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ABSTRACT

Using the gas-metal equilibration method of
constant activity ageing, high densities of fine,
hombgeneous nitride precipitates or substitutional;
interstitial solute-~atom clusters are produced in low
alloy steels in the temperature range 350-75000 under
appropriate nitriding conditions.

In Fe~Ti alloys, hardness and lattice parameter
measurements, together with electron microscopy, show the
formation of very fine disc-shaped zones. The tweed
contrast of electron micrographs and the diffuse electron
and -X-ray scattering effects observed are attributed to the
partial ordering of the zones which consist of equatomic Ti-N
monolayer plates on matrix cube planes. Excess nitrogen
equivalent to twice the nitrogen content of the "TiN"
plate is accommodated as part of the cluster but is removed
by ageing in hydrogen. A model is suggested for the zone
structure which accounts for its limiting compositions
“F94TiN " and "Fe,.TiN" and for the occurrence of nitrogen
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in two different chemical environments with different
stabilitiess The "TiN" zone stoichiometry and morphology
is stable even at high temperatures and overageing of the
structure, acconpanied by softening, takes several hours
at 800°C. The strengthening which occurs in Fe-Ti alloys
nitrided at intermediate temperatures is due to a particle

shear mechanisn.

For Fe-lo alloys nitrided under similar conditions
the microstructures are much coarser. Tweed contrast is

not observed but other electron and X~-ray diffraction



effects are similar to those for Fe-Ti alloys.

Zones containing both titanium and molybdenum
aré formed in nitrided Ie-lMo-Ti alloys nitrided under
gimilar conditions and the properties are determined
mainly by the titanium present in the alloy; the most
pronounced effect of the molybdenum is observed in the
nitriding kinetics. A model proposed for the Mo-Ti-N
zone structure accounts for the difference between the
observed properties and those expected from a simple

sunmation of the separate Mo-N and Ti-N interactions.
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Chapter 1

INTRODUCTION

I.1. General Introduction

Age-hardening in aluminium alloys involves the
homogeneous formation of solute-atom clusters within the
solvent lattice (Guinier-Preston zones) although it is

generally classified under the heading of "precipitation
hardening",

For homogeneous precipitation in face-centred cubic
alloys such as aluminium-copper, a solute solubility is
required which decreases fapidly with decreasing temperature
to give a high degree of supersaturation (see Figure I.1).
Guinier-Preston (G.P.) zones are metastable with respect to
the equilibrium precipitate and so have a higher solubility.
At the low temperatures where the necessary supersaturation
can be achieved, the solute-atom diffusivity is too small
to allow clustering unless there is an abnormally high
quenched-in vacancy concentration. Because these
conditions can not usually be achieved in body-centred
cubic alloys, Guinier-Preston zones have not been observed
in substitutional body-centred cubic iron alloys except at
relatively high alloying-element concentrations. Inter-
stitial solutes such as nitrogen have high diffusivities
in iron even at room temperature and recent work on the

quench-ageing of nitrogen;ferrite shows that at high

supersaturations and low ageing temperatures (~20°¢)

homogeneous precipitation of o(" -Fe16N2 is preceded by
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interstitial-atom clustering i.e. by Guinier-Preston zone

formation.

One disadvantage of quench-ageing is that the
supersaturation of nitrogen - the driving force for
precipitation = rapidly decreases as the solid solution is
depleted during the precipitation process. This may be
overcome by equilibrating the ferrite at an elevated
temperature in appropriate ammonia:shydrogen gas mixtures
so a8 to maintain a constant high activity of nitrogen in
solid solution, Using this technique of constant activity
ageing, mixed substitutional-interstitial solute-atom
clusters were produced in Fe-32/oMo equilibrated in an
ammonig:hydrogen gas mixture 1in thé temperature range
| 400-65000 (Speirs, 1969). This observation demonstrated
the existence of a new method of metal strengthening by
mixed substitutional-interstitial zone formation (Speirs
et al, 1970). Subsequent research at Newcastle showed
the occurrence of mixed clustering in many other ferritic
and austenitic Fe-X-N alloys where X represents the
substitutional alloying element (Jack, 1974). The scope
of the research has recently been widened to includebFe-x-C
systems and also non-ferrous alloys such as Ag-Mg-0 and
Ag-A1-0. A schematic representation of the ternary

systems investigated is shown in Figure I.2.

The present work started with the intention of
examining the mutual effects of two substitutional solutes
together in a nitrogen ferrite. Molybdenum and titanium .
were chosen because of their different affinities for
nitrogen and because some work had already been carried out

on the appropriate ternary systems. Although muych was

already known from previous investigations about the effects
of molybdenum in ternary nitrogen ferrites, less was known

about titanium, and so the Fe-Ti-N system was investigated
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to provide the basis for the study of the Fe-lo-Ti-N |
quaternary system. Some wWork was also carried out on the
Fe=No=-N system to supplement previous results. The main
subject of the present thesis is the investigation of the
Fe-Ti-N system and to a lesser extent the Fe-Mo-Ti-N and

Fe-Mo=-N systems.,

I.24 Constant Activity Ageing

The high nitrogen supersaturations that can be
maintained in solid solution even at high temperatures by
constant activity ageing in ammonia:hydrogen gas mixtures

allow the isothermal formation of mixed substitutional-
interstitial clusters. During constant activity ageing
an Fe=-X alloy is equilibrated at constant temperature in
the range 350°-750°C with a gas mixture in which the
ammonia:shydrogen ratio is maintained constant so as to
produce any required nitrogen potential - in some cases
equivalent ‘to many thousands of atmospheres of molecular

nitrogen - at the specimen surface. In this temperature

range the diffusivity of interstitial atoms in iron is
several orders of magnitude greater than tha? of any
substitutional solute, Thus, nitrogen can diffuse
throughout an iron alloy specimen in the same time that

the substitutional solute atoms have moved only a few
atomic distances. By maintaining a constant nitrogen
potential at the surface of a specimen any nitrogen removed
from solution is immediately replenished from the gas and
precipitation or clustering can occur until all the
substitutional solute has been consumed. This can give

higher densities of zones than by any other technigue.

With this gas equilibration method the activity of



of the interstitial solute can be maintained constant at
any desired value. Apart from using very high activities'
to produce mixed substitutional-interstitial solute-atom
clusters, the method is useful in the selective
precipitation of particular nitrides (Unthank et al, 1972).
Constant activity ageing can also be applied to the
controlled introduction of carbon and oxygen into metals

by equilibration in appropriate gas mixtures.



