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PREFACKE

This thesis describes original work which has

. not been submitted for a degree at any other University.

The investigations were carried out in the
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and kngineering Materials of the University of Newcastle
upon Tyne, during the period October 1979 to March 1982
under the supervision of Professor K.H. Jack and

Dr. A. Hendry.

The nitriding behaviour of an austenitic stainless

steel together with its structure and mechanical
properties are described as part of a wider investigation

at Newcastle of the effect of nitriding heat treatments

on the behaviour of iron and steels.
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ABSTRACT

Nitriding of AISI 316 stainless steel leads to the
formation of a multilayered case and the distribution of
the phases through the nitrided layer depends on the

reaction temperature and cooling rate. Optical microscopy,

electron microscopy and X-ray techniques are used to

identify the phases formed.

Nitriding kinetics are studied between 5500 and 800°C
and the results are explained in terms of the phase
distribution. Internal nitriding theory is valid at 800°C
but at temperatures lower than 65000 abnormally high
nitriding rates are observed due to the formation of a thick
"white layer" of massive Y'-Fe N with CxN.

4
Three-point bend tests of sheets of nitrided AISI 316
are described and it is shown that the extent. of brittle
behaviour depends on the nitriding temperature, the thickness,
hardness and composition of the nitrided layer and also on
the metallurgical state of the core. Bending of hollow
nitrided tubes of the same steel in four-point bend 1leads

to deformation of the material at the level of the anvils
of the jig while the mechanical properties of filled nitrided

tubes depend on the nature of the filling material.
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Chapter 1

INTRODUCTION

On nitriding AISI 316 stainless steel a hard case is

formed at the surface and work carried out in the Springfields
Laboratories of the United Kingdom Atomic Energy Authority has
shown that nitriding is a suitable process for the deliberate

embrittlement of AISI 316, The steel is used as a fuel-
canning alloy in nuclear reactors and some means for its
embrittlement is a necessary part of the spent-fuel recovery

process.

Investigations on nitriding binary iron alloys (Fe-';'i,
Atasoy & Kirkwood, 1973; Fe-Cr, Mortimer et al., 19723
Fe-Ti and Fe-Mo, Jack et al., 1973; Fe-Ti and Fe-Cr,

Lightfoot & Jack, 1973, and other studies carried out at .

Newcastle) have shown that the rate of nitriding is a function

of the strength of the interaction between the alloying
element and nitrogen, the concentration of alloying elementis,
the reaction temperature and the potential of nitrogen in

the gas mixture.

Nitriding of stainless steel leads to the formation of
a multilayer case the composition of which depends on the

nitrogen potential. ©Previous investigations have shown



that the rate of nitriding obeys internal nitriding theory
(Kindlimann & Ansell, 19703 Evans, 1972; Lebrun et al.,
'1972; Smith & Evans, 19733 Unthank, 1974). However,
little work is published on the nitriding of AISI 316
stainless steel and attempts to fit internal nitriding
theory at low temperatures have not been successful (Cordwell
et al., 1974; Wilson, 1978). The maximum case depth in
the temperature range studied (5000-80000) is obtained at

600°C (Cordwell et al., 1974), and the kinetics of nitriding

are independent of the composition of the gas mixture at low
nitrogen potentials (Tyfield & Mackway,' 1975). The changes
in mechanical properties of n.’;.trided AISI 316 with nitriding
temperature (Stanley, 1969; Wilson & Wilson, 1981) may be
due to changes in the phase distribution. It is worth-
while, therefore, to try t_o explain the abnormal nitriding
behaviour of AISI 316 and its mechanical properties,
particularly in relation to embrittlement, in terms of the

phase distribution in the nitrided case. -

Experimental methods used in the present investigation

include controlled metal-gas equilibration, X-ray
diffraction, electron microscopy and mechanical testing,

together with standard metallographic techniques.



Chapter Il

PREVIOUS WORK

I1.1 Stainless steels

(a) Introduction

The corrosion resistance of chromium steels was first

appreciated more than seventy years ago and these stee_ls vere
called "stainless steel"™, This name was also given to
austenitic PFe-Cr-Ni compositions which were developed in
Germany at about the same time. The metallurgical
development of stainless steels is reviewed in a series of
historically significant papers edited by Pickering (1979)

some of which are referred to below. At the present time

there are many different stainless steels the main types of

wvhich can be summarised as:

(i) Martensitic steels containing 12-17wid%
chromium, O0-4wt% nickel, O0.1-1.0wt% carbon with possible
additions of moljrbdenum, .vanadium, niobium, aluminium or
copper. These.steels are usually quench;d and tempered to
produce useful combinations of strength, ductility and
toughness and may also be precipitation-hardened;

(ii) Perritic steels containing 15-30wt% chromium,

low carbon, no nickel and often some molybdenum, niobium or



titanium. They are resistant to agqueous corrosion, high

temperature oxidation and are reasonably formablej
(iii) Austenitic steels which contain 18-25wt%
chromium with 8-20wt% nickel and low carbon. Less highly

alloyed austenitic steels are metastable and can transform

to martensite by quenching from high temperature (> 1000°C).
Austenitic steels may also contain additions of molybdenum,

niobium or titanium., Austenite is soft with a very low

elastic limit but is very tough and has a characteristically

high work-hardening rate.

(b) The effect of alloying elements on austenite stability

The effect of nickel on the structure of iron is to
lower the Y—d  transformation temperature. The Y -
austenite phase (see Figure II.1) can be stabilised in the
presence of nickel to temperatures as low as 400°C and under

certain cooling conditions it is possible to obtain

austenite at room temperature. The iron-nickel equilibrium
diagram also shows the formation of an intermetallic phase

(FeNiB) at low temperature.

The iron-chromium system has been widely studied
because of the industrial importance of such alloys (Pickering,

1979). Because chromium is a ferritic stabiliser the

austenite phase is present only in a very narrow loop, and

for a chromium content higher than 13wi% no Y is formed;
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see Figure I1l.2. With chromium contents greater than 17wt

at temperatures below 800°C Fe-Cr alloys show considerable

‘embrittlement. Between 550° and 800°C @ -phase

precipitation is responsible and below 550°C the phenomenon
known as "47500 embrittlement" occurs. Sigma-phase has a
composition of FeCr but can dissolve an additional 5wt¥Cr
or Fé and forms congruently from ferrite at 81500 although
the kinetics of formation are sluggish and are accelerated

by cold working. The effect of © on mechanical

properties depends on its distribution. Small isolated
colonies have relatively little effect but continuous net-
works can lead to dramatic embrittlement (Lena, 1954). The
effect of ¢ -phase in reducing toughness is considered to
be a problem only below 600° or 65000 and sigma is not
normally encountered in the processing of commercial
ferritic stainless steels. The rate of formation of o -
phase in austenitic steels is very slow; it forms directly
from austenite although it is usually poorer in nickel than
the original composition of the steel. Aging Fe-Cr
alloys for long times between 4500 and 550°C dramatically

reduces toughness and this embrittlement has been explained

by a miscibility gap in the «& solid solution and the

formation of a chromium rich precipitate, «’ , There is

some evidence that mechanical properties are affected before

7 4

a” precipitation which suggests the existence of a
Guinier-Preston zone stage. Studies of the influence of

nitrogen on "47500 embrittlement"” showed that clustering of



Fig'ure I1.2

The iron-chromium equilibrium diagram

(E1litt, 1965)
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chromium and nitrogen is the cause of embrittlement and
suégested that the clusters are spherical within the spinodal

"while outside disc-shaped precipitates are formed by a

nucleation and growth process (Hendry et al., 1979).

