
but is small. When the nitrogen activity is reduced, 
the specimen saturates at some smaller nitrogen content 

characteristic of the nitrogen potential. 
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The equilibrium constant KI for the formation 

of the intermediate phase in given by: 

(Fe) + 1.75 TIO' + -,, 
c.. 

= (Fe) 7 5P 

a (Fe)Wl 
. 75 11 

1.75 - see* 
(VII). 2 

a F, *aW' 
DýIGK 

1 
**'to (VII). 3 1.75. 

where a., is the activity of tungsten 

a., is the activity of nitrogen 

a Fe a( Pe) Wl-75 N 

If Henry's Law is ob6-yed for tungsten in Ot-Fe 

up to about 1 at. cfia, then: 

0'. = of 
- 

C( **to av-t 

where cd7 is the wt. 11,11 in ix -Fe 

-"or VT in a-Fe and Kh is Henry's Law constant . 



71 

The nitrogen activity of an ammonia hydrogen 

gas mixture (see Chapter II) is -given by: 

ýNH 3/2 
a,,, o( 2 (VII)-5 

H 2 

where 'PNH 3 
is the partial pressure of ammonia 

H2 is the partial pressure of hydrojen 

K2 is an equilibrium constant 

Substituting (VII). 4 and (VII). 5 into (VII)-3 gives: 

sooo (VII). 6 
(k 75. X 3/3 ""Vo' 1 

2A /-P 
11 2 

3 
. 75 K i. e. (jo', V 3 

-P 1 2xfý Nil 3 so** (VII)-7 

3/2 
-fH 

//pITI, 

.... hence: 1.75 log 017-" log K3+ log '2 
3 

where K3 is the reciprocal of (k 
hl 

o75 .K1. K 2) 
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If the assumptions are valid and the plateaux on 

Figure VII. 2 correspond to metastable equilibrium between 

tungsten, nitrogen and ýhe intermediate phaset then a plot 

01 
3/2 

of log V. 1,2- should be linear of slope log Vz 

equal to 0-57 3 

The tungsten concentration of the matrix is given by 

the difference between the total tungsten contant (5-05 

and that present in the precipitates the latter being 

determined from the total weight increase assuming the 

composition of the precipitate to be constant. The derived 

da'M are listed in Table VI1.1. 

Fie, ure VII-3 allows the required plot of slope 0-55 

and in view of the limitations of the procedure the agreoment 
is surprisingly frood. The plot describes the conditions 

under which the intermediate phase is stable at 615 0 C. The 

results predict that even with only 1 atmosphere IT 2(g) the 

precipitate in stable with an alloy content of ?: 4 llt-'031ý11- 
Converse. Ly, in 81, P, 11 3 :H2 the phase is stable with only 
0-4 wt. ýY. 7 although electron microscopy of nitrided Fe-0-5 wt4, f, ', V 
failed to detect any intermediate precipitate. 

The intermediate preoipite. te in Fe-VI-N alloys is 

analogous to other intermediate configurations in conventional 

age-hardening systems e. g. 0 in Cu-Alq but whereas in a 
binary system the two parameters which describe the solvus 

are solute activity and temperature, in a ternax7 system the 

eolvus for a precipitate involving both solutes is determin6d 



0 
0 

t(I 

ci 
A 
d . ri 

-P 
0 

(U 
!P 

9 
. r4 

$4 
4-7 
. ri 

9.4 

m 

0 

0 

cs 
E-4 

0 
0 

0 

cs 

0) 

0) 

0 

r1 

i c 

C3 WN 0 co Lr% (\j 
. W, N C\j T- r- 
. rl o 

P4 

m 

P-% 
IV 

, 

(D 
ol 
cs 

C\j N cr\ Lr\ C\j 
cli 

8 C; 

CD 

Q) (71, C\j It- 0 0 
0 0 0 0 0 

0 

C\j C\l co ON 0ý Cý 01% CN (31\ a\ a\ 
0. *0 00 M cli Lf'% 

C\j 
0 0 

0 



CY) 

14 

6) 
LE 

CD 0 CD 

QVý %*-4 m) 6oI 



73 

by two solute activities together with the temperature. 

In this case the temperature has been maintained constant 

but since one of the solutes is controlled by a gas phase$ 

dissolution of the precipitate is achieved by varying the 

solute activity. 

VII-3 Internal friction observations in Fq-5.05 wt-'jfa%7-0.1 wt. 5foN 

Diftstra's results (1949, see Figure VII. 1) 

illustrate the use of internal friction in studying 

precipitation in Fe-IT alloyS. v 

The physical origin of the low temperature (20-40 0 C) 

internal friction peak in Fe-11 and FP-C alloys (Snoek, 1941) 

is due to the tetragonal symmetry of the unfilled octahedral 

interstices in bcc iron and their cubic symmetry when filled 

with carbon or nitrogen. As long as no external strean is 

applied to the specimen the distribution of interstitial 

atoms is randora, and the o-axes of the locally distorted 

unit cells are equally and randomly oriented along the three 

cube directions of the matrix. If a stress is applied, 
the interstitial atoms move to octahedral positions whose 
directions cf distortion are aligned along the <100>o( 

direction nearest to the stress axis. 17hon the stress is 

removed the distribution of filled interstitial sites again 
becomes randoml but since uigration is time dependent there 

is a phase lag between strain and otress during oscillation. 
The extent of damping is measured as a function of temperature 

at a constant frequency of oscillation and a maximum value 

I 
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is obtained at some oliaracteristic temperature. 

Internal friction theory predicts that the magnitude 

of damping (Q-1) is proportional to the concentration of 

either carbon or nitrogen in solution, provided the 

concentrations are small. This has been verified by 

Dijkstra (1947) for the range of solubilities in o(-Fe. 
It is the degree to which stress and strain are out of 

phase which is the direct measure of internal friction and 
the damping parameter Q- 1 is given by: 

q- 1 tan 0 ý17T 
= 

where is the angle of lag 

is the logarithmic decrement during natural decay, 
4 

and is given by: 

6 
Wýl 

where An 

An+l 

An I ln Al 
ln Xn+l n An+ 1 

*000 (VII). 9 

0000 

is the amplitude of the n 
th 

ascillation 
is the amplitude of the (n+1 )th oscillation 

a 

thus: 
I In - 

A' 
n 7T An+ I 00*6 

According to Dijkstra (1949) for a single relaxation 
process occurring in "pure" -Fe-ll or Fe-C alloys, there is 

aI: 1 correlation between internal friction peak, height 
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maxg and rt. cifo sOlute in nolution in cx-Feq i. e. 

max = wt-CI4 9ý or N (± lor ) esoo 
(VTI). 12 

When the alloy oontains a substitutionul solute in 

addition to nitrogen there no longer exists a single 

relaxation process. In such a case some of the 
interetitial atoms are located in octahedra comprised of 
Fe atoms plus one or more substitutional solute atoms. 
Thus the energy barrier which must be surmounted when the 

it 
n -rogen atom nigrateB can be modified either physically, 
ii the metal-atom radii are different, or chemically if 
the respective metal atom-nitrogen interactions are 
different. 