Chapter I1I

PREVIOUS WORK

Il.1. The Iron-Nitrogen Phase Diagram

Figure IIl.1 shows the iron-nitrogen phase diagram.

There are five major phases formed with increasing nitrogen

potential: & -nitrogen-ferrite, ¥ -nitrogen-austenite,

a
h -Fe4N, 3 -F63-2N' and 5 -Fe, N. There are two
additional phases ©f =-nitrogen-martensite obtained by

quenching X , and o(” -Fe16N2 formed during tempering
nitrogen-martensite and ageing nitrogen-ferrite. Nitrogen
austenite can exist down to 590°C at which temperature it
contains 9.43/b nitrogen, The maximum solubility of
nitrogen in ferrite is about 0.43/0 at 59000.

U'-Fe4N 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 II.2).

Body-centred tetragonal o(“-Fe.“sNz can be regarded as
a fully-ordered supersaturated solid solution of nitrogen
in body=-centred cubic iron, i.e. a fully-ordered martensite.
Alternatively, it is a distorted "Fe4N" in which alternate
nitrogen atoms are missing and which fits with the ferrite
matrix with a Bain orientation relationship, (Jack, 19513).
O(" -Fe16N2 is therefore intermediate both in structure and

» » '
in composition between b.c.c.N-ferrite and f.c.c. K -Fe N,

4
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The dilation of ferrite lattice by nitrogen in |
solution has been determined by Wriedt & Zwell (1962) as
0.0082/a/aN. A value of 0.0072/3/0N can be derived from
the work of Jack (1951a,b).

II.2. The Quench-Ageing of Nitrogen-Ferrite

On cooling nitrogen ferrite to room temperature
nitrogen is precipitated in a two-stage process (Dijkstra,
1949). Although from the phase‘diagram,'K!-Fe4N might
be expected to precipitate (see Figure II.2)‘the initial
precipitate is " -Fe (N, which forms as thin plates
parallel to three cube planes in ferrite. " -Fe16N2 is
also produced by low-temperature tempering of nitrogen
martensite (Jack, 1951&). Its structure (see FPigure II.3)
is that of fully ordered tetragonal martensite, that is,

a b.c.c. arrangement of iron atoms anisotropically expanded
in the ¢ dimension because one in twenty-four octahedral

interstices are occupied in an ordered manner. There 1s

a consequent small contraction of the lattice in a

directions (see Figure II.4). The structure is in fact

ferrite with a nitrogen superlattice which causes some
tetragonal strain. The o(" structure fits perfectly
coherently with the ferrite matrix in "a" directions but
there is a misfit in the ¢ dimension. Therefore

CK"-Fe16N2 grows as plates, thin in the ¢ direction,

by diffusion, clustering and ordering of nitrogen atoms;

no major movement of iron atoms is involved.

At high supersaturations and low temperatures (wv20°C)
precipitation.of'CX"-Fe16N2 is homogeneous and occurs via
Guinier-Preston zone formation (Roberts, 1970). As the

temperature is increased and supersaturation decreases
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precipitation becomes heterogeneous (see Figure II.5).

U'-Fe4N precipitates at the expense of o("-Fe16N2
after long ageing times above about 17000. However it also
occurs as a grain boundary precipitate during the early
etages of ageing at these temperatures (Roberts, 1970).

U -Fe4N grows as plates such that (112)Y is parallel
to the plate surface (Mehl, Barrett & Jerabek, 1934;

Booker, Norbury & Sutton, 1957).

I1.5. I'e=-X=-N Oystems

(i) Introduction

The substitutional-interstitial solute interactions
occurring in nitrogen ferrites can be classified as taking
place in three distinct ranges of temperature: high,
medium, and low defined by the relative mobilities of the
substitutional and interstitial solutes. At high
temperatures substitutional solutes such as Ti, V, Cr, ln,
Nb, Mo, Ta and W move readily through ferrite matrix to
precipitate alloy nitrides by reaction with nitrogen. At
low temperatures where these solutes are unable to move
" they still affect the precipitation of iron nitrides
because they change the activity coefficients of interstitial
elements (Pipkin, 1968; Speirs, 1969; Mortimer et al, 1972).
At intermediate temperatures, where substitutional solute

atoms move over only short distances in the same time that
nitrogen moves over large ones, mixed solute-~atom clustering
is observed (Speirs et al, 1970). The clustered non-random
solid solution is a pre-precipitation stage in a continuous
series of transformations and is accompanied by a very high

specific strengthening. Prolonged overageing shows that
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clustering is the first of a sequence of homogeneous

precipitation stages analogous to those observed in the

classical work on aluminium-copper alloys (Speirs et al,

1970).

During quench-ageing of Fe-X-N alloys the
concentration of nitrogen and hence the driving force for
the reaction decreases as the precipitation or clustering
reaction proceeds and this can lead to a range of
conditions under which different phases are stable at
different stages of the treatment., Constant activity
ageing eliminates this complication, Precipitation or
clustering takes place at a rate controlled by the slowly
diffusing substitutional solute whilst the nitrogen activity
is maintained throughout the specimen by the rapidly

diffusing nitrogen.

(ii) Zone formation in Fe-X-N system

Using constant activity ageing Speirs (1969) produced

mixed substitutional-interstitial clusters i.e. Guinier-
Preston zones 1in Fe-}a/oMo nitrided at 590°C in 6NH3:94H2.
High hardnesses and electron microstructures almost identical
to those of A1-4W/oCu aged at 160°C for 5 hours were
reported. Similar results are obtained .for Fe-V, Fe-=Mn,
Fe-Nb and Fe-Ti alloys (Speirs et al, 1970); microstructures

are also similar to those preceding the formation of
o<"-Fe 1 6N2 in aged nitrogen ferrite; see Figure II,5.