To overcome the embrittlement of ferritic stainless

steel and in order to find a greater resistance to agueous

corrosion, the iron-chromium-nickel system has been
extensively studied. Figure II.3 shows the stability of
the Yy -austenite phase at high temperature (9000-130000)
in the ternary Fe-Cr-Ni diagram. Rees et al. (1949)
studied the constitution of iron-chromium-nickel alloys
after annealing between 650° and 800°C for periods up to 200
days. At BOOOC, for example, an alloy containing T7TwtXCr
and 10wti is fully austenitic but at 650°C it is a
mixture of ferrite and austenite. There are also areas in
the ternary system with compositions typical of austenitic
stainless steels where (O -phase is detected but only with
a ~ferrite or with Y -austenite. Lena (1954) rev:‘i.en;ed
the formation of sigma-phase in iron-chromium and iron-
chromium-nickel alloys and compared the influence of tempera-
ture, composition and different alloying elements on the
precipitation of @ before concluding that sigma
precipitates more rapidly in ferrite than in austenite.
Shéo & Machlein (1979) found that addition of molybdenum

promotes sigma formation.

Keating (1956) showed that at 18wt¥ chromium a



rigure I1.3

The iron-chromium-nickel systen
(a) at 900° to 1300°C (Bain & Aborn, 1948)
(b) at 1100°c (Pugh & Nisbet, 1950)
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minimum nickel content (8wt¥) is required under normal
cooling conditions to promote a fully austenitic structure
which is stable at room temperaturey see Figure II.4. The
structure of conventional austenitic stainless steels can

change under certain cooling conditionsy for example by
slow-cooling precipitation may occur and change the ratio of

chromium to nickel in some areas and thus lead to the

transformation Y—« s see Figure 1I1.4. By

quenching to room temperature from temperatures at which the
structure is fully austenitic, ferrite or martensite can be

formed as well as unstable austenite which may transform to

ferrite by cold-working (Bain & Aborn, 1948; Speich, 1973).

Recent development of austenitic steels staried from
the familiar 18-8 chromium-nickel steel, originally with
some additions of carbon, which was traditionally the most
economical fully austenitic material. Higher nickel

contents are used to avoid the formation of o —-ferrite
which can produce edge cracking during hot-working. The
effect of nickel on hot workability is maximised by lowering
the carbon and nitrogen contents (Ludwigson & Brickner, 1969)
and the effect of nickel *in relation to nitrogen concen-
tration was‘confimed by Janson (1971). However the trend
is now to lower carbon contents and the compositions of
Standard American Iron and Steel Institute grades of
austenitic stainless steels are given in Table II.1. To

improve particular properties, alloying elements are added



Figure 1l.4

Effect of nickel and chromium on the
constitution of 0.1wtiC steels

(Keating, 1956)
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and these may influence the range of austenite stability.

For example, chromium, molybdenum, silicon, titanium, and

niobium are considered as « ~ferrite stabilisers whereas
nickel, manganese, carbon and nitrogen increase the Y -

austenite range. Usually austenitic stainless steels

contain up to 0.08 or 0.15wt% carbon and Figure II.5

shows that in AISI steels (listed in Table II.1) M,sCe is

the only carbide to be precipitated. Higher carbon

contents are necessary to precipitate M703. M2306 is
essentially chromium carbide with other elements in partial
substitution e.g. (Cr,Fe)2306 and (Cr,Fe,Mo)2306.
Precipitation of M,,C. occurs at 500°-950°C the kinetics
of which depend on the chemical composition of the steel.
M2306 precipitation causes chromium depletion (Joshi &
Stein, 1972; Pande et al., 1977) so that

transformation can occur on cooling. Chromium depletion is
also the cause of a decrease in corrosion resistance. Thus,

one way to reduce intergranular corrosion is to stabilize -
the steel with titanium or niobium since these elements have
a greater affinity for carbon than chromium. The formation
of M23C6 is therefore suppressed by the formation of NbC
or TiC., Niobium is found to be a better stabiliser than
titanium since after long aging times M2306 tends to

replace TiC (Thorwaldsson & Dunlop. 1979).

Nitrogen is a strong austenite stabiliser and if a

small concentration of nitrogen is added less nickel is



Figure I1.5

Effect of nickel and carbon on
Fe-18wtkCr alloys

(Tuma et al., 1976)
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required to stabilise the Y -—austenite. Tisinai et al.

(1956) found it possible to obtain an austenitic structure
"in nickel-free steels containing 21-33wt¥% Cr at above

1200°¢C by adding suitable amounts of carbon and nitrogen

austenite could be retained at room temperature by rapid

quenching but on slow cooling these alloys decomposed into

ferrite, carbides and nitrides.

Imai et al. (1967b) studied the quaternary system
Fe-18wi% Cr -C-N  at 700°-1300°C for a range of carbon and

nitrogen contents up to 0.5wt% and found that the carbon

concentration influences the precipitation of chromium
nitrides while nitrogen has a similar effect on the precipi-

tation to chromium carbide. Thier et al. (1969) found that

addition of nitrogen delays the precipitation of M23C6 as

shown schematically by Pigure II.6.

(c) AISI 316

AISI 316 is an austenitic steel containing chromium,
nickel, molybdenum and manganesey see Table Il.1. The

designation "316" is sometimes preceded or followed by a

letter (Table II.1) which indicates the carbon or nitrogen

content of the alloy: ™"L" is used for low carbon content

(0.03w$ maximum); "M" means that the steel contains

between 0,03-0.06wt¥% C (medium carbon content); and "N"

is used for steels éontaining between 0,10-0.16wt}% nitrogen.

10
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Fig‘ure 11, 6

Effect of nitrogen on M23C6 precipitation
(Thier et al., 1969)
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The maximum carbon content allowed in AISI 316 is 0.08wt%.

AIST 316 is similar in composition to AISI 304 with

"addition of molybdenum (2.5wt%) and Defranoux (1974) showed

that the presence of molybdenﬁm accelerates the rate of
passive film formation during aqueous corrosion. AISI 316
was originally developed for marine use because of its high

corrosion resistance. It is now one of the steels used in
nuclear power generation, especially as fuel pins in fast-
breeder reactors. Among the many problems that may arise
during service, swelling of the steel during irradiation
occurs and leads to changes in the matrix composition (Bates,
19773 Brager & Garner, 1978) which result in the formation
of complex intermetallic phases. Addition of Ti or Nb
and Si (Johnston et al., 1976; Lee et al., 1979; Nagasaki
et al., 1979), or cold working (Johnston et al., 1976),

reduce swelling by the formation of finely dispersed coherent

NbC or TiC precipitates and dislocations which act as
sinks for vacancies. Low temperatures enhance radiation-

swelling, which reaches a maximum on cooling from 500°C

(Foster & Boltax, 1980).