Extensive investigations of ternary Fe-X-N systems 
have shown the presence of additional peaks in the q-1 V., 
temperature curves, uhich have generally been interpreted 

in terms of atomic jumps to and from different local 

environments. Mlost of these additional peaks occur at 
higher temperatures than the "normal" nitrogen peak, the 
increased temperature signifying a higher activation enera 
for the relaxation process, The systems studies include 
Fe-M-N (Dijkstra and Sladek, 1952; Ritchie and Rawlines, 
1967; Fast, Heijering and Verrijp, 1961), Fe-Mo-N (Dijkstra 

and Sladek, 1952), Fe-Cr-N (Dijkstra and Sladek, 1952; 
Ritchie and Rulings, 1967), Fe-Si-N (Leak, Thomas and 
Leak, 1955), Fe-V-N (Dijkstra and Sladek, 1952; Jamieson 

and Kennedy, 1966; Kdater and Horn, 1966; Pope, 1972) A 

I 
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and Fe-4i-lf (S-zabo-Miszentis 1970) and cover a wide range. 

of metal atom-nitrogen interactions. In general, the 

temperature of the "abnormal" internal friction peak 

increases with the magnitude of the substitutional solute- 

nitrogen interaction, but results are not always comparable 

for alloys nitrided in different ways. In particular 

Pope (1972) has shown that for Fe-V-N prepared by constant 

activity aging, the absence of any "normal" nitrogen peak 

in alloys containing GP zones is associated with a 

microstruoture showing extensive matrix strain. 

The reuults reported in the present section (Figure VII-4) 

are from Pe-5-05 nitrided for 6 hours in Bc. tITH 
3 :H2 at 

615OC- The alloy is nitrided only to about one-third 

completion and at this stage still has about 2-3 wt. c, 4olff 

in solution. In additiong the concentration of nitrogen 

varies across the diameter of the wire, but the results of 

Chapter VI indicate that the specimen contains only GP zones 

throughout. A "normal" internal friction peak is obtained 
because an appreciable volume fraction of unstrained matrix 

remains, but since come tungsten is still in solution the 

peak is composite-and is comprised of a "normal" peak plus 

at least one "interaction" peak. 

The composite peak (Figure VII. 4a) could not be 

successfully resolved, principally due to its size, the 

amount of nitrogen in solution being less than 0.01 wt. ýo 

(compare Figure VII-4 with the scale of Figure VII. 1). 

However it is clear that the contribution from the "interaction" 

peak is small, and the peak temperature is in the region of 35 0 C. 
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In previous investigations in other systems most authors 

have found several additional peakst but often one 

predominates. A similar situation probably exists for 

the present alloys so it is impossible -to be precise, but 

general indications are that the effect of tungsten on the 

internal friction of Fe-IT alloys is less marked than most 

other alloy element "nitride formers". The relationship 

between the height of the composite peak and vit. clt nitrogen 

is uncertain, but because of the swall interaction it should 

not differ greatly from that of pure Fe-N. 

Immodiatcly after nit-riding the nitrogen in solution 

is less than about 0.01 wt. lio' (only one-tenth of that of 

pure cý-Fe in equilibrium with the sane gas mixture) 

indicating that at this stage precipitation is rapid 

compared to the rate at which nitrogen is entering the 

specimen. Apparently a high activity of nitrogen is 

required for nucleation of clusters (equivalent to about 

o. o6,, y t# clfoN at 615 0 C) but this need not be maintained during 

growth. This observation emphasices an important difference 

between substitutional-interstitial GP zones and those 

obtained, for example, in Cu-Al alloys. The conditions 

under -which Fe-W-11 zones become unstable are not the 

limiting conditions for their formation and therefoxe 

reversion is not observed. 

During aging at 650 0C the peal-, height (Q-1max) 

initially decreases at a high rate. After 20 hours 
(FiGure VII-4) Q-1max is approaching a constant value 

which represents the nitrogen activity in (metastable)-_ 
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equilibrium vith the intermediate precipitate. Although 

aging is not strictly complete it is nevertheless evident 

that the equilibrium value of (ý- 
1 

max will be about 

2.0-2-5 x 10-3 indicating an'approximate nitrogen 
3 

wt. c% concentration in cK-Fe of about 2-3 x 10- 

This value would be produced in pure Of-Pe at 615 0C 
using 

a nitrogen potential equivalent to 0.25j'4ITH 01 and from 
03 

'2 
Figure VII-3, also at 615 C, the equilibrium activity of- 

tungsten is about 2-5 wteý? * In fact the specimen I; 
I 

contains only 0.1 wt. r-ON which on aging will combine with 

about 2.0 vit. ria. 7 leaving approximately 3-0 wt-c; fW remaining 

in cK-Pe, and therefore the internal friction results 

are quite consistent with the solubility data presented 

in the previous section. 

VII-4 The conditions for homogeneousprecipitation 

The range of temperature, tungsten activity and 

nitrogen activity under which homogeneous precipitation can 

be obtained is very restricted, and in the same way an for 

the formation of the intermediate precipitateg the 

parameters are inter-dependent. The results of Chaptor VI 

show quite clearly that for constant nitriding conditions, 
there exists a critical tungsten activit%, above which 
homogeneous precipitation can be obtained. - Likewise for 

r. constant tungsten activity, a critical nitrogen activity 

must be exceeded. FiPure VII-5 illustraten the condit. ion, s 

under which GP zones precede the formation of the intermediate 

precipitate in nitrided Fe 0 In Figure VII-5a. -5-05 wt. c, fW. 
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the nitrogen potentials describing the solvus have been 

converted to equivalent nitrogen. concentration in pure 

0(-Fe, and plotted on the low nitrogen end of the Fe-N 

diagram. 

The figure illustrates the limited range of conditions 
for homogeneous precipitation. Temperatures and nitrogen 

activities at the CK - and c<- ý boundaries can not be 

exceeded because in the case of the former 61-Fe 
4N is 

precipitated, and in the case of the latter, 0, -4 matrix 

recrystallisation. allows equilibrium phase precipitation at 

the advancing interface. The upper temperature limit 

although not accurately determined is at least 650 0C but 

is unlikely greatly to exceed this value because the 

substitutional solute is then becoming more mobile and so 

equilibrium phace precipitation in facilitated. Figure VII-5b 

chows the solvun plotted on a fugacity-temperature diagram 

for the Fe-11 system. 

Homogeneous precipitation is detected by a high nitriding 

rate and high micr&, hardness values 650 V1,111) aa viell as by 

electron microscopy observatidns. Not all specimens 
defiDing the solvus on Fieure VII-5 were examined 

metallographically and so the determination also relies on 
these other criteria. It is perhaps surprising that as 
the temperature is increased lower solute supersaturations. 

are required for the formation of zones, in apparent contrast 
to binary age-hardening systems. 