Since the G.P. zones observed in these alloys are
very small and only a few atom layers thick it might be
argued that they are in fact very small coherent precipitates.
However, the evidence that they are true G.P. zones formed

by solute-atom clustering is based on the following



obsexrvations:

(a) the abnormal N/x ratios in the alloys are
higher than can be accounted for by equilibrium nitride
precipitates (Jack, K.H., 1975);

(b) very high nitrogen potentials are required
to form the zones compared with those necessary to
precipitate the equilibrium nitride;

(¢) a zone solvus which is different from the
solvus for the equilibrium nitride is observed (Roberts, 1970;
Stephenson, 1973);

(d) continuous streaking of matrix reflections with
no maxima characteristic of the precipitate structure occurs
on electron diffraction patterns of nitrided Fe-X alloys;

(e) the electron microstructures observed are

similar to those for classical G.P. zones (e.g. in
Al-4¥/oCu;

(f) there is a similarity with the initial stages .
of quedch-ageing of nitrogen-ferrite at room temperature
where transformation occurs by diffusion and ordering of
nitrogen atoms without major movement of iron atoms;

(g) the intersgtitial content of clusters in
nitrided Fe-3a/oMo can be continuously changed and reduced
to zero by ageing in hydrogen at 58000 to leave Mo atom
clusters on {]OO} matrix planes; these Mo c¢lusters can
not be produced in TFe-3a/oMo without the introduction of
nitrogen nor can they be obtained by decomposition of the
equilibrium nitride precipitate (Driver, Unthank & Jack,

1972).

Furthexr direct evidence is provided from measurement
of the unit cell dimensions of these alloys. Krawitz &
Sinclair (1975) show that. the unit cell dimensions of a
solid solution are essentially invariant with respect to

the distribution and arrangement of its solute atoms. A

matrix containing G.P. zones is a solid solution in which
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non-random local atomic arrangements exist but its unit cell
dimensions are the same as for a random solid solution |
having the same solute concentration. The unit-cell
dimensions change to those of the solvent when precipitation
occurs. The unit-cell dimensions of constant activity
nitrided Fe-Mo and Fe-V alloys are in c¢lose agreement with
those expected for iron containing the same amount of solute
in random solution (Pope, Jones & Jack, 1975) but electron
microscopy, field ion microscopy and electron diffraction
patterns indicate that the solute-atom distribution can not
be randon. The solute atoms must therefore be clustered

in a non=-random solid solution.

(iii) Conditions for zone formation

The general c&nditions for zone formation in Fe-X«N
alloys can be summarised as:

(a) the nitrogen potential must exceed that of
the zone solvus;

(b) there must be a strong interaction between the
substitutional solute and nitrogen and the most effective

gsolutes are those which decrease the activity coefficient

}: of nitrogen in iron (see ‘Figuz::e I1.6), that is,
they increase the solubility of nitrogen prior to
precipitation;

(c) the substitutional solute must have a high
affinity for nitrogen (see Figure I1I.7);

(d) the temperature should be high enough for
movement of substitutional atoms over short distances but
not so high as to allow large-scale metal atom movement
and thus the ready nucleation and growth of the equilibrium

alloy nitride.
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(iv) 'The precipitation sequence in nitrided Fe-X alloys

G.P. zones formed in Fe-X-N alloys age in a similar
manner to those formed in Al1-4¥/oCu alloys and the
precipitation sequence 1is similar to the stages of
homogeneous precipitation which occur in pure Fe-N alloys
on quench-ageling at 0-200°¢. On nitriding b.c.c. Fe=X
alloys, homogeneous precipitation occurs by continuous
clustering and subsequent ordering within the clusters of
both interstitial and substitutional solutes. The

precipitation sequence can be represented as:

(1) (2) (3)

I Ila ITb III
Z0Nes — O("-type ey 5' -type —— equilibriun
intermediate intermediate - precipitate

The designations o(" and K' are not meant to imply rigid
structure types but suggest respectively distorted b.c.c.

and f.c.c. metal-atom arrangements accommodating nitrogen
with or without ordering of either the substitutional or the
interstitial solute atoms. Lach particular system is -
different in detail. In Fe-lMo-N each of the above stages

is fairly clearly recognised; in Fe-W-N, transformation (1)
is rapid compared with (3). Thus, stage I is not observed
(Stephenson, 1973) and stage II is the first to be recognised.

(v) The nitriding kinetics of Fe-X alloys

The nitriding of Fe-Ti, Fe-~V and high~chromium Fe-Cr
alloys occurs by the formation of a hard, sharply defined
subscale which advances progressively into the bulk of the
material. The kinetics of subscale advance are consistent

with the internal nitriding equation (Hepworth, Smith &
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Turkdogan, 1966).

) V)

- .2, — . 9t Ce e II.1.
X .

where X, = the subscale depth at time ¢
r = N/X atom ratio in the "compound" formed
D = +the diffusivity of nitrogen in iron at
the reaction temperature

[ﬁ] = 8/o0 nitrogen concentration at the surface
[XJ = a/o of alloying element X

Departure from this behaviour occurs in IFe=Mo alloys
(Jack et al, 1971) and at low substitutional solute
concentrations in Fe-=V (Pope, 1972) and Fe-Cr alloys
(lortimer, 1971).

There is a critical substitutional-interstitial
activity product (®x.8y) end a critical nucleus size, both
of which must be exceeded for precipitation or solute-atom
clustering to occur (Hayes, 1973). The precipitation or
clustering process therefore depends on the flux of the
substitutional element as well as the flux of nitrogen.
Therefore, in low substitutional content alloys, at high
temperatures or where the substitutional solute has a low
affinity for nitrogen, high nitrogen activities are

required for the nucleation of clusters or precipitates.

In Fe-Ba/oMo alloys, Jack et al (1971) observed a
gradual build up in hardness across the whole specimen
during nitriding at 57000 until a peak hardness is reached.
The hardness profiles across partially nitrided specimens
were slightly dish shaped. This type of hardening occurs
if the effective nitrogen activity across the thickness of

the specimen is uniform and may be achieved by the reduction
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of the rate of the surface reaction so that the flux of
nitrogen atoms is slow compared with the diffusion of
nitrogen in the solid. Hayes (1973) shows that this
behaviour is probably due to a thin oxide layer on the
surface of the specimen and that with careful specimen
preparation and pretreatment in pure hydrogen at the
nitriding temperature, nitriding occurs by subscale advance.
The subscale is not sharply defined but this is attributed
to the relatively low affinity of molybdenum for nitrogen
(see Figure II.T7); the rate of subscale advance under
these conditions is closely approximated by the internal

nitriding equation (equation II.1).

IT.4, The Iron-Titanium-Nitrogen System

The, nitriding kinetics of Fe-Ti alloys containing
0.35-2.38/0Ti are consistent with the internal nitriding
equation II.1; see Jack et al, 1971 ;3 Chen, 1965,

The high hardness increments observed in the
subscale of nitrided alloys are proportional to the square
root of the titanium contents of the alloys (Kirkwood,
Atasoy & Keown, 1974; Jack et al, 1971). This is
similar to the chemical strengthening mechanism observed

for age-hardened Al-Cu and Cu-Be alloys (Brown & Hanm,
1971).