The fuel pins are usually 20% cold-worked and with this

small degree of deformation formation of twins and

recrystallisation phenomena are not significant. Partial

recrystallisation of cold-worked material occurs over the
range of temperature 5800-80000 (Yang & Spruiell, 1982), and

gain growth below 950°C is negligible (Balbi & Silva, 1978).

11
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Aging and creep of AISI 316 at 600°-800°C have been

extensively studied. During aging carbides (M23C6’ M60)

"and intermetallic phases ( 0 , X , W ) are observed. The

kinetics of precipitation of M2306 in AISI 316 as a function

of carbon content and annealing temperature (grain-size) are

shown in Figure I1I1.7. The carbon content has no influence

at temperatures lower than 700°C but higher annealing
temperatures, which lead to a higher quenched-in vacancy
concentration, enhance carbide precipitation. The time-
temperature-precipitation diagrams for AISI L316 annealed
and 20% cold-worked are shown in Figure 11.8 and, as
expected, cold working which introduces a high fiensity of
dislocations accelerates precipitation (Weiss & Stickler,
1972; Morris & Harries, 1978). However, the rate of

precipitation of M2306 is only affected for times less

than one hour. ©Precipitation of carbides and the formation

- of intermetallic phases after aging for long times have been

studied by optical and electron microscopy by several workers
(Yamane & Veda, 19633 Blenkinsop & Nutting, 1967; Mimino
et al., 19693 Weiss & Stickler, 1972; Spruiell et al., 1973;
White & Le May, 1974; Lai & Meshkat, 1978; Stoter, 1981).

Unfortunately the results reportéd by different authors are

not always consistent and comparable but there is general

agreement that carbides precipitate before the intermetallic

phases.,

Nitrogen is also added to AISI 316 to improve mechanical

12



Figure II.?

Kinetics of precipitation of M?_306 in

AISI 316 steel (Weiss & Stickler, 1972)
(a) effect of annealing temperature

(b) comparison of types 316 (0.066wt:C and

L316 (0.023wtxC)
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Figure 11.8

Time~temperature~precipitation diagrams
for AISI L316
(a2) annealed (Weiss & Stickler, 1972)

(b) 20% cold-worked (Spitznagel & Stickler,

1974)
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properties. However, the strengthening effects obtained by

addition of nitrogen can not be explained by solution

'hardening mechanisms alone (Norstr®m, 1977). The contri-
bution of nitrogen to yield stress can be divided into two

parts: (i) a temperature-dependent contribution over the

range 10°-600°C (true solution hardening) independent of
grain-size, and (ii) an athermal contribution with an
increase of the grain-size coefficient in the Hall-Petch
equation as the nitrogen concentration increases. Thus, a

combination of nitrogen addition and grain-size refinement

gives very high strengths to AISI 316 in the annealed state.

II.2 Nitriding of iron and iron alloys

(a) The iron-nitrogen system

The iron-nitrogen system is shown in Figure II.é with
unit-cell dimensions and composition limits of the diff ere;lt
iron-nitrogen phases in Table II.2. The &’ and a“ phases
are not represented on the diagram; @’ -nitrogen martensite
is obtained by quenching nitrogen—austenit;e and a” -Fe16N2

is formed by tempering nitrogen-martensite or aging super-

saturated nitrogen-ferrite at low temperature.

Y’ <Fe 4N has a face-centred cubic arrangement of

iron atoms as in austenite and the nitrogen occupies one set

of octahedral interstices in an ordered manner as shown in

13



Figure II.9

The iron-nitrogen diagram

(Jack, 1951a)
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Figure II.10. The basic structure of Y’ -Fe 4N is there-

fore face-centred cubic but the nitrogen atoms have a

primitive cubic arrangement which give superlattice

reflexions on X-ray diffraction patterns (Jack, 1948).

2 -Fe2N1—x has a wide range of composition and a

close-packed hexagonal arrangement of iron atoms; Jack

(1952) reported a superstructure with a' = \’3 a, c' = c.

Figure II.11 shows that a increases with nitrogen content

more quickly than ¢ so the ¢/a ratio decreases.

(b) The iron-chromium-nitrogen system

The chromium-nitrogen diagram (Figure II.12) shows the
existence of two chromium nitrides: CrN and Cr2N N
CxN has a face-centred cubic structure of lattice parameter
4.150 & (Mortimer, 1971), while Cx, N (Mortimer, 1971) has

a close-packed arrangement of metal atoms with:

a = 4,790 X, c = 4.469 2, 2/2 = 0.933.

Nucleation of Cr,N in ~ferrite (Bywater & Dyson, 1975)

is heterogeneous with small needles in areas of high dis-
location density and large single needles or globular

precipitates in ferrite grain-boundaries (Lagneborg, 1967).
The < 311>Cl growth direction corresponds to a minimum

of mismatch and elastic strain energy; Lagneborg (1967)

reported a (0001)cy N // (o11)a and (103'1)01.2N // (101)a

14
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Figure 11.10

Crystal structure of vy -nitrogen

austenite and y'-—Fe 411

(Jack, 1949)
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Figure II.12

The chromium-nitrogen diagram

(Adcock, 1926)
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orientation relationship similar to that for the precipitation

of € -iron carbide in martensite (Jack, 1951c).

Nitrogen has a profound effect on the Y 1loop in

Fe-Cr alloys (Turkdogan & Ignatowicz, 1958), and Masumoto & |

Imai (1969) claimed that the effect of nitrogen in stabilising
Y -austenite is about twenty-five times that of nickel.

The ternary diagram Fe-Cr-N has been studied by Imai et al.

(1967a) between 700°-1300°C in the range 0-40wt¥% Cr and up

to 1wt% N and the different nitrides precipitated,

depending on the nitrogen content and temperature, were

Y/ -Fe,N, CxN and CrN. No Y/ ~-Fe N and CrN were

2 4

detected at 800°C or higher; Figure II.13 shows the

Fe-Cr-N phase diagrams after Imai et al. at 700° and 800°C.
In the same system, Turkdogan & Ignatowicz (1958) showed that

chromium increases the solubility of nitrogen and that C=N

is present at 600°C.

(c) The iron-chromium-nickel-nitrogen system

In the Fe-18wi¥ Cr-Ni-N system at 500°-1300°C for
,0-20"’1'-% nickel and up to 0.4wtd nitrogen Masumoto & Imai
(1969) found that the only nitride precipitate was Cr,N and
that the solubility of nitrogen in Y ~austenite decreases
with increasing nickel content. The effect of both nickel
and chromium and the solubility of nitrogen in y decreases

with increasing temperature (Figure II.14) indicating an
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Figure II.13

The iron-chromium-nitrogen system at
700° and 800°C

(Imai et al., 19673)
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Effect of chromium concentration on
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increase in the heat of solution of nitrogen in stainless

steels with increasing temperature.