The total free energy change A Gý associated with T 



so 

the foruation of a stable nucleus of a phase B in a solid 

solution of a phase (x is the su 'm 
of three components 

name 1., AGv the volume free enera change,. A Gs the 

surface free energy change, and Ge the strain free 

energy change 

A cpn, -A Gv +A Gs + &Gr: es*@ 

Substitutional-interstitial GrP zones in bcc iron 

introduce an exceptionally high strain and this is 

probably reflected in the lar-e supersaturation required U 
for their formation. 11wiever the term AGs + AGe 

although large woula not be expected to vary significantly 

over the range 580-650 OC. 

If equilibrium soncepts can be applied to the GP 

zone solvus the following argument might explain the 

unu. -ual observationB. If the formation of GP zones can 
be reprec. ented by 

xFe + yll + zll Pex 77y liz 

the volume free energy of formation will be 
a Fe WN 

xVz 
-- A Gv Go + RT 1nxyz 

v V. Fe * oil . a. 

where the symbols have their usual meanings. 

6000 (VII). l4ý 
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Assuming unit activity for FexT7yNz and Fe, Equation (VII). 14 

becomes 

Gv AGO 
- RT ln. - 

[aý az v1 11 **so (VII). 15 

The activity of nitrogen is controlled by the gas 

- phase but the activity of tungsten -is not controlled and 

the expression for AGv becomes 

AGv AGO - HT ln IT, 7)3' 
z (VII). 16 

v ýl 

where 6T, is the activity coefficient of tiangsten and NVI 

is its atom fraction. ý- can be further separated into 

two components namely 
TF the activity coefficient in a 

1 
-rect of nitrogen on the binary Fe-W alloy, and the ef- 17 

.. sten activity coefficient, and tun, 

v1 vTI " yN 017 Uy, es** (VII). 17 

The effect of 6 17 is to decrease the tungsten activity 

relative to its value foZ an ideal solid solution of YI in Fe 

(i. e. the system in expected to exhibit large negative 
deviations from ideality in view of its tendency to form 

intermetallic compounds). However as the temperature is 

increased the system tends towards ideal behaviour and 
therefore 6 17 increases. Similarly nitrogen decreases 

the activity coefficient of tungsten by a an-all amountt but 
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to a lesser extent at higher temperatures, and also 

increases with temperature. Thus by decreasing the effect 

of both solutes on the activity coefficient of tungsten 

in OC-Fe, an increase in temperature raises the value of 
6,7 in Equation (VII). 16 and it is possible that the 

nitrogen activity can be lowered without a net decrease 

in the term [(ýWeJT' Yz 
17) . 8ýj 

The existence of a critical tun,, sten activity for any Q 
standard nitriding conditions leado to the occurrence of Q 
precipitate free zones at grain boundaries. Figure VII. 6 

ia a. example in Fe-4-0 wt. c, ý)*, V nitrided in 8, SNH 3 :H2 
Grain boundary precipitation of equilibrium phase 
6 

-VIO. 9(JT, O) is not extensive in the early stages of 

nitridine The growth , 
but isolated particles are observed. 

of these particles io controlled by the rate at which 
tun-sten diffuses to the grain boundary from within the U Q0 f 

grain and a concentration profile develops. For this 

nitriding treatment the critical tungsten concentration for 
U, 

GP zone formation is between 3.5 and 4.0 NA4,., % and at the 

appropriate point on the profile homogeneous precipitation 
is prevented (Figure VII. 6b). 

VII-5 Nitriding, kinetics 

The rate of any chemical reaction ia controlled by 

the rate of the slowest step vihioh can be eithe:: the 

transport of reactants to the reaction interface ("diffusion 

control") or the transfer of atoms across the interface 
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("chemical reaction control"). 

The transport process in nitriding iron alloys is 

complex, involving two distinct mechanisms, namely the 

influx of nitrogen into the specimen and the subsequent 

precipitation of both solutes. The diffusion coefficient 

of nitrogen in cK-Fe is six or seven orders of magni tude 

greater than those of metal atoms at nitridina temperatures 
(Darken, 1958), and for comparable diffusion path lengths 

the slowest species is always the substitutional solute., 

However, the distances over which each species must diffuse 

are not necessarily the same, aiýd assuming the overall 

reaction rate to be controlled by the diffusivity of one of 
the speciea, two possible extremes can be envisaged. 

(a) If the rate at which substitutional solute 

atoms diffuse to a growing precipitate in 

greater than the rate of nitrogen influx, 

then the latter will be rate controlling. 
(b) If the reverse is true then the rate 

controlling step is r-etal-atom diffusion. 

An intermediate situation can exist when the two rates 

are comparable. 0 

The first example in which nitroffen diffusion is 0 
rate controllings is characterised by the gradual increase 

in thickness from the surface of a hardened case during 

nitriding. The hardness of the case and the amount of 

solute precipitated per unit volume of case remains constant 
during nitriding, implying that within the nitrided layer, - 
precipitation is substantially completes and the overallý' 
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nitriding rate is measured by the movement of the-nitriding 
front. The hardness and the solute content of the core 
remain in the "as annealed" condition until swept by the 

reaction front. This type of behaviour has been observed 
in Pe-Ti-IT alloys (Jackq 1970)t Fe-V-N alloys (Pope, 1972) 

and Fe-Cr-11 alloys (Mortimer, 1971) and is associated with 
a high p-recipitate densit-Y and hence a small substitutional 
solut3 diffusion path lenath. General observations in 

several systems, in particular Fe-. *, --, Io-N (Drivert 1971), 

show that the particle density increases with supersaturation, 
which implien a dependence of critical nucleus size on free 

en3a,,; y in accordance with classical nucleation theory. it 
is therefore not surprising that case hardening is observed 
in syetems involving the more stable nitride formers (V and 
Ti) especially at hiaher solute activities. Standard treat- 

ments in the Fe-Ti-11, Fe-V-11 and Fe-Cr-N systems based on 
the work of Hepworth et. al. (1965) for internally oxidised 
Fe-Al alloys, give satisfactory explanations of internal 

nitridine kinetics based on the diffusivity of nitrogen 
being rate controllin3. 

In Fe-71-1i alloys even with homogeneous precipitatioý 
the inter-particle apacing is about ten times greater than 
that in nitrided Fe-Ti and Pe-V alloys. This necessitates 
longer times for diffusion of tungstent and modifies the 

rate controlling mechanism. Using specimens up to, 2mm. 
thicknes3, almost uniform hardening is observed during 

nitriding because nitrogen diffuses into the centre of the 

specimen before growth occurs to any appreciable, e. xtent in 
the outer layers. Thus precipitation in the centre occurs 
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at almost the same time as at the surface. 

When precipitation is heterogeneous the specimen 

can be saturated with nitroZen (in solution) prior to the 
L., 

onset of precipitation. Since the latter is so slow the 

matrix remains saturated at all times during subsequent 

precipitation. 