The nitrided alloys are very resistant to over-
ageing and for an Fe-1.933/oTi alloy nitrided at 50000
Kirkwood et al (1974) show on annealing for 24 hours at
successively higher temperatures that softening does not

occur below about BOOOC.
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No clear microstructure has so far been resolved
by electron microscopy for as-nitrided TFe-Ti alloys apart
from the random dot contrast observed by Phillips &
Seybolt (1968). Selected ares electron diffraction shows
matrix spot streaking along <hOd> directions (Speirs
et al, 1970) indicating the presence of thin planar
discontinuities on {jOO] matrix planes. Kirkwood et al
(1974) interpret this effect as being due to small coherent
plate-like TiN precipitates. TiN precipitate spots are
observed on electron diffraction patterns of Fe-1.833/oTi
nitrided at 600°¢C end aged in hydrogen for more than half
an hour. Plate-like TiN precipitates with a Bain matrix
orientation relationship can also be resolved on {jod}
matrix planes and after prolonged ageing at 85000 thhe TiN

‘precipitates become incoherent and appear as rectangular
plates (Chen, 1965).

From diffractometer traces of nitrided Fe-Ti alloys
Kirkwood et al (1974) have noted positive dilation of the
ferrite lattice and asymmetry near the base of the {?00}
Bragg peak. For alloys nitrided under certain conditions
this splits into two peaks; a sharp Bragg peak of high
intensity and a low intensity diffuse peak at higher Bragg
angles. The latter was attributed to a tetragonal

distortion of the ferrite lattice adjacent to the precipitate/

zone plates. However, they also noted that for this
interpretation to hold true, domains of precipitate plates
parallel to each other would be expected in order to
reinforce the tetragonality of the region. There is no
evidence for this in the observed microstructures for the
alloys aged at high temperatures. These results will be
discussed in relation to the results of the present work
in Chapter VII.



II.5. The Iron-}]iolybdenum System

The solubility of molybdenum in o -iron is about
43/0 at 65000 (Baen & Duwez, 19513 Hansen, 1958). |

Irregularly shaped molybdenum-atom clusters have
been observed in iron-molybdenum alloys (4-6a/oMo) aged
at 550°C (Ericsson & Cohen, 1971; Ericsson, lourikis &
Cohen, 1971). Hornbogen {1961) observed molybdenum discs
on {jOO}- matrix planes on dislocation loops, formed
from quenched-in vacancies in Fe-202/oMo quenched from
1300-145000 and aged at 50000. Higgins & Wilkes (1972)
also detected very fine scale clustering of molybdenum
atoms in similarly aged Fe-12a/oMo. Thus in the Fe-=Mo

system substitutional and vacancy-modified substitutional
;olute-atom pre-precipitate clusters can be formed in alloys
quenched from high temperatures and containing more than

4a folio.

I1.6. The Iron-liolybdenum-Nitrogen System

The effect of molybdenum on the solubility of

nitrogen in iron-molybdenum alloys can be summarised as:
at 500°C;

106' }ﬁo = (-Oi21 : 0:04)W/OM0 ® o o o II.2

and for Fe-1.01w/oMo in the temperature range 400-50000;

260

Mo
10g fN = - """'I.""" + 0.13 o o o o II.3

o .
where '§ﬁ° 1s the ratio of the solubility of nitrogen

in pure iron to that in iron-molybdenum alloys at the same
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nitrogen potential (Pipkin et al, 1971). These equations
hold true for iron-molybdenum alloys containing less than

2.16“/0M0 in solution and in which G.P. zones have not

been formed.,

The formation of mixed substitutional-interstitial

clusters in nitrided iron-molybdenum alloys is accompanied
by large hardness increments and Hayes (1972) has
determined the zone solvus for Fe-2.93/oMb and Fe-1.7a/oMO

alloys from hardness measurements (see Figure II.8).

Electron diffraction patterns of Fe-2.98/oMo
nitrided at 580°C in TNH,
gspots along <100>' directions and the bright field

electron microstructure consists of a dense array of thin

:93H2 are streaked at matrix

plate-like zones lying on {ﬁOG} matrix planes. From
field-ion microscopy observations Driver & Papazian
(1973) confirm that these are coherent disc-shaped clusters
and not Mo,N precipitates. Their evidence suggests that
the Mo atoms exist randomly in the clusters but that the
nitrogen atoms are partially or completely ordered in a
similar manner to the nitrogen atoms in CXP-Fe16N2 giving

a zone composition Fe10M06 5

On ageing in hydrogen at 580°C the nitrogen content
of this alloy falls continuously (from 2.58/oN) until after
200 hours almost no nitrogen remains (see Figure II.9).

In this condition the hardness of the alloy is 310VMH

as compared to an annealed hardness of 150VMH and an
as-nitrided hardness of T80VMH (Driver, Unthank & Jack,
1972). Electron microscopy shows that Mo zones about

5003 diameter and about 20X thick are still present and
electron diffraction patterns still show the same continuous
streaking in <JOO>r directions. This behaviour contrasts
sharply with that reported by Brenner & Goodman (1971)
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for Fe-38/oMo nitrided at 48000 to a nitrogen content of
2.4&/0N and subsequently aged in hydrogen at 50000. Onlj
0.4a/0oN could be removed in the ageing treatment and
Driver et al (1972) suggest that this is due to the higher
stability of zones at 500°C than at 580°C.