(d) Precipitation in nitrided iron-chromium and

iron-chromium-nickel alloys

Only three nitrides have been reported when nitriding
iron-nickel alloys: Y/ ~(Fe,Ni) 4N (Arnott & Wold, 1960;
Atkinson & Bodsworth, 1970; Handley, 1974);  Ni,N

>

(Arnott & Wold, 1960) and € -Fe, N,  (Atkinson &

Bodsworth, 19703 Handley, 1974).

‘Y' -(Fe,Ni) 4N has the face-centred cubic Fe,N

4
structure with a high solubility of nickel (0-80wt)¥) and

its lattice parameter decreases with nickel content (Arnott
& Wold, 1960). Wiener & Berger (1955) proposed an ordered
structure for Fe3NiN in which nickel atoms replace the

iron atoms at the corner of the unit-cell. Further investi-
gation by Arnott & Wold (1960) on (Fe,Ni) (N showed by
comparing the intensities of the superlattice reflections

(100) and (110) of this phase that the first nickel atom is
at the corner of the unit-cell while other nickels

substitute randomly for iron atoms.

By nitriding Fe-Cr or Fe-Cr-Ni alloys at high

nitrogen potentials a multilayer subscale of nitride

precipitates is obtained which can be divided into a compound

layer or "white layer" formed by € -FezN 1x and

17
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v/ -Fe , N and a diffusion layer of CrN or Cer in the

4
matrix (Lebrun et al., 19723 Lightfoot & Jack, 1975;

Mittemeijer et al., 1981). When nitriding in ammonia:

hydrogen mixtures the amount of nitrogen introduced can be

controlled by the nitrogen potential (see Chapter 111.4).

Lehrer (1930) showed that the formation of iron nitrides

depends on the nitrogen potential and on the temperature.

Therefore as reported by Lightfoot & Jack (1975) the

formation of the "white layer" is controlled by the I\TH3=H2

ratio. Considering the formation of the nitrided layer
of an iron-chromium alloy at high nitrogen potential with

the presence of a compound layer the following equilibria
going from the surface towards the centre should be

expected:
gas === € -Fe N, _ (high nitrogen) coee
£ -Fe2N1_x(low nitrogen) = vy’ —Fe4N (high nitrogen) eeee

Y/ -F34N (low nitrogen) =——— CrN or Cer cose

CrN or Cr2N —— ( - ferrite (high nitrogen) eseee

The gradient in nitrogen concentration results in the growth
of the nitrided layer. The formation of the different iron-
nitrides has an influence on nitriding kinetics. A high

nitriding rate is obtained when the nitrogen solubility is

in equilibrium with ¢ --1*"e21511_x and then the nitriding rate

18

11.1

I1.2

1.5

11.4



decreases and is governed by the nitrogen concentration in

equilibrium with y/-Fe,N (Jack & Stoney, 1972). With
 chromium steels no discontinuity in nitriding rate was

observed even when Y’/ -Fe 4N precipitates, but a high

supersaturation was found to be necessary to form v/ in

these alloys and this supersaturation is maintained when

Fe4N is present (Lightfoot & Jack, 1975). These authors

also reported that when nitriding chromium alloys containing

carbon, the carbon diffuses ahead of the nitriding front

towards the centre of the sample and the case depth

decreases as the carbon content increases.

Nitriding iron-chromium alloys is widely used in

industry (either by gas nitriding or iron nitriding) and

especially in the car industry e.g. in case hardening gears.

Nitriding is also applied in petrocﬁemical plants and in

aerospace applications where austenitic stainless steels are
used. The nitriding behaviour of austeni‘i:ic stainless
steel has been widely investigated, especially those steels
stabilized with titanium (Kindlimann & Ansell, 1970; Evans,
19723 Smith & Evans, 1973; Unthank et al., 1974).
Nitriding rates are determined by internal nitriding theory

(see Chapter VII) and a multilayer case is formed.

The nitriding behaviour of AISI 316 in ammoniashydrogen
mixtures at 500°-800°C has been studied at the C.E.G.B. and
U.K.A.E.A. laboratories, Nitriding in pure ammonia at low

temperatures (< 600°C) does not given an even nitrided layer

19



(Cordwell et al., 1974; Wilson, 1978) but nitriding AISI
316 was reported to be controlled by diffusion of nitrogen
in austenite. A two-layer case is found between 450° and
700°C composed of a thin (<5 p,m) gsurface layer of mixed
nitrides € -Fe N, =~ and Y’ —Fe3NiN and an.inner case

of CrN. Wilson (1978) reported the presence of o -

ferrite in the inner nitrided layer at 5500 and 600°C and
also that at these temperatures the case is heavily cracked

while Cordwell et al. (1974) found a thinner case at 70000
than at 600°C.

Nitriding in ammoniashydrogen gives an even nitrided
layer only for temperatures 7> 75000, and at 800°C nitriding
does not seem to be affected by nitrogen potential. Only a

slight difference in the case depth is ohserved between
3/2 3/2 .
PNH3 / PH2 = 0.073 and PNH3 / PH2 = 0,013 (Tyfield

& Mackway, 1975) although nitriding in NH5:H2 mixtures 1is
reported to obey a parabolic law. It should be noted

however that these workers maintained the ammonia flow rate
constant and changed the hydrogen flow rate which meant that
an increase in the ammonia partial pressure was achieved by
decreasing the total flow rate of gas through the furnace.

Thus, because ammonia dissociation increases as the flow rate

decreases (see Table III.2), the real nitrogen potential was

probably nearly constant in all experiments. No iron

nitrides were observed under these experimental conditions.

A more 6omp1ete study has been carried out by Lebrun

20



et al. (1972) on ion nitriding 18-10 stainless steel in pure
ammonia at 5000-80000. A difference in phase distribution

between 600° and 65000 was observed which corresponds to a

difference in nitriding kinetics. Nitriding at 600°C and
lower temperatures gives a high nitriding rate which is

related to the presence of ferrite in the nitrided layer

next to the core, and the authors concluded that nitriding
is therefore controlled by diffusion of nitrogen in ferritej

nitriding at higher temperatures is controlled by nitrogen
diffusion in austenite.. The phase distribution in the
nitrided layer at temperatures < 600°C is: a subscale
(<5 Ll.m) of FezN.l_x, Fe4N and‘;Y 3 a layer (~ 5 p.m)
of Y 4+ CxN; a diffusion layer of CxN + Y + @ : an

inner subscale (~ 4 pum) of Y + @ } and finally a thin

layer formed by twinned austenite. At higher temperatures

the nitrided layer is formed by a subscale of Y’ -Fe AN
an inner layer which contains CrN + CraN +%Y 3§ and then a

layer containing CxN + Cr2N + Y 4+ Q . The interface -

between the nitrided layer and the core is formed by a thin
subscale of dislocations and twins in the austenite. The
formation of @ ~ferrite at 600°C and lower temperatures 1is

reported to be different to that at 800°C. 1In the first

case the formation of @ is caused by the presenceof dis-

locations due to stresses at the nitrided layer-core inter-

face, while in the second case it is associated with

precipitation of Cer which destahilizes Y by chromium
depletiony see Figure 1I.4.