The weight increase v. time curves for Fe-5-05 wt-ýAV 

nitrided under various conditions are reproduced in 

Figure VII-7a. Curve (i) shows the relatively rapid 

nitriding rate associated w. -Ith homogeneous precipitation, - 

whilst curves (ii) and (iii) are typical of those observed 
for heterogeneous precipitation and clearly show that the 

rate of influx of nitroden into the specimen greatly 

exceeds the precipitation rate. The plateaux on curves (ii) 

and (iii) at short times represent incubation periods for 

nucleation of Fe-W-N intermediate phase during which 

equilibrium between the nitriding atmosphere and o(-Fe is 

established. Figure VII-7b shows typical sigmoidal 

y v. log t curves for the three conditionE where y(t) the 

fraction transformed is defined as the ratio of the number 

of atoms per unit volume in the final configu--ation at time t, 

to the number available for transformation at t=0. For 

curves (ii) and (iii) t-0 is taken as the end of the 

incubation period. Curve (i) does not represent true 

values of y because at any stage in the reaction it in 

impossible to distinguish between nitrojen, in soluticn in 

CK-Fe and nitrogen precipitated as intermediate phase. 
During nitriding the concentration of nitrogen in solution 



Fig. VIL 7 

W 8% NH3*H2.615 OC 

0-3 

0-2 

wt. % 
N 

0.1 

0 

1-0 

O-B 

0-2 

0 

(a) 

8% NH3: H2 590 CC 

(iii) 6% NH3*H2 590 CC 

0 100 200 300 
time (hours) 

time (hours) 

400 

NITRIDING KINETICS FOR Fe-5-05 wt. % W 

1 10 10, 



86 

gradually increases until at some point in the later stages 

the matrix becomes saturated. ! This problem does not arise 

in the other examples becauEe at all times allowance can 

be made for nitrogen in solutions 

It 18 found eapirically that an equation of the 

general form 

dy / dt kn tn-1 (1-Y ) *0** (vii). is 

describes the isothermal kinetics of a wide variety of 

precipitation reactions in metals (Burke, 1965)t where 
k and n are assumed to be true constants independent 

of Y. The term fl-y) is included to account for the 

decrease in reaction rate due to impingement-or 

competition for solute. If'the above assumptions are 

valid, (VII). 18 can be integrated to give 

tn In 1 -y) k (Vii) ý19 

in whioh 11n has been taken into the constant. 
An equivalent form is 

y1 exp (-kt) n 
.... (VII). 20 

this being the generalised foria of a particular equation 
derived by Johnson and I. Tehl (1939)- k. and n are 
empirical parameters which define the isothermal kinetics 

of a precipitation reaction when (VII). 
&- '10 is obeyed. 

Figure VII. Sa is a Johnson-Mlehl plot of log. log 111-y v. 
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log t for the three previous examples, the straight line 

portions demonatratinj, tha limited extent to uhich (VII). 20 

applies. 

One of the factors on which the instantaneous reaction 
rate depends ia the time dependence of the rate of nucleation. 
Since thia is generally unknown, rigorous mathematical 

solutions to various models can be obtained only in 

idealised cases which involve arbitrary assumptions 

concerning the nucleation kinetics. Various models have 

been suggested which produce equations conforming to the 

Johrson-'I. 'ýehl equat. 'Lon up to about Y- 0-5 (""ener, 1949, 
Wertv 1950; Ham, 1958,1959; Burke, 1961). An approximate 
treatment of the model which in most likely to represent a 
continuous precipitation process (Burke, 1965) gives 

3 ) /2 
t 

3/2] 
(VT. y exp 

8 12 
ITN D* 2 1). 21 

13 
CA - CE 

where N is the number of pýirticles per unit volume,,, 
D is the solute diffusion coefficient, 
C'8 is the solute concentration of the particle, 
CE is the matrix concentration in equilibrium 

with the particleg and 
C, is the solute concentration of the-,, matrix., 

The model assumes the diffusion controlled growth of a 
fixed number of crystals from a slightly supersatu--ated. 
solid solution, and if it is satisfie ýýd a Johnson-214, ehl plot, 
should be a straight line of slope 3/2. 
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Curve (i) for homogeneous precipitation shows a 

change in slope from approximately 1.1 to 1.5 at about 

Y=0.4. As discussed p=cviously this is not a true value 

of, y because in the early stages of nitriding all the 

nitrogen introduced into the specimen and observed by 

the weight increase is not being precipitated. Other 

observations have shown that after times corresponding to 

Y --- 0-5 the a-Fe is substantially saturated and so most 

of the subsequent weight increase represents nitrogen beind 

precipitated. It therefore seems possible that the change 

in behaviour of curve (i) corresponds to the point where 

tahc - -, rue precipitation. rate and nitrogen uptl. =presento the 

thereafter the reaction conforms to the approximate model. 

The expression for the empirical rate constant k in 

(VII). 21 can be evaluated usina values of C-P and C, 6 

determined from previous experiments (Chapter VII. 2), and 

a value of N- 10 
16cm-3 determined by electron microscopy. 

This gives a value for the diffusion coefficient of V1 in 

o(-Pe at 615 0C 
of about 2.0 x 10-15cm 

2. 
see- 

1 
which is in 

reasonable agreement with that obtained from extrapolated 
, -14 2-1 high temperature data# 10 cm . j3ec (Pridbarg, Tdrndahl 

and HjLllertg 1969). 

Yetallographic examination of specimeno containing 
heterogeneously precipitated intermediate phase (Chapter VI) 

suggests that nucleation is at least partly catalysed by the 

presence of pre-existin. - precipitates. It is thus 
impo-3sible to suggest a mathematical kinetic model to 

account for curves (ii) and (iii), since the time 

dependence of nucleation is unknown. 
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The choice of impingement factor (1-y)-in (711)-18 

is somewhat arbitrary and better agreement is sometimes 

obtained by using (1-y) 2 (Austin and Ricketts, 1939)- 

*The present results are less consistent using this equation 

and so it seemed possible that better agreement might be 

obtained by neglecting impingement i. e. equivalent to 

using a factor of (1-y)o. The rate equation nox becomes 

II nn d Vd 
t 

which integrates to 

i k 

oeee (VII). 22 

v-es 
(VII). 23 

where, once again, 
1/n' has been included in the constant. 

Figure VII. Bb shows plots of log y v. 'log t 

which give values of n' near to unity for all conditions.. 

This simply means that y is' directly proportional 'to ,t 

over a large range of y, which is evident from the 

nitriding ourves (Figure VII-7a). Physicallyt neglecting 
the impingement flCtOr irlDlies that the Crouth of 

precipitates is not impaired by either particle impingement 

or competition for solute until a late stage in the reaction. 
This may be because the nitrogen activity remains constant 
but perhaps a more reasonable conclusion is that the catalytic 

effect of the growing precipitates on additional nucleation 
counteracts the expected decrease in growth rate., 
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In principle, constant activity nitriding offers 

advantages in studying the kinetics of solid state 

metallurgical reactions because of the direct relationship 

between weight increase and rdaction progress. The 

treatment of the present results is approximate, but is 

offered to emphasise the changes in kinetic behaviour which 

occur during the nitriding of different alloy-ferrites. 