Driver (1972) reports that after over-ageing an
Fe-2.98/olo alloy nitrided to 0.8a/oN at 800°C for one hour
the precipitate is -Mo,N which has a Bain
orientation relationship with the matrix. On further
ageing this transforms to "2 -Fe3M03N'

FPigure 11,10 shows the lattice parameters of
Fe-2.98/olfo and Fe-1.78/oMo nitrided at 450°-580°C
as a function of nitrogen content (Driver, 1973). The
results for the Fe-2.98/oMo alloys are consistent, showing
an increase in lattice parameter of 0.00GR per N atom per
100 metal atoms. Allowing for experimental error this
figure agrees with the figures derived from the data of
Jack (1951a,b) and Wriedt & 2Zwell (1962) for the
expansion of the ferrite lattice by nitrogen. At 580°¢C
the nitrided Fe-1.72/oMo alloys rapidly over-age because
this molybdenum concentration barely exceeds the critical
limit for zone formation, Thus after a small initial

increase, the matrix unit-cell dimension falls rapidly

on nitriding because of precipitation.
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Chapter III

ALLOY MATERIALS

III.1, Binary Alloys

The chemical analyses of iron-titanium alloys
supplied by the British Iron and Steel Research Association
(B.I.S.R.A.) and iron-molybdenum alloys supplied by the
National Physical Laboratory (N.P.L.) are given in
Table IIIl.1. These analyses give the total substitutional

element contents including any present as carbide. The
amount of "active" substitutional element (i.e. the
substitutional element in solid solution) was calculated
from the chemical analyses by assuming all carbon to be
present as TiC, MoC or Mozc. Within experimental error
the "active" molybdenum contents of the iron-molybdenum
alloys are the same as their total molybdenum contents.
As well as analyses provided by B.I.S.R.A., chenical
analyses on the iron-titanium alloys were carried out in
the Department of Metallurgy at the University of
Strathclyde. Solvents which would not dissolve titanium

carbide, nitride or oxide were used so that the analyses
would indicate only the amount of substitutional element

in solution i.e. the "active" substitutional element content.

Results are given in Table III.1.

The lattice parameters obtained for the iron-

molybdenum and iron-titanium alloys are listed 1in
Table I1I.2.



cast

K1414

K1415

K1412

K2732

S9AF2

39AF5

40AF1

FMT I

noninal
composition

Fe-28/0Ti

Fe-12/0Ti

Fe«0, 5&/0Ti

Fe-O- 2a/OTi

Fe =30 /oMo
Fe-22 /oMo

Fe-18/0}0

Table IIl.1

substitutional:|carbon

olement
(a/o)
Mo T1i
- 2-110
- 2.17F
- 1-10
- 1103i
- 0.595
- 0.571*
- 0.187
- 0.167F
2#92 -
1.72 -
1-26 -
1113

Fe=-1.48/oklo=1.13/d 1.403

Ti

* Soluble titanium only.

(a/0)

0.023

0.074

0.074

O.1
0.012

0.005
0.009

0.014

0.051

source of
analysis

B.I.S.R.A.
Strathclyde

B.I.S.R.A.
Strathclyde

B.I.S.R.A.
Strathclyde

BIIlSIRiAI
Strathclyde

N.P,L.

NIP. LI

N.P- L.

Strathclydel 1.40

‘'mean "active"

substitutional
solute content
(a/o)
Mo Ti
- 2¢15
- 1-05
- 0.55
- 0.171
2-92 -
1.72 -
1.26 -

1.06



20

Table III.Z2

W

Alloy . Lattice parameter a/o (R)
Fe-2a/0Ti 2.8716
Fe-18/0T1 2.8684
Fe-0.58/0Ti 2.8671
Fe-0.22/oTi 2.8667
Fe=-38/oMo | 2.8769
Fe-22/0Mo - 2.8724
Fe-18/oMo 2.8709
Fe-1.48/0Mo-1.12/0oTi 2.8740

The lattice parameter of pure iron is 2.8664 %



The N.P.L. chemical analyses quoted in Table III.1
and the lattice parameters quoted in Table III.2 for
iron-molybdenum alloys are consistent with the data of
Bowman, Parke & Herzig (1943); Guljaev & Trusova (1950)
and Abrahamson & . Lopata (1966). Thus, these values were

assumed correct for the present investigation.

The lattice parameters obtained for the iron-
titanium alloys are lower than those expected from the
data of Abrahamson & Lopata (1966) and Zwell & Wriedt
(1966) who observed a lattice parameter variation with
titanium content of 0.00313/3/0Ti. The value obtained for
the higher titanium content alloys used in the present
investigation is 0.00262/&/0Ti which is close to the
value obtained by Sutton & Hume-Rothery (19595) for
alloys of similar titanium content (0.00253/3/oTi).

The chemical analyses and lattice parameters for
iron-titanium alloys assumed in this investigation are the

mean values quoted in Tables III.1 and III.Z2.

Additional iron-titanium alloys of nominal
compositions Fe-1.52/0Ti and Fe-0.758/0Ti were made in
small quantities ( ~12g.) by arc melting appropriate mixtures
of Fe-28/0Ti, Fe-18/0Ti &end TFe-0.528/0Ti in a purified
argon atmosphere. The lattice parameters of the
Fe-1.53/oTi and Fe-0.753/oTi ~alloys were 2.86993 and
2.86762 respectively and from these values, together with
the data of Tables III.1 and III.2 the compositions were
calculated as Fe-=1.513/0Ti and Fe-0.708/0Ti in good
agreement with the syntheses.
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III.2. Ternary Alloys

An iron-molybdenum-titanium alloy was made up
from commercially pure iron, Fe-28/olio (39AF3) supplied
by N.P.L. and commercially pure titanium foil (99.7%
by melting the constituents in the apparatus shown in
Figure IIT.1 in a flow of purified hydrogen. Once the
alloy was completely molten the hydrogen flow was stopped
and the transparent vitreous silica vessel was flushed
with purified argon to '"de-gas" the melt. The melt was
then allowed to solidify slowly and cool to roonm
temperature in the argon atmosphere. The resultant ingot
(~1508.) was hot-forged down to 5mm thick slab, descaled
and cold-rolled to 1.5mm strip. Samples taken from both

ends and the centre of the strip were analysed.

All three samples had the same composition within
experimental error: Fe-1.402/oMo - 1.118/0Ti - 0.0518/0C
of which all the carbon was assumed to be present as TiC.
The concentrations of "active" titanium and molybdenum are
taken as 1.43/0Mo and 1.06%2/0Ti 8o that the nominal
composition 1is Fe-1.43/oMo-1.1a/oTi. The lattice parameter

of as-annealed wire specimens of this alloy was 2.87403t
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Chapter 1V

EXPERIMENTAL METHODS

IV.1. Aumonia~Hydrogen Nitriding

Specimens were nitrided in ammonia-~hydrogen gas
mixtures of varying proportions at temperatures between
4000 and 750°C. The nitrogen activity of an ammonia-
hydrogen gas mixture is determined by the ratio of the

concentrations of ammonia and hydrogen. The nitriding

reaction 1s:

NH3(g) = N + 3/2 H, (&) A A

and at TOK, the equilibrium constant is given

by:

& 9 ® L IV.2

where ay is the activity of nitrogen in the nitride

phase or solid solution andTF and are the
NH3 H2

partial pressures of ammonia and hydrogen respectively.
A system can therefore be brought to equilibrium under a
predetermined nitrogen activity by controlling the

proportions of ammonia and hydrogen.
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Figure IV.1 illustrates the phases in the irone

nitrogen system in equilibrium with various ammonia-
hydrogen gas mixtures over a range of temperatures

(Lehrer, 1930). In the present inyestigation only
nitriding conditions within the ©( -nitrogen-ferrite phase

field of Figure IV.1 were employed.