II.3 Microstress and properties of nitrided steels

(a)  Sources of stress in a nitrided case

Stresses in a nitrided case are comparable to those

observed in oxidised or carburized layers. The stresses

are the consequences of the following phenomena that occur

during nitridings:

(i) On nitriding there is a change in volume. For

example, by formation of </ -Fe, N from <Y -austenite of

4

high nitrogen content there is an increase of 12 in specific
volume, the white layer is therefore in compression compared

with the inner subscale.

(ii) The nitrogen concentration is not constant
through the nitrided layer. Compositional changes can occur
and a nitrogen concentration profile can lead to a stress
profile due to changes in lattice parameter (Mittemeijer,
1981).

(iii) On cooling f::;om nitrid.:lng temperature a stress
is generated due to the difference in thermal expansion
coefficients of the nitrides and the steel matrix
(Mittemei;jer, 1981). Rapid cooling can also be the source
of residual stresses due to the difference in cooling rate

between the centre and the surface of the specimen (Ebert,

1978).

Stresses in oxidised Fe-Cr alloys have been detected

by oxidising a thin strip of specimen on one side only while

22
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the other side was protected by a layer of platinium; the

sample was heavily bent after oxidation (Howes & Richardson,
1969). A similar phenomenon has been observed in the

present study by nitriding one side a thin sheet of AISI 316

(the other side was copper plated), or by decreasing the
flux of nitrogen on one side (by nitriding a specimen which
has been previously oxidised on one side). A very small

difference in case depth between the two sides leads to

bending of the specimen.,

Thus, when nitriding Fe-Cr alloys with formation of
a "white layer" a complex distribution of stresses is

expected through the nitrided layer, with a tensile residual
stress on the surface of the diffusion layer. Residual

stresses influence the mechanical properties of the material

(Ebert, 1978) but the effects are difficult to quantify

because of the influence of other parameters such as case
depth and case hardness which are also related to the

residual stresses. In carburized case-hardened steels

residual compressive stresses are known to improve bend and

fatigue resistance.

(b) Properties of nitrided steels

Nitrogen is deliberately added to certain stainless

steels and mainly to stabilized grades for which precipitation-

hardening is used to improve creep strength by introducing a
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dispersed phase such as NbN or TiN +to act as a sink for

dislocations.

The formation of a hard nitrided or carburized surface
case gives to the steel brittle properties despite the fact
that the core is still ductile. The mechanical properties
of such materials depend on the thickness of the case, the

phase distribution, and the microhardness of the layer.

Case-hardened steel can be studied as a composite material

with a complex distribution of stresses during testing.
Figure I1I1.15 is a schematic illustration of the interaction
generated between case and core during the simple loading of
such a composite. In (a) both case and core are in the
elastic region and so only axial and uniform stresses are
detected while (b) shows that if the case is still in the

elastic region with the core in the plastic-elastic zone

then transverse stresses are generated in radial and
circumferential directions. These.stresses depend on the

case depth and hardness (Ebert, 1978).

Only very little work on the mechanical properties of
nitrided case hardened austenitic steels has been reported.
Stanley (1969) studied the mechanical properties of nitrided
AISI 304, 316, 321 and 347 but was umable to relate these to

the proportion of nitrided area although an increase in yield

stress and a decrease in ductibility were observed. The

load-extension curves showed a drop in load after the yield

point for nitriding temperatures 7 540°C and a similar

24
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Figure II.15

Schematic illustration of the inter-

action between case and core on simple

loading of a composite material

(Ebert, 1978)
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phenomenon was reported by Cordwell et al. (1974) for
nitrided AISI 316 and was related to the occurrence of cracks

in the nitrided case. A maximum in yield stress with

exposure temperature was obtained by these authors at 600°C

despite the fact that the nitrided layer is nearly the same
thickness as when nitrided at 700°C although the micro-

hardness is lower.

Four-point bend tests on 20% cold-worked AISI M 316
nitrided tubes (Wilson & Wilson, 1981) show that a minimum
case depth is necessary for total fracture of the tubes and
this minimum decreases with increasing nitriding temperature
between 600° and 75000. Failure of a case-hardened steel
by bend testing depends on crack propagation through the
ductile core. The maximum reduction in toughness for
carburized steels tested by notched three-point bending is
realised when the tip of a surface éra.ck penetrates into the

core, and the velocity of the crack tip through the hard case

o

does not influence the toughness (Barnby et al., 1975).

Therefore the toughness is high as long as part of the

carburized case exists below the crack tip.
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Chapter 11l

EXPERIMENTAL METHODS

I1I.1 Preparation of alloys

All steels used in the present investigation were
classified as AISI 316 and were provided by the U.K.A.E.A.
Springfields Laboratories. Chemical analysis, thickness

and form of the steels are given in Table III.1.

The steel was nitrided in the as-received condition
except that (i) wire used for X-ray analysis was drawn to
0.6mm and then annealed in a sealed vitreous silica capsule

at 1050°C for 1h and (ii) thick specimens (2.7mm) were.

cold-rolled to 1mm foil with total deformation of 6%%.

II1.2 Nitriding procedure

Nitriding experiments were carried out in either a
vertical (Figure III.1) or horizontal tube furnace. On the
vertical furnace a high vacuum tap is attached for quenching.
In both cases the furnace has an alumina reaction tube 20mm
diameter heated by a Kanthal resistance winding which gives
a uniform hot zone 50mm in length. The reaction temperature

was maintained constant (_1-_ 3°C) by an Ether controller

26
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Figure I11I1,.1

The verti
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connected to a Pt/Pt-13Rh thermocouple placed between the
reaction and winding tubes. The specimen temperature was

-measured by a separate Pt/Pt-13Rh thermocouple protected

by an alumina sheath positioned alongside the specimen,

Commercial gases were used (Nz, NH3’ H,, Ar), purified

by standard methods (Schwerdtfeger & Turkdogan, 1970) as

shown in Figure 11I.2. The activated copper was pre-reduced
in hydrogen at 220°C and then used at 140°C during the

experiments. The glas flow-rate was regulated by a capillary

flowmeter (Figure III.3), calibrated by a bubble displacement

method (Darken & Gurry, 1945) and the gas pressure was

maintained slightly higher than atmospheric by 10-20mm of

oil in an exit bubbler,

Specimens for nitriding were electropolished (electro-
polishing solution No. 1 of Table III.3) or cleaned with
"chemiclene" and weighed prior to nitriding. In the vertical
furnace samples were suspended in the cold upper zone of the

furnace by a platinium wire attached to a piece of iron, held

in position by a magnet, and in the horizontal furnace

specimens were placed in a silica boat attached to an alumina

rod which was moved by a magnet.