It is increasingly obvious that in all respects each system 

studied behaves differently in detail althou-h all have 

common features. Thus Fe-Ti (Jack, 1970) and Po-V '-I 
(PoPet 1972) are known to case harden over the range of 

solute concentrations studied, wAilst Pe-Mo (: 3peirs, 1969; 

Jack, Lidsterl "arieveson and Jackj 1971) and Fe-1.7 harden 

11 unif ormly" . The 
" 

nitriding behaviour of Fe-Cr (Mortimer, 

1971) is critically dependent on the solute activitiesr"ýoase 

hardening being observed at hih nitrogen and chromium - 
activities, with "unifo. -M" hardening and ultimately slow 
heterogeneous precipitation as the supersaturation is"' 

decreased. As w. ell, Lis producing greater-suporsaturat ional 

higher solute contents also lead to ., larger substitutional 
solute flux which also encouirages case hardening. 
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Chapter VIII 

LN TEUPERATURE AGING OF TUNGSTEN -11 ITRO, 'ZN -FERRI 0 
TIL'A S 

VIII. 1 Introduction 

Even at tenperatures where diffusion rates of 

substitutional atoms are negligible, alloying elements 
have a marked effect on the para-precipitation of iron 

nitrides from supersaturated nitrogen-ferrite. In 

Fe-Nn-ll (Pipkin, 1967), (SPeirs, 19M, - Fe -S i-IT 
(Roberts, 1970) and Fe-Cr-N (Mlortimer, 1971) all reaults 

are explicable in terms of the thermodynamics of the 

systems (Pipkin, Grieveson and Jack; see Pipkin, 1967). 

The metallography of aged Fe-j-11 alloys shovis'structures 

which are different from those observed in previous systems, 
but additional experiments demonstrate that the observations 

are consistent with previous proposals. 

VIII. 2 Experimental 

The results of Chapter VII enabled Buitable 
conditions to be deternined under which tungsten-flerrites 

could be saturated with nitrooen without precipitation of 
tungsten. Accordingly, alloys were 11itrided, in, 121if'RITH 3 :H2 
at 5700C and quenched before aging for, various. -times at 
150 C and 250 0 C. 
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In addition, speoimenswere nitrided at 470 0C 
and 

5200C in order to study the effect of tungsten on thu 

activity coefficient of nitrogen. 2g specimens cut from 

0.030in. strip were electropolished and carefully weighed 

before and after nitriding. Physical defects e. g. 

dislocations interact strongly with dissolved nitrogen 

and so all alloys were pro-annealed for 2'hours at 900 0C 

in purified hydrogen. 

VIII-3 Discussion of previous results 

For Fe-Si alloys nitrided under constant conditions 

and subsequently aged at low temperatures, Roberts (1970Y 

observed that as the Si content increases 
(a) The sizes of 6-'Fe N, and to-a lesser extent 

OC H-Pe 4 

16 N2 precipitates decrease; 
(b) the transition f=om o( 0 to ý' precipitation 

occurs at shorter aging times; and 
(c) tho quaritity of precipitate is reduced. 

In Fe-Afiri-N and Fe-A'Ao-l? alloys Pipkin ý (1967) and Speirs 7, (1969) 

observed opposite effect and the explanation iz in terms 

of the effect of the substitutional solute on the nitrogen 

activity coefficient. 

During nitridingg for a given nit=ogen, activity 

H jP 
in the nitridin- gas, the nitrogen 31 

concentratiog in colid solution in oc-Fe containing 

element X varieu according to the actiVity coefficient 
of nitrogen, 
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K)= aN 
S 

**001 

where K 13 the equilibrium constant (see Chapter II) and 
x 
N 

is the activity coefficient of nitrogen in the alloy 

using tho infinitely dilute solution of nitro-en in CK-Fe 
x 

an the standard state, i. e. 
j 

11 1 for pure iron. 

Addition of an element such as Si, which increases the 

activity coefficient of nitrogen, decreases the dissolved 

nitrogen concentration for a given gas mixture, and 

therefore decreases the total amount of subsequent loy! -. 
temperature precipitate. Conversely, 1,11n, Mo and Cr 

decrease 
fN 

and produce the opposite effect. Figure V11I. 1 
X 

shows the way in which 
III 

varies for various elementsý' at 
0 1600 C; the effect is greater at lower temperatures 

where the systems deviate further from ideality. 

The observed variation of precipitate distribution 

is explained by classical nucleation theory, which gives 

-ion of a spherical particle the critical radius for nucleat 
(Heal and Hardy, 1954) as: 

2 cr 
AGV 

vhere AGv is the free energy change per unit volume, 
is the surface energy-per, I unit-, area-'of 

0$*. ' Viii). 2 

particle-matrix interface,, 

and where any strain enerjv contribution is neglected. 

xz 

0 
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The driving force per unit volume for precipitation is 

Gv -41T ln 
J1 a2 *so* 

where a is the solute activity in the supersaturated, 10 
solid solution at T0 K9 

a2 is the activity in equilibrium with the 

precipitated phase at the same temperature, 

and is the molar volume of the precipitate. 

After nitriding in a constant activity gas mixture, * 

both "pure" iron and iron-alloys have the same nitrogen 

activity but different nitrogen concentrations. YO'hen the 

system deviates further from ideality at the lower aging 

temperatures the further change in fX 
alters the 

IT 
relative nitrogen activities (since the concentrations 

remain constant), producing a change in A Gv (equation 

(VIII)-3) and hence in r2 (equation (VIII). 2). Elements 

such as Si which increase S1,1 
produce a decrease in rX 

and hence a fine distribution, whereas )In, Yo and Cr, which 
decrease f1l 

cause an increase in rý' and produce a 

coarser disper3ion of iron nitrides. 

Clacsical nucleation theory also explains the'6ffect 

of the substitutional element on the rate of precipitation 

of ý-Pe 11 (Roberts, Grieveson and Jack; see' Roberts, 1970),, 4 

Aue "'he Maximum total f roe energy chan-, ae f or n* ol 'ation 

given by 
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AGM 16 TT a3 
3A 

Tr (r x)2 
3 0000 (VIII) 

The rate of nucleation of precipitates from supersaturated 

solid solution (Becker, 1938) is 

I Ko exp 
( 

IrL ... o (VIII)-5 

where Ko is the mv-ximum possi'hle nucleation fr3qýaenc, yq 

and Q is the activation enera for solute diffusion. 

Equation (VIII)-5 predicts a higher initial nucleation 
V 

rate if j 4%. is increanedg and a lower initial rate for 
if 

additions which decrease 1XV in agreement with IT 
observations. 

f tunýsten n VIII-4 The effect o. w 

Since the conditions for homogeneous precipitation 

are so restricted it is possible to obtain supersaturated 
tungsten-nitrogen-forrites and hence determine reasonably 

accurate values of the nitrogen activity coefficient. 