Since Henry's Law is applicable over the complete
range of solubility of nitrogen in ferrite at one

atmosphere of nitrogen then:

O\ - W O
a_}l Kh ¢ /O_Ii ® o & @ IV#}

where Kh is the Henry's lLaw constant. Therefore

the W/O nitrogen in solution in pure ferrite in ammonia

hydrogen gas mixtures is given by:

w/o E“ = K1 ® TNH3 , ® @ ® & IV.4

The variation of K1 with temperature is illustrated
in Figure 1V.Z2. The diagram shown in Figure IV.3 derived
from equation IV.4 proved useful in determininz suitable

nitriding conditions. Roberts (1970) has shown that with
the flow rates used in the present investigation there is

no detectable '"cracking" of ammonia below 650°C and
hence no reduction in the effective nitriding potential

expected for a particular set of nitriding conditions

below this temperature.
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IV.2. Nitriding Apparatus

A schematic drawing of the nitriding apparatus is
shown in Figure 1IV.4. The vertical reaction tube (25mm ieds)
was made of recrystallised alumina or mullite, Commercial
hydrogen, argon,nitrogen and ammonia were purified by
standard methods (Schwerdtfeger & Turkdogan, 1970) as
illustrated in Figure 1IV.5. The activated copper was
pre~reduced in hydrogen for several days at 16000 and
maintained at 120°C during use. Gas flows were measured
by capillary flow meters (see Figure IV.6) calibrated by
a bubble displacement technique (Darken & Gurry, 1945).

Total gas flow rates of 200ml/min were used during

nitriding runs.

The temperature of the furnace hot zone (60mm long
at 500°C) was controlled to + 5°C by a standard "Ether"
controller using a Pt/Pt-13%Rh thermocouple situated
between the reaction tube and the furnace winding. The
specimen temperature was monitored by a chromal/alumel

thermocouple in an alumina sheath adjacent to the specimen.

The total gas pressure was maintained at slightly

greater than atmospheric pressure by 10-20mm of oil in

an exit bubbler.

IVe 3. Annealing the Starting Alloys

For nitriding experiments the as-rolled strip or
as-drawn wire was abraded, cleaned, degreased, sealed in
transparent vitreous silica capsules evacuated to better
than 10'5torr, and then annealed at 900°C for 20 minutes

by hanging the capsule in the hot zone of a vertical furnace.
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Specimens used for mechanical testing subsequent to
nitriding were annealed in the nitriding furnace &at 800°C

for 8 hours in flowing hydrogen.

IV.4. Nitriding Procedure

Annealed specimens were abraded, degreased and given
a light electropolish. After weighing they were suspended
on & platinum wire and inserted into the cold (upper) end
of the furnace and supported there by attachment to a soft
iron bob held by a magnet. The system was then evacuated,
checked for leaks and flushed with nitrogen. The

appropriate ammonia-hydrogen gas mixtures were then passed
through the furnace for about one hour before lowering

the specimens-into the furnace hot zone.

After nitriding, the specimens were raised quickly
out of the hot zone and quenched in the incoming gas stream
in the cold zone of the furnace. They were left there
for 15 minutes before the furnace was evacuated, flushed
with nitrogen, and the specimens removed and weighed.

Similar procedures were adopted for ageing specimens 1in

other gases.

Similar apparatus and nitriding procedures were
used for nitriding tensile' specimens for mechanical testing.
However the nitriding apparatus was much larger. The
furnace reaction tube was 30mm i.d. with a hot zone

250mm long and gas flow rates of 600ml/min were used.
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IV.5. Weight Changes

Alloy specimens were weighed prior to and after
nitriding treatments to + 0.0001g on an analytical balance
and an average of at least three values was taken as
correct. In general nitrogen levels in nitrided alloys
are much higher than those in steels (up to nearly 1.5%/0
in the present study) and at these values weight differences

before and after nitriding give good reproducibility.

IV.6. Optical Metallography

Alloy specimens in the form of strip or wire were
mounted vertically in phenolic hot-mounting compound and

polished on two grades of emery paper followed by four

grades of diamond down to 0.25/{ 5 Specimens were etched

in nital for 5-20 seconds.

A Reichart projection microscope was used for
optical microscopy and photomicrography at a direct
magnification of up to x1200.

IVeTo Hardness lleasurements

Hardness measurements were made on etched
metallographic specimens using a standard micro-hardness
tester fitted to the Reichart microscope and with a load
of 80g on the indenter.
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IV.8. Mechanical Testing

Tensile tests were carried out on flat tensile
specimens of 20mm gauge length and cross-section approximately

4

5x0.5mm at a nominal strain rate of 1,67 10" " with an
wInstron" type 1115 tensile testing machine. Load-extension
curves were automatically recorded and for each observation

at least three specimens with identical histories were tested.

IV.9. Preparation of Specimens for Electron Microscopy

Thin foils of nitrided alloy specimens were Pprepared
from strip less than O.5mm. thick. Usually the material
was thinned to about O.,1mm by chemically polishing in a
mixture 50 parts water:50 parts hydrogen peroxide (100
volumes):2-10 parts hydrofluoric acid. Thin foils were
then obtained by electropolishing using a standard "ﬁindow"
technique with a "Shandon" electropolisher power supply at
18-22 volts and -2° to +3°C in a solution of 68V /o glacial
acetic acid:16V/o perchloric acid:16V/o 2-butoxyethanol.

IV.10., Electron Microscopy

Transmission electron microscopy was carried out

using a Philips KE.M.300 instrument equipped with a

goniometer stage.
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IV.11. X~ray Diffraction

Specimens examined by X-ray powder photography were

wire (0.3-0.6mm diameter) or narrow strip cut from foils.

X-ray powder photographs for determination of
ferrite lattice parameters were obtained using Philips 114mm
and Udcam 190mm diameter cameras with iron-filtered Co-Ky
radiation or LiF crystal monochromated Fe-Ky radiation
lLattice parameters were obtained by Nelson-Riley (1945)
extrapolation and were found to be self-consistent for

different cameras.