The sealed system was evacuated and filled with nitrogen
and then the correct ammoniasthydrogen mixture passed for
about 1h before moving the specimens into the hot zone of the

furnace. After nitriding the specimens were either cooled
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slowly by withdrawing from the hot zone or quenched in a °

degassed ice-brine bath. Specimens were reweighed after

nitriding.

III.3 Dissociation of ammonia

The dissociation of ammonia is an important parameter

because the rate of nitriding, the surface nitrogen
concentration, the formation of precipitates and the sequence

of phases in case and core all depend on the nitrogen

potential,l pNH3 / pH:/ 2 . This potential is controlled

by the dissociation of ammonia

NE; =—— /2N, + 3/2 K,

Therefore dissociation of ammonia as a function of flow-rate
and temperature was studied. The method used the solubility
of ammonia in water in a volumetric measurement of the amount
of insoluble gas (N2 + H2) in a sample of exit gas taken
from the bottom of the furnace in a one litxe burette. The
lower tap of the burette was then opened under water and. as

ammonia dissolved a partial vacuum was created and water was

drawn into the burette. The percentage of dissociated
ammonia was measured with an error of + 1% by the difference

in weight of the burette full of water and the burette with

II1I.1



water drawn in during the experiment. From equation III,1

the dissociated ammonia can be calculated

(Wf-We)/2

30

% NH, dissociated = x 100 eeee I1II,2

> (WE-Wo) - (WE-We)/2

Wo: weight of burette (kg)
Wf: weight of burette + weight of 1 litre of water (kg)
We : weight of burette 4+ weight of water absorbed

during the experiment (kg)

The degree of dissociation of ammonia depends on the reaction
temperature, the linear flow-rate of gas and the surface area
of specimens in the furnace (see Table I1I.2). At 600°C the
degree of dissociation is negligible even in the presence of

specimens but -at 800°C it increases rapidly with decreasing

flow-rate and with increasing surface area of specimens in

the furnace.

€ -1ron nitride has a wide range of composition
(Figure I1.9) and a constant nitrogen content can be obtained
either by nitriding at high temperature with a given ammonia
potential or by nitriding at a lower temperature with a

higher ammonia potential; see Figures 1I.9 and III.4. The

nitrogen content of the € —phase is obviously affected by

the thermal dissociation of ammonia.

A constant linear flow-rate of 0.6 cm 3-1 was used in

all experiments.



Table 1I1.2

Dissociation of ammonia -

temperature flow-rate specimens dissociation

O -1

cm 8 %

550 0.6 1 sheet 1

600 0.6 none 0

0.03 none 1

0.006 none 9

0.6 1 sheet 5

0.6 2 sheets 8

650 0.6 1 sheet 10

700 0.6 " none 2

0.15 none 4

0.03 none 5

0.6 1 sheet 20

0.6 2 sheets 23

150 0.6 1 sheet 32

800 0.6 none 9

0.15 none 28

0.03 none 39

0.006 none 5

0.6 1 sheet 61

0.6 2 sheets 72

dimension of sheet: 15x10x1mm
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Figure III.4

EquilibriuﬁbetweenNH3=Hé gas mixtures
(1atm) and solid phases of the iron-

nitrogen system (Lehrer, 1930)
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JII.4 Nitriding in ammoniashydrogen gas mixtures

The reactions that occur when ammonia is in contact

with iron alloys at temperatures of about 600°C, include:

NH5(g) == 1/2 W,(g) + 3/2 Hy(g) cees III.3
NHs(g) = N + 3/2 H,(g) cees III.4
NH3(g) = 1/2 Nz(g) + 3H . eess III.5

where N and HE indicate that nitrogen and hydrogen are in

solid solution.

Reaction III.5 takes place to a negligible extent (Darken

& Gurry, 1953) and a flow-rate of 0.6 cm 5_1 is chosen to

avoid reaction III.3 which is the thermal dissociation of
ammonia (see Table III.2). Thus it is reasonable to assume

that only reaction 11I.4 takes plaée during nitriding. ‘

The equilibrium constant for the nitriding reaction is:

K (T) = ay pH3/2

/ veee III.6a
N ) PNH3

wvhere ay is the activity of nitrogen in the nitride phase

and sz . PNHB are the partial pressures of hydrogen and

ammonia respectively. The nitrogen activity is

therefore:
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2
N % Kk (1) . pNH3/pH23/ © eees IIL.6D

and so is proportional to the nitrogen potential of the

3/2

gas, PNHB/ PH2 .

Previous work (Turkdogan & Ignatowicz, 1959) has shown

that Henry's law is valid for the solubility of nitrogen in

18-8 stainless steel

ay = ky o (wig N) " eeee IIT.T

where k’H is the Henry's law constant.

Thus:s

23/2 vee. III.8

wito N k . pNH3/ Py

where k = K(T)/k_H

The amount of nitrogen introduced into a steel can therefore

be controlled by the NH3=H2 ratio in a mixture of gases.

For the iron-nitrogen system the phases in equilibrium
with various ammoniashydrogen gas mixtures at any temperature
have been determined by Lehrer (1930) and are shown in

Figure I11.4



I11.5 Metallographic examination

Nitrided sheets were mounted vertically either in

cold mounting resin (for extremely brittle samples) or by

hot mounting in bakelite at 140°C under a pressure of 17 MPa.
The samples were then polished on two grades of silicon
carbide papers followed by three grades of diamond paste

(8, 3, 1 um). Specimens were etched to show different parts
of the structure using a number of different solutions
sumnarised in Table III.3. The nitrided case depth was
measured on a Reichert projection microscope after etching

in 2% nital and Vickers microhardness measurements were

carried out on the same equipment using a constant load of

50¢g.

Grain-sizes of as-received and heat-treated material
were measured after etching electrolytically in 10 oxalic
acid and by using the mean linear intercept (m.l.i.) which

is sometimes referred to as the Heyn intercept. The mean

linear intercept is measured by counting the number of grains

or grain-boundaries which intercept a line of length L .

The m.l.i. is given by:

L]

N

m-l-i. — a —— -IJ- -_— I
N L

where N is the number of grains or grain-boundaries and

NL the number of grains or grain-boundaries per unit length.

There is also a relationship between d and the A.S.T.M.

24
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grain-size numbers compiled by Pickering (1976). An
average of seven lines per specimen were drawn to measure
‘the grain-size and the results are given in Table 111.4.
Heat-treatment at 600° and 800°C up to 100h does not change
the grain-size, but 2.5h at 1250°C gives very large grains.
The as-received steel containing 0,02wt$ C showed numerous

twin boundaries and the shape of the gra.ins was not regular.