Specimens were nitrided at 570,520 and 470 0C 

Ith a given nitrogen to produce tun-sten-nitrogell ferrite %i. L C; 
potential and the veight increases recorded as shovV in 
Table VIII. 1. 



Table VIII. 1 

The effect of tunpaten on thk- activity coofficient of 

nitrog, en in Ot-Fe « 

Temperature 0C Cý, '. ITH : It 32 %it. c'o". 7 wt 

570 12: 88 0 0.097 1.0 0.008 

1 0.099 0.98 

2 0.102 0.95 

5 0.105 0.92 

520 15: 85 0 0.055 1.0 0.013 

1 0.055 1.0 

2 o. o6o 0.92 

5 o. o64 o. a6 

470 20: 80 0 0.051 1.0 0.011 

1 0.053 o. 96 

2 0.053 o. 96 

5 0.0513 
1 

0.88 
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Surprisingly, the effect of tungsten is very small 0 of 9 
with correspondingly large possible errors in the value 

of Pigure VIII. 2a shows plots of log S V. 
v 11t. cilo"'I N 

obtained at the three temperatures together with that at' 
16000C (Pehlke and Elliott, 1960). ' The e=ror limits are 
shown for a 2ý, j uncertainty in the weight increases on 
nitriding i. e. about 20ppm of nitrogen. 

In view of the magnitude of the interaction and the 

possible errors, Pigure VIII. 2a is not unreasonablej and, 
and approximate value of 

17 is given by: N 

1-1 
! ',; v d log f vi 

og vit N 
d ýo VI 

(VIII). 6 

As expected, the value of C it is smaller (i. e. less 11 
negative) at higher temperatures (Figure VIII. 2b), and it 
is clear that the effect of tungsten on the activity 
coefficient of nitrogen in CC-Fe is less than that of 
Sis Lin, Mo and Cr. 

VIII-5 The metallographX of aaed alloys 

The distribution of cx -Fe 16 N2 and F. 4N in 
nitrogen-ferrites containind 0,1,2 and 5 'wt. cf2W and 
aged at 150 0C 

and, 250 0C is sho-. -. n in the optical micrographs 
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of Figuren VIII-3 and VIII-4. 

In contrast to all other systems studied, there 

appears to be no significant effect of tungsten on the 

quantity or distribution of iron nitrides. In alloys 

aged for 24 hours at 1500C (Figure VIII-3) and 20 minutes 

at 2500C the metallography shows mainly the first stage 
precipitate CK together with minor proportions of the 

equilibrium There is some indication that at higher 
tungsten concentrations the transition is inhibited. 
The dense distribution of 4X"reflects the relatively high 

nitrogen concentration ( 0.1 wt. cp) ands as expected, 
a finer dispersion is obtained at the lower aging temperature. 

0 

Kiformation 
appears to be complete after 3 hours 

at 250 C (Ficure VIII-4) and at this time and after 24 hours 
there is no striking difference in the microstruotures of 
all alloys. The small excess of ý'which would be expected 
in the 5 wt. ýV[ alloy is perhaps detectable, but the overall 
conclusion is, as predicted by the previously determined 
interaction coefficients, that the effect of tungsten on 
the para-precipitation of CK*-Fe 

16 N2 and ý-Fe 
4 IT is 

negligible. 

The deeply-etched grain boundaries in the 5 wt. c, "')', V 
alloy indicute that some precipitation o. '1 0.9 

(IT, 0) 
occura during nitriding at 570 0 C. Although this might 
be expected to produce abnormally high weight inc=ases, 

0 

the previous section indicates that any anomalies are 
insica), nifioant. 
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VIII. 6 Conclusions 

Nitriding tun,, 7sten-fe--rite at 570 0C and aging 
00 tungaten-nitrogen-. ferrites at*150 C and 250 C shows 

that: 

(a) tungsten reduces the activity coefficient of 

nitrogen in a-Fe, but only to a very small 

extent; 

(b) the consequent effect of tungsten on the 

para-precipitat -ion of iron-nitrides is 

negligible. 
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Chapter IX 

GEITEIUL DISCUSSION OF THE TUITGSTEIT-NITROGEN INTERACTION IN IRON 

The existence of a pronounced interaction between 

tungsten and nitrogen in iron is amply verified by the 

present work. 

Such an interacti on can not, of course, exist unless 
tungsten and nitrogen in their elemental forms have a mutual 

affinity for each other. r1he initial studies described in 

the pr'esent thesi8 confirm the existence of stable nitrides 

and oxy-nitrides, although no explanation for the apparent 

reluctance of pure tungsten to react completely viiih gaseous 

nitro8en can be given. Nevertheless it is clear that the 

problem is concerned with the reaction kinetics and not 

with the thermodynamic stability of the nitrides. The 

significant effect of oxygen on the formation of tungsten 

nitrides is clearly demonstrated. 

When the elements are present in solution in iron, 
the interaction is more apparent in spite of the low solute 
activities. Thus in pressure-nitrided. and quench-aged 
alloy's there is no restriction to the foruation of the 
"Pure" nitride L-WIT. The frequent occurrence of the ternary 
iron-tungsten-nitrogen 7Z-phases indicates that the solvent 
species does not always remain uninvolved in the interaction, 

and in particular the formation of ternary phases from 
ostenoibly "pure" tungsten is most surprising (Appendix I). 
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The behaviour of tungsten and nitrogen remaining 

in supersaturated solid solution in (x-*. Pe is demon8trated 

quantitatively by internal friction methods and activity 

coefficient measurements. Comparison with equivalent data 

for other systems indicates a relatively small interaction. 

Homogeneous precipitation is vell-ootablished in many 

nitrogen-alloy-ferrites with a precipitation sequence: 

GP zones ---)- metastable intermediate phase --, - equilibrium nitride. 

It is now recognised that each system behav4s differently 

with respect to the occurrence oi. each stage in the sequence, 

In Fe-V-N and-Pe-Cr-11 alloys the intermediate stage remains 

uncharacterised, whilst in the Fe-W-N system the GP zone 

sta, c,,, e has only transitory existence but the intermediate 

precipitate persisýs for long periods. 

Transformation from GP zones is achieved by small 

atomic movements without any change in the overall metal-atom 

arrangement. This is accompanied by a gradual loss of 

coherence and if the equilibri-um nitride is face-centred 

cubic it can be formed directly by this mechanism. In 

contrast, if like VIN the equilibrium phase is simple-hexagonalt 

an intermediate phase is produced. All types of system 

eventually precipitate equilibrium phase discontinuously 

but this occurs much more easily in Fe-lil-IT and Fe-1, Jo-N 

alloys. 11hen an alloy consists of homogeneously distributed 

equilibrium phase, the drivin6 force for discontinuous 

precipitation is merely the reduction in particle-matrix 
interfacial energy. However in cases where the continuous- 

precipitate is metastable the transformation to discontinuous 
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equilibrium phase also reduces the chemical free energy. 