For the determination of second phases and the

investigation of diffuse scattering effects Unicam 90mm
diameter cameras were used with crystal reflected

monochromatic Fe-Ky and Cr-Ky radiations.

X=-ray diffuse scattering effects were also

examined using a Philips diffractometer with Cr radiation

from & graphite monochromator.
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Chapter V

THE SCOPE OF THE PRESENT INVESTIGATION

Previous investigations at Newcastle have shown that
mixed substitutional-interstitial solute-atom clusters are
formed when both ferritic and austenitic Fe-X alloys are
constant activity nitrided in ammoniashydrogen gas
mixtures at 350-75000. In the present work similar
experimental methods, including electron microscopy, X=-ray
diffraction, mechanical properties measurements, observation
of weight changes, diffuse X-ray and electron scattering
and careful lattice parameter measurements, are all used
with nitrided Fe-Ti alloys to provide fufther insight into
the structure and properties of mixed substitutional-

interstitial solute-atom clusters.

In Chapter VI the planar discontinuities existing
in nitrided Fe-Ti alloys are shown to be mixed clusters.
The structure of these clusters is deduced from the
variation of their N:Ti atomic ratio with nitriding
conditions; chemical and crystallographic considerations

are also used in proposing a model for the cluster.

In Chapter VII the electron microstructures of
Fe-Ti alloys nitrided at both high and intermediate

temperatures are examined. Tweed contrast images and

diffuse electron scattering effects similar to those
observed in aged Cu-2%"/oBe alloys indicate the presence
of partially ordered arrays of G.P. zones in alloys nitrided

at intermediate temperatures. The observed X-ray diffuse
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scattering effects are shown to be consistent with this

model and are correlated with the changes in microstructuré

under varying nitriding conditions.,

The ageing kinetics of nitrided Fe-~Ti alloys at
high temperatures (800-85000) are reported in Chapter VIII.

In Chapter IX it is shown that the dominant
strengthening mechanism operating in as-nitrided Fe-Ti alloys,

sugrested from hardness measurements and tensile tests, is

chemical in origin.

In Chapters XI and XII the results of an investigation
of homogeneous precipitation in a nitrided Fe-llo-Ti alloy
are presented and compared with those for similsr
experiments in the ternary Fe-Ti-N and Fe-~}Mo-N systenms.
The mutual effect of o and Ti on the behaviour of nitrogen
in iron alloys is compared with their individual effects
in Fe-Ti~N and Fe-Mo~-N . To facilitate this comparison

the nitriding behaviour of Fe-Mo alloys is described in

Chapter X.
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Chapter V1

TH: COMPOSITION AND STRUCTURE OF ZONES IN
NITRIDED Fe-Ti ALLOYS

Vi.1. Introduction

Measurements of unit-cell dimensions used in

conjunction with electron microscopy and hardness measurements
provide a means of identifying mixed substitutional-

interstitial solute-atom clusters in ternary ferrites.

For Fe-Ti, Fe-Mo, Fe-V and under certain conditions for
Fe-Cr alloys the increase in unit .cell dimensions of the
nitrided alloys is much greater than expected by assuming
precipitation of the alloying element nitride together with
equilibration of the ferrite matrix with the nitriding
atmosphere (Pope, Jones & Jack, 1975). \Weight change
measurements correlate with unit-cell dimensions to show
that the nitrogen is, within experimental error, entirely
in solid solution with no precipitation of any substitutional
or interstitial solute. Electron micrographs show dense
arrays of thin, disc-shaped structures on {jOQ} matrix
planes which give rise to  {100) streaking of matrix

spots on electron diffraction patterns (Speirs et al, 1979

and Jack, D.H., 1971). This evidence together with the
high hardness of the nitrided alloys suggests that the solid

solutions of substitutional and interstitial atoms are non-

random and that the disc shaped structures must be solute-

atom clusters.

In the present investigation careful measurements of
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nitrogen uptake and loss have also been made during
equilibration of Fe=Ti alloys in nitriding and reduocing

atmospheres to determine the composition of the resultant

alloys.

VIi.2. Unit-Cell Dimensions of Nitrided Fe-Ti Alloys

Table VI.1 shows the weight, gain measurements,
hardness, lattice parameters and increments in lattice
parameter per /o nitrogen for Fe-Ti alloys nitrided in
ammoniashydrogen atmospheres in the temperature range
400-75000. In no case was heterogeneous precipitation

observed and after an initial nitriding period the nitrogen
content reached a constant level for a given set of
nitriding conditions and remained constant indefinitely.
The lattice parameters of the alloys in every case
increased during nitriding and high hardnesses were

observed.

The introduction of a nitrogen atom into an
interstice of b.c.c. iron to form a solid solution distorts
the arrangement of surrounding iron atoms into a regular

octahedron (see Figure II.4). If all three orientations
of octahedra are occupied equally then the isotropic

distortion will result in an increase in the mean unit
cell dimension of the solid solution i.e. an increase in
the lattice parameter of the alloy which will depend on
the nitrogen concentration. For Fe-Ti alloys nitrided
at 500-58000 the mean increment in lattice parameter is
+0.0064IQ.0005ﬁ per a/o nitrogen uptake, This value 1is
slightly less than that (0.008+0.0007%/2/oN) predicted
for very dilute solutions (< 0.28/0N) of nitrogen in
ferrite by Wriedt & 2Zwell (1962). However for the
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Table VIt1
alloy temp. V/oNH3 a/oN ?o(ﬁ) 8o /N V.M. H.
C (£/8/oN)
Fe-28/oTi| 750 1 2.46 2.8783 - 150
650 b N | 3.76 - - 1200
580 0.5 2131 - — 1030
1 3.25 - - -
2 3455 2.,8948 0.,0065 1175
4 3.6 28938 - 1170
4-5 4*05 b - -
6 3.6 - - -
6-7 3:94 - - 1180
8 4'64 - - -
12 - - - 1205
550 9.2 4,68 - - 1135
520 12.8 527 - e 1140
500 0.5 21T 2.8846 0.0060 920
2 3. 60 2.89355 0.0060 910
4 315 2.900 0.0075 1030
8 4.85 - 1080
12 .28 - 1025
1617 5-72 - 1140
400 30 6.28 - - -
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Table VI.1 (cont.)

alloy temp Y/oNH a'/cz:N ao(ﬁ) 20 /N v.M.H.
(By wte) (8/2 /o)