II1.6 Preparation of specimens for electron microscopy

A chemical-mechanical method for the preparation of

transmission electron microscopy (TEM) thin foils of nitrided
layers was developed. The depth at which the microstructure
was to be studied was decided and a corresponding amount of
the nitrided layer removed by surface grinding using 1m1¥1
thick samples to minimise bending and distortion. The
specimen was turned over and ground from the reverse side -
until a total thickness of 300 U m remained. The surface

to be studied was then lacquered and thinning started by
electropolishing the reverse side in electropolishing

solution No. 1; see Table III.3, With this solution the
exposed surface remains bright when polishing the austenitic

core but when the Y +4CxN 1layer is exposed the specimen
surface becomes dull. VWhen all the austenite layer was
removed (the surface was then completely dull), electro-

polishing was continued using electropolishing solution No. 2

Y|



Table 111 o 4

‘Grain-size of annealed, as-received and heat-treated samples

carbon content heat-treatment d A.S.T.M.
wid% conditions mm number
0.02 as-received 0.024 7-8
0.02 - 600°C~24h 0.025 7-8
0,02 600°C-100h 0,025 - 7-8
0.02 800°C-24h 0.025 7-8
0.02 800°C-100h 0.026 ' 7-8
0,02 1250°C-2.5h 0.25 © 0-1
0.07 as-received 0.009 10
0.07 600°C~24h 0.010 9-10
0.07 600°C-48h 0.010 9-10
0.07 600°C-100h 0,010 9-10
0.07 800°C-24h 0.0115 9-10
0.07 800°C-48h 0.0115 9-10
0.07 ~ 800°C-100h 0.0115 9-10

0.07 1250°C-2.5h 0.250 0-1
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of Table I11.3 and when perforation occurred the lacquer

was removed from the obverse side and polishing continued

from both sides to complete perforation by the normal window

technique.

A second method of preparing thin foils consists of

mechanical grinding followed by lon-beam thinning. A

2mm diameter disc was cut from a 0.38mm thick nitrided
gspecimen by an ultrasonic drill and on one side the nitrided
layer was removed by grinding to the depth at which the
microstructure was to be studied. The specimen was turned
over and ground on the reverse side until the disc was 120 um
thick and the specimen was then placed in the ion-beam
thinner shown schematically by Figure III.5. Only one ion
gun was directed on the reverse side at a potential of 8 kV
under a pressure of '5x10-3‘Pa of Ar which gave a current
of 90-100H A, The angular inclination of the specimen to
the ion-beam was approximatély‘BOO. Under these conditions
a thinning rate of 3 pm per hour was achieved, After
perforation both guns were used at a thinning angle of 5-100

in order to provide a smooth surface with the maximum of

thinned area.

The advantages of ion-beam thinning over chemical methods
of polishing for the present samples are that larger thinned

areas are produced and, as Morris (1979) has shown, handling

of brittle specimens is facilitated.

39



Figure I111. 5

lon-beam thinning apparatus
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TEM specimens were prepared from carbon replicas.
Samples were mounted in bakelite, polished and etched in 1%

nital and then coated with plastic. The dried plastic film

was stripped from the specimen, shadowed with Au-Pd alloy

and then carbon coated before dissolving the plastic in

acetone and depositing the carbon replica on a copper

support grid.

TEM was carried out using either Philips EM 300 or
Jeol 100U electron microscopes both equipped with gonio-

meter stages.

Scanning electron microscopy (SEM) studies of fracture

gsurfaces of tensile or bend-test specimens were made on
uncoated specimens in either a Jeol T20 or a Cambridge

stereoscan S600 equipped with EDAX facilities.

I1I11.7 X-~ray methods

The identification of phases in wire samples was
carried out by taking X-ray powder photographs with a Unicam
90mm diameter camera using LiF single-crystal reflected
monochromatic CrKa radiation in order to minimise background
intensity. The films were compared with standard films of
iron nitrides and chromium nitrides. The iron nitrides were
prepared in a horizontal furnace from pure iron powder

(sponge iron, Johnson Mattley Ltd.) nitrided at temperatures
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and NH3:H2 ratios according to Lehrer's data (1930); gee

Figure III1.4. CrN was obtained by nitriding chromium

powder in 95NH,:5H, at 900°C while Cr,N was obtained

together with CrN by pressure nitriding with molecular
nitrogen at 35atm and 1000°C  for 75 hours; see Roberts,
1970.

The lattice parameters of the different phases were
calculated from the line positions on the X-ray films

measured with a glass scale (Hilger & Watts Ltd.).

The identification of the phases distributed through
the nitrided layer was carried out by progressively grinding

a flat specimen and recording an X-ray reflexion scan using

a Philips diffractometer with graphite-crystal monochromated

Cu Ka radiation after successive removal of each 5 Hm.

Thermal expansion coefficients of +vy’/-~Fe N (prepared

4

as mentioned above) was determined from powder photographs
taken every 50°C in the range 20°-550°C. A high temperature

camera contained in a vacuum system to minimise atmospheric
absorption of the diffracted beams was used with Fe-filtered

Ct::rK(1 radiation and lattice parameters were calculated by

Nelson-Riley (1945) extrapolation.

II1.8 Mechanical testing

Mechanical testing was carried out on an Instron 1115

4



with automatic chart control and stepped zero suppression

facilities.

For tensile tests flat specimens of 20mm gauge length

and cross section of either 0.38x5mm or 1x5mm were used and

for which the strain rates were 1.7x10-4s-1 and

4

4.2x10 5_1 respectively.

Three-point and four-point bend tests were made on flat

sheets (1mm or 0.%8mm thick) and on tubes using two different

-1 2 1

bending speeds, 3.3x10-3mm 5 and 3.3x10 “mm s . For

the three~point bend the span of the bend jig was 19mm while

for four-point bending the inside and outside spans were

respectively 10mm and 20mm.
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Chapter IV

SCOPE OF THE PRESENT INVESTIGATION

The present study was proposed by the U.K.A.E.A. in
order to understand and expand on previous empirical work
carried out at Springfields Laboratories which had shown that
nitrogen was a promising method for the embrittlement of

nuclear fuel cans in order to aid spent-fuel recovery. A

combination of optical microscopy, electron microscopy and

X~-ray diffraction has been used to determine the phase
distribution in the nitrided layer in order to explain the

nitriding kinetics and the mechanical properties of

nitrided AISI 316.

In Chapter V the effect of temperature, cold-working

and nitrogen potential of the gas mixture on the phase

distribution in the nitrided case is reported while in

Chapter VI the microstructure and nature of the precipitation
in the different subscales of the nitrided layer at 600° and

800°C are described. The formation of ¥/ -Fe N on

4
samples nitrided at high temperature (80000)18 explained.

In Chapter VII abnormally high nitriding rates at low
temperature (<L 65000) are reported and are explained by the
appearance of cracks due to formation of a thick "white

layer" at reaction temperature; at higher temperatures
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internal nitriding theory is valid. A complete study of

the influence of carbon in solid solution or as a

.precipitate has been necessary to explain the difference

in nitriding kinetics between AISI L3116 and AISI 316.

The mechanical properties of nitrided AISI 316 are

presented in Chapter VIII. No mathematical model is given
but the difference in bending behaviour 1s explained in

terms of microstructure,

In Chapter IX general observations on nitriding of
gstainless steels are described and the ad#antages and

disadvantages of different surface phases for industrial

use are discussed.