The s 1.1 intermediate phai3e is 
, 
tability of the Fe-17-1 

examined in the present work and is shown to depend upon 

the activity product 
1.75 

a 

The conditions for homogeneous precipitation have 

been determined for several systems but have yet to be fully 

explained. Observations Nvith Fe-W-N alloys suggest that 

the supersaturation required for the formation of GP zones 

need not be maintained during their growth, but if aging is 

continued under these circumstanies the zones rapidly 
transform to intermediate precipitate. As a result of thist 

true reversion has not been observed either by increasing 
the temperature or'by reducing tho nitrogen potential. it 
is clearly shown that for a given nitrogen potential a 
critical tungsten activity is require 

'd 
and it seens reasonable 

to suegest that the zone solvus is defined by an activity 
Product xy in the same way an the intermediate 

phase. 

Because of the effect of both solutes on the 

substitutional solute activity coefficient, the conditions 
rill be more clearly indicated by the product 

{(. N1,1 )X 
" a] 

where is the metal solute activity coefficient and IT 
the atom fraction. This would satisfactorily explain the 
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absence of homogeneous precipitation in nitrided Fe-Si 

alloys, where the activitY coefficient for silicon in a 

typical alloy at nitriding temperatures (Fe-2 wt. ý, Si at 

60006) is exceptionally low Si " 10-7; see Roberts, 

1970). 

The magnitude of the metal-nitrogen interaction also 

affects the nitriding kinetics of strip specimens. In 

Fe-111-IT alloys where the interaction is relatively weak 

the density of GP zones is correspondingly lower than in 

systems where larger supersaturations are possible. The 

lon&ýr tungsten diffusion paths consequent upon this 

prohibit case hardening in these alloys. 

The general interpretation of precipitation phenomena 
in nitrided Fe-1.7 alloys is supported by observations in two 

other alloys (Appendices II and III) and of course parallel 

and previous work at Newcastle. 
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Appendix I 

TFE, FORILITION OF Fe-W-N 21-PHASES ON TUNGSTEN I[IRE 

A. I. 1 Introduction 

Pressure nitriding tungsten viire using Fe 2N as 

a nitrogen source produced thin films bf a ternary Fe-W-IT 

?? -phase on the specimen. surface. As far as the study 

of pure binary nitrides'was concerned, the problem was 

overcome by usina 0 -Un ITO. 9 a3 -3, nitrogen source (see 
Lý 

Chapter IV) but it was of some interest to examine the 

apparently anomalous formation of ternary Phases. 
4 

A. I. 2 ExDerimental rosults 

f Prom experiments carried out using qq. q/,., )"', V and 
99-97'. ý'J wire nitrided under various conditions, the 

following observations vere made. 

(a) 99-97OW wire usually produced less I-phase, 
together with some SON 

o 

(b) Nitriding 99.9c, YJ in 25ý, foN 
2 :H2 at a 

pressure of one atmosphere at 900 0 C, produced 

quantities of ý3 -phase (see Pigure AI. 1a). 

was conducted in a flowing gas mixture in the 

of iron (except any present in solid solution 

total gaa 

t rac e 

rhis experiment 

total absence. 
in the tungsten)# 
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(c) In pressure nitriding experiments no -weight 

decrease was detected in the decomposed Fe 2 IT pellet 

other than that due to evolved nitrogen. 

(d) Either 711-Fe (a - 11.098 3ý 311 ') or 13 0f 

probable composition Pe&N (a - 10-937 X) could be 

produced, but both phases were never present together 

(Figure AI. 1b and a). Experimento at 9000C usinG 20,40 

and 60 atmospheres of nitrogen failed to show any nyotematic 

variation in the particular I-phase formed. 

(e) ilitrided --, pcciccn-- xhich shoTmd both 'Q-phar-c 

and S-TIIT were etched in 701'. '; IIITO 3130ORM mixtures and 

subsequent X-ray examination gave a-sequence of phases 

from surface to centre: 

-q -&-a -w 

A. I-3 Discussion 

Prevention of 7Z -phase formation vhen 0_, 1. jn _IT , 0.9 
is used as a nitrogen source suggests that iron from the C> 
Fe 211 pellet io somehow transported to the specimen. 
However, 11-phase formation in nitrogen-hydrogen gas mixtures 
shows that externally supplied iron is not necessary. The 
Most probable solution is that nucleation of the ternary 

phase can occur using only the dissolved iron impu-ity, but 
the phase subsequently grows by surface absorption of 
extremely fine iron particles carried by the gas as the 
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Fe N Pellet decomposes. Only very small quantities of 2 
surface phaaes are neceasary for, X-ray detection. 

I The problem of which 11--; phase is produced is equally 

confusing. 'Variations in nitrogen pressure have no effect 

and it can only be assumed that slight variations in other 
experimental conditions, in particular oxygen potential, 

are C=itical. 

The fact that the pure nitride 64111 is found in 
. between the surface ternary phase and the tungsten metal, 

sud8Qsts that the presence of iron prevents formation of 
and the latter can only be nucleated vhen the outer regions 
of the tungsten specimen have been depleted of iron by 

growth of 7L. 
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Appendix II 

PRECIPITATION IN COITSTAXT ACTIVITY AGED Tle-0-5 Y11-54,11-0.16 %it. 

A. II. 1 Introduction 

6 Ilit. -idin, -, F-e-W alloys of composition :52 wt. 'PI 

in Qf, 1711 : 11 at 615 0C for relatively short times produces 32 
no detectable precipitation of tungsten, and the weight Q 
increases correspond to the equilibrium amount of nitroden 

in fjolution in 0ý_'Pe. Of the three available ulluyL3 

in this composition range (0-5,1.0 and 2 the -05 Nit-"Il 
1.0 and 2.05 at-cP'W specimens contain about 0.09 wt. cp'N 

after nitriding and have micro-hardness values of about 
250-320 VIIH, depending on tho aging time at room temperature. 

The 0.5 wt. t,! YW alloy increases in weight by about O-1Z and 
has a micro-hardness of 400-420 VMH, and the specimen does 

not overage at room temperature. Chemical analysis of 
4 the alloy has shown it to contain 0.16 %7t. coV. 

A. II. 2 Pesults and discussion 

Electron microscope observations from the nitrided 

alloy are summarised in Figure A. A. 1. 

Under the standard nitridine, conditions for Fe-77 

alloys, the high nitrogen potential always leads to a 
high matrix concentration of nitrogen after fully nitriding. 



Fig. AIL 1 



. 0,94r 

r 

r)i trided in B% N H3'H2 0t 
ý-)! S OC ; aged 2 d. at 25 T 

-)Itrided as (a) ; aged ct 

5,70 OC. 