Finally, Chapter X presents the conclusions of the
present study with suggestiohs for further investigation
and development of the gaseous nitriding of stainless

steels.

44
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Chapter V

NITRIDING OF AISI 316

Vel -‘Introduction

The phases formed by nitriding at constant activity
depend on the nitrogen potential of the gas mixture and on
the temperature. Nitriding stainless steel is difficult
(Turkdogan & Ignatowicz, 1959; Wilson, 1978) due to the
formation of a passive film of oxide on the surface of the
specimens. JIon-nitriding (or plasma-nitriding) is often
used in industry for nitriding stainless steels such as
AISTI 304, as one advantage of glow discharge over other

methods of nitriding is the depassivation of the surface.

Previous work carried out at Newcastle in nitriding
AISI 316 in pure ammonia at 550° and 600°C (Wilson, 1978) -
showed that a hard and duplex nitrided case is formed,

although the layer is often uneven and cracked. X-ray

analysis showed the presence of € -Fe2N1_x, Y! -Fe 4N, CxN,

Y and d phases. Chromium nitrides are thermodynamically

more stable than iron nitrides (see Table V.1 and Figure V.1)

and so the formation of € _Fe2N1—x and Y/ -Fe 4N requires

a higher nitrogen potential (Lehrer, 1930) than is required

for chromium nitrides (Mortimer, 1971).
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Chapter V

NITRIDING OF AISI 316

Vel -Introduction

The phases formed by nitriding at constant activity
depend on the nitrogen potential of the gas mixture and on
the temperature., Nitriding stainless steel is difficult
(Turkdogan & Ignatowicz, 1959; Wilson, 1978) due to the
formation of a passive film of oxide on the surface of the
specimens. Jon-nitriding (or plasma-nitriding) is often
used in industry for nitriding stainless steels such as
AISI 504, as one advantage of glow discharge over other

methods of nitriding is the depassivation of the surface.

Previous work carried out at Newcastle in nitriding
AISI 316 in pure ammonia at 550° and 600°C (Wilson, 1978) -
showed that a hard and duplex nitrided case is formed,

although the layer is often uneven and cracked., X-ray

analysis showed the presence of € -Fe,N, , v’ -Fe & €N,

Y and d phases., Chromium nitrides are thermodynamically

more stable than iron nitrides (see Table V.1 and Figure V.1)

and so the formation of € -Fe N, = and Y/ -Fe & requires

a higher nitrogen potential (Lehrer, 1930) than is required

for chromium nitrides (Mortimer, 1971).
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Table V.1

Thernmodynamic data for the formation of metal
nitrides (Kubaschewski & Alcock, 1979)

nitrides AR o

208 >508

kJ J/K
4Fe + 1/2N, —— Fe 4N ~11.1 155.6
Cr + 1/:2N2 —— CrN -~ 123 328.4
2Cr + 1/N, T——= CrN ~ 114 74.1

3Ni + 1/2N2 Ni3N + 0.8 -

2Mo + 1/2N, — Mo,N - 69 87.9
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Figure V.1

The standard free energy of formation

of some nitrides
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The phases formed on nitriding depend on the temperature

and the nitrogen potential of the gas mixture and also on

the gas flow-rate because of the dissociation of ammoniaj
gsee Table I1II.2A, Variation of the phase distribution

through the nitrided layer is also expected due to the

decrease in nitrogen potential from the surface to the core

(Lightfoot & Jack, 1975).

During heat-treatment of cold-worked material
recrystallisation occurs very slowly at 600°C and partial

recrystallisation is observed at 800°C. Thus the micro-

structure of the case of cold-worked samples depends on the

nitriding temperature and on the degree of cold-working.

Nitriding of (i) annealed, (ii) 20% cold-worked
~and '(iii) 63% cold-worked specimens containing 0.02wt% C
was carried out between 5000 and 800°C in pure amm‘onia and
also for annealed samples in ammoniashydrogen mixtures.
Several etching reagents were used to show the differences
in microstructure of the nitrided layer; see Mridha & Jack,
1982a, Samples were quenched from the reaction temperature

to retain the nitrided structure and the phase distribution

was compared with that of air-cooled samples.

The nitriding of 20% and 634 cold-worked materials was

compared with annealed and nitrided specimens, and the
recrystallisation of cold-worked samples has been followed

during heat-treatment for up to 100 hours at 600° and 800°C.
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The surfaces of 20% and 6%4 cold-worked samples were

examined by X-ray Eiiffractémetry before and after nitriding

and are compared with annealed specimens.

V.2 Effect of temperature on nitriding in pure ammonia

The surface appearance of nitrided specimens changes
with nitriding temperature and cooling-rate. Specimens

nitrided at 600°C have a silvery surface with blisters if
air-cooled while at 800°C a matte-grey appearance is
observed which darkens when specimens have been quenched.,
Figure V.2 shows SEM micrographs of the surface of samples
nitrided at 600° and 800° and air-cooled. The micro-
structure of specimens nitrided at 800°C (d) is coarser than
that nitrided at 600°C (b), while specimens nitrided for
only 2 hours ((a) at 600°C and (c) at 80000) show a smoother

surface than those nitrided for 74 hours. This is explained

by precipitation of € -Fe N, . which is incomplete after 2

hours nitriding. € _F62N1-x has been reported to grow
outwards from the original iron surface while y’/-Fe &N
grows inwards. Thus, when the ‘layer of Y'-Fe 4N is formed

the rate of formation of € decreases. The photo-micro-
graphs of Figure V.2 show clearly that € nucleates and grows
on the steel surface and completely covers the surface after

2 hourss No difference on surface appearance is detected

between 16h and 74h of nitriding.
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Fipgure V.2

SEM micrographs of AISI 1316 nitrided in
pure ammonia

(a) at 600°C for 2h
(b) at 600°C for 74h
(¢) at 800°C for 2h
(d) at 800°C for 74h

All sazples air-cooled






(a) Optical microscopy of the nitrided layer

Nitrided and air-cooled specimens sectioned perpendicular
to the surface when etched in 2% nital or 10 picral:1 nital

consist of a white surface layei: and an etched subscale for

all nitriding temperatures,

Nitriding at 50000 gives a thin nitrided layer which is

uneven and not well defined. The case is very hard, brittle

and breaks easily (Figure V.3) while samples nitrided at
550°C show a more even case composed of a "white layer" and

a fine subscale (Figure V.3).

A three-layer case is formed at 600°C but only a two-
layer case is observed on air-cooled specimens at 7000 and

800°C (Figure V.4). The "white layer" of 20 pm 1is

already formed at 600°C after 1 hour nitriding and does not
grow with time (Figure V.5) and no difference is observed
between the air-cooled sample of Figure V.6(a) and the
quenched sample of Figure V.6(b). The "white layer" on |
samples quenched from 700°C is thinner than on samples air-

cooled from 700°C (Figure V.7) and is absent on specimens

quenched from 800°C; see Figure V.8(b).

Other etching solutions have been used (see Table III.3)

to study the metallography of the nitrided layers and a

difference in the attack of the "wh<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>