ELECTRON MICRUSCUPY OF Fe-0-5wt. /oW-0-16`/`V 
NITRIDED AND AGED UNDER VARIOUS CONDITIONS. 
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The consequence of this has been demonstrated in Fe-71 alloys 

of low tungsten content i. e. the supersaturated matrix always 

decomposes at room temperature to produce 4X -Fe N Thus 
16ý 2 

in Fieure A. Mia the large plates (200-400 R diameter) 

have been produced at room temperature and do not contain 

vanadium, and they contribute little to the almost 

continuous diffraction streaking. 

. 
This is confirmed by aging at 2500C for a short time, 

when the matrix nitrogen precipitates as large particles 

of CX 
I/ 
-Fe e (Figure A. II. 1b). The precipitate 121 

diffraction spo+. -- in this figure are produccd by c4 but 

the streaking produced by the five backiS. -Aourid clusters 

remains. 
41 

The high temperature Fe-V-31T precipitation is more 

usefully studied by using lower nitrogen potentials nhich 
lead to smaller matrix nitrogen supersaturations and 

eliminate rapid lovi temperatura decomposition (Figure A. I1.1c). 

High magnification microscopy on this alloy reveals typical 

strain-field contrast from small coherent plate-like 
clusters (A on the figure). In general the clusters are 
about 15-20 R diameter althouah a few larger ones exist and 
the extent of streaking indicates a thickness of only one 
metal-atom plane. 

The Fe-V-1, T system has been more fully studied by Pope, 
Crieveson and Jack (see Pope, 1972) vho show that with only 
0-4 wt4W the strain fields overlap and the structvro. is 
irreDolvable. Ma"trix lattice parameter measurements 
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indicate the presence of exceptionally high nitrogen 

concentrations in solution and internal friction studies 

show no nitrogen to be present in unstrained "normal" 

Fe-N interstitial sites. Thd size and coherence of the 

clusters in the present alloy support the conclusion 

that they are truly in solution. 

It is notable that in a study of nitrided Fe-17 alloys 

the presence of impurities can have a greater effect than 

the principle solute. The large interaction between 

vanadium and*nitrogen in OC-Ple ensures that both the size 

of the clusters and the nitrogen pressures required for 

their formation are at least an order of magnitude less 

then those for tungsten. 
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Appendix III 

PRECIPITATION IN NITRIDIED Fe-3 lvt n 

A. III. 1 Introduction 

By reducing nickel molybdate in commercially "Pure" 

hydrogen at temperatures up to 10000C, iiutter (1969) 

produced an interstitial alloy having the ý 
-manganese 

structure and of composition ITi 8 Ho 12 
N 4' Analysis showed 

the phase to contain only traca quantities of carbon and 
ýM TIO q oxygen and it Nvas concluded that II. T. iaI. 

12 4 
is an 

exceptionally stable nitride produced by nitrogen prenent 

in the cylinder hyýrogen. 

In view of the stability of the phase it vas reasoned 
that an alloy-of suitable composition might produce 

Fe-Ni-No-11T GP zones as a precursor to the stable equilibrium 

phase. iLocordingly an alloy was prepared from Fe-2.95 wt-; fol-lo 

base metal, having a nominal composition of Fe-3 wt-c,,. ITo -1 Wt-el,, Ni- 

A. III. 2 Results and discussion 

Figure A. III. 1 shows typical micrographs from a 

specimen containing 0.30 ,, 7t. ', J-T nitrided in 81, ýIlll 
3 :H2 at 

5900C. The specimen contains, fine GP zones together 

with a much coarser distribultion of intermediate phaDa 

and appropriate regions of each grain exhibit a gradation 



Fig-AIII. 1 
A% 
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in particle size and distribution. Carbon extraction 

replicas show a transformation front, rou,,, Illy following the 

contours of the grain boundary, Tihich proceeds from the 

boundary to the centre of each grain transforming the zones 

to intermediate phase. A second and much slower 

transformation to equilibrium phase follows, in exactly 

the same manner as in Fe-', 111-11 alloys. 

Electron diffraction patterns obtained from the 

intermediate phase show its structure to be exactly 

analagous to, that in FeQ-N alloys i. e. the structure is 

clocc packed cubic but with a superlattice. 

The system has been extensively -studied 
(Speirs, 1969; Jach, Lidster, Crieveson and Jack, 1971; 

io Driver and Papzion, 1972) but largely using Fe-5 wt-'f ITO 

specimens which on constant activity aging show only GP zones. 

By partially nitriding and aging at higher temperatures in 

the absence of nitrogen, Driver and Papazion (1972) showed 
by electron diffraction and field ion microscopy that the 

zones transform to containing about 10 at 0211(o) 

. Ahoy concluded that ordering of nitrogen atoms was. a T 

possibility but no evidence was found for metal-atom ordering. 
The present results show that if lower supersaturations are 

used (less molybdonum), the transformatim Occurs inotheri'lially 

and virtually all the molybdenum can be precipitated as 
intermediate phase. The high volume fraction allows 

characterisation of superlattice reflectiono from which Fe-Mo 

metal-atom ordering is deduced. 
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Aho lattice paramate-r of the intermediate phase, T 

deteru, ined bj electýon diffraction, is 4-09 R, significantly 
legg -60van that o: "pure" t -: 4.0 1 217(0) 

(a - 4-17 HUgg, 

193CO inplyina about a 201, *ý substitution of molybdenum 
by iron or nickel. The superlattice reflections probably 

exice by the orderina or ?a and/or Ni atoris in the (000) 

poeitions of uhat uould otherwise be face-centred cubic 

-,.. o 11(0), prodlucin,; a phase exactly equivalent to the 
20 

Fe-4-'N interradiate precipitate. It ceems that the phase 

also contains excess nitrozen since at saturation, weight 
increases indicate a MOT ratio of one. At this stage, the 

alloy contains nppreciable quantities oAf the equilibrium 

-a ceztain amount of intermediate phase nitride 6-YON 
g but 

(and Possibly even, GP zzones) still remains. 

Transformation to intermediate phase is morle apparent 
in lower colybdenum alloyu because for any standard nitriding 
treatment, the ouyersaturation is lo-iier. For the conditions 
used in this experiment the c=itical molybdenum concentration 
for CP zone forration is about 2-3 wt. c. 47 and after only a 
small amount of precipitation the zones become unstable. 
Since nitroGen diffuses into the grain from the boundary, 
the reaction is more advancod in tho peripheral regions 
of the Crain. 

A. III-3 Conclusions 

Electron microscopy of nitrided Fe-3 lvt-eý-140 
shows that: 
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(a) the stable'nitride ý! ]Ti !, TO IT is 
a .- 12 4 

not precipitated even after overitging, and the alloy 
behaves essentially as a ternary Fe-IA1, o-N alloy; 

(b) the transformation 
GP zones ---4. intermediate phase ---. w equilibrium nitride 

occurs isothermally and continucouly when the molybdenum 

concentration is low; 

(0) the intermediate phase contains either iron 

or nickel or'both in ordered metal-atom sites. 
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