Fe=-18/0Ti 1 0.98 2.8759 - 580
650 3,7 1,72 - - 900
580 0.5 1-28 - - 785
1 1.52 - - -

2 1.71 2,8800 | 0.0068 855

4 2.19 2.8812 | 0,0058 | 850

4e5 2.04 - - -

6 2.27 - - -

6.7 2,17 2,8814 | 0.0060 | 870

8 2.41 2.8839 | 0,0064 -

12 - 2,8874 - 910

550 9.2 2.25 835
520 12.8 2455 825
500 065 1.18 | 2.8762 | 0.0067 675
2 1.58 | 2.8812 | 0.0081 700
4 1,89 2.8808 | 0.0066 155
8 2.54 2.8829 | 0.0057 790
12 2,64 2.8879 | 0.0074 800
1647 2,90 | 2.8875 | 0.0066 865

400 30 2,84 - - _
24 2,55 - - -




Table VI.1 (cont.)

alloy emp v/ONH a/ON 30(2) ao/N V.M.H.
(by wt.) ﬁ/a/oN

Fe-0.58/oTi| 750 101 2,8705 | 0.0030 | 450
650 > 0.86 | 2.8725 | 0.0064 -
XN 1.03 - - 690
4.5 1.26 2.8737 | 0.0053 -
580 0.5 0.60 - - 600
1 0.68 - - -
2 0.80 2,8712 | 0.0051 610
4 0.92 - - 640
4.5 1.00 - - |
6 1.08 - -
6.7 1.12 2,8744 | 0.0065
8 1.20 2.8745 | 0,0062
12 - 2.8776 -
550 9.2 1.10 - - 640
520 12.8 132 - - 615
500 0.5 0.60 2,8705 | 0.0056 405
2 0.81 2.8712 | 0,0068 515
4 0.95 2.8731 | 0.0063 545
8 1.14 2,8735 | 0.0056 575
12 1.18 2,8744 | 0.0062 590
16.7 1.34 2,.8757 | 0.0064 650
400 24 1-35 - - o
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Table VI.1 (cont.)

alloy temp. V/oNHy | 8/oN ao(%) | 2o/N |V.M.H.
(by wt.) (3/a/oN)

Fe-0.28/0Ti| 580 0.5 0.21 . - - 370
2 0.50 - - 415

4 0.38 - - 440

6.2 0.47 - - 440

10.7 0.61 - - 485

500 0.5 0.21 - - 360

1 0,22 - - | 350

0.23 - - 280

4 0.30 - - 310

8 0.39 - - 350

12 0-52 - -
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higher nitrogen concentrations encountered in the present
investigation a more reliable value of 0.001:0.00053/3/0N |
is based on the structures of !Wc-nitrogen martensite and

of o@"-ib16Né (Jack, 1951a,b). This is in close agreement
'with that observed for nitrided Fe-~Ti alloys. It is
concluded that all the nitrogen absorbed during nitriding

is in solid solution with titanium in ferrite, yet the

hizh hardnesses of nitrided alloys indicate that the

solute atom distribution can not be random. The high

hardnesses are therefore due to solute-atom clusters or

G.P. zones in the ferrite matrix which would give the same

lattice parameter as for a random solid solution of the

same concentration (Krawitz & Sinclair, 1975).

The relatively small increase in lattice parameter
with nitrogen uptake for alloys nitrided at 75000

indicates that some precipitation has taken place at this

temperature.

VIi.>5. Composition of Zones in Nitrided Fe-Ti Alloys

In general the nitrogen uptake of nitrided Fe-Ti

alloys exceeds that required for the formation of
stoichiometric TiN plus the amount corresponding to the
equilibration of the ferrite matrix with the nitriding
atmosphere., The weight increase of Fe-Ti allo&s during
nitriding depends on the temperature, nitriding potential
‘TJNH3/ sz'/Z of the gas mixture and the titanium content
2

of the alloys. Figures V1.1 and VI.2 show the variation
of nitrogen uptake with nitriding potential for Fe-Ti
alloys nitrided at 580°C and 500°cC. Also shown is the

variation of nitrogen in solution in b.c.c. iron in
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equilibrium with the nitriding atmosphere. The N:Ti
atomic ratios vary from about 1:1 at very low nitriding
potentials (O.5NH3=99.5H2) to about 2.7:1 for
Fe-28/0Ti nitrided at 500°C in 17NH.:83H.. For alloys
nitrided at 40000, N:Ti atomic ratiog of ﬁp to 3:1 are
observed. Since the concentration of nitrogen in
solution in équilibrium with the nitriding atmosphere at
this temperature is negligible the solute-atom clusters

in this alloy must have a N:Ti atomic ratio of 3:1.

On ageing nitrided alloys in hydrogen the N:Ti
atomic ratios of the alloys are reduced to approximately
1:¢1 1irrespective of the original nitriding conditions
i.e. the nitrogen content is always reduced to that which
would be obtained by the formation of stoichiometric TiN.
However lattice parameter measurements indicate that all
the nitrogen and titanium are still in solid solution.

At 58000 and below, the hydrogen reduction of the alloys

is reversible and the nitrogen content of the alloy can

be returned to its original level by re-nitriding. This

is illustrated by the results shown in Figure VI.3.

Lattice parameter measurements indicate that throughout the
nitriding, the hydrogen reduction and the re-nitriding
processes the nitrogen in the alloys remains in solid
solution and since the changes in lattice parameter with
nitrogen content for each step in the process are the sanme,
it must be concluded that the nitrogen atoms occupy the same

kind of sites in the lattice at all stages.

The variable composition of nitrided alloys above
a 1:1,N:Ti atomic ratio with nitriding potential and the
reversible removal of nitrogen in excess of the 1:1,N:Ti
atomic ratios implies that this "excess nitrogen" is less
strongly bonded than that of the 1:1 stoichiometry, i.e.

it exists in a different chemical environment even though
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the physical environment - evidenced from the lattice
paramneter values - remains the sane. The N:Ti atomic
ratio does not fall below 1:1 even after prolonged ageing
in hydrogen (up to 280 hours at 58000) and the relatively
small reduction in hardness of the nitrided Fe-Ti alloys
after this treatment suggests that the number of obstacles
to dislocation movement has not changed appreciably (see
Table VI.2); the hardnesses of as-annealed alloys
extrapolated to zero titanium concentration provide an
estimate of the base alloy hardness (115 V.M.H.). In
Figure VI.4 the increase in hardness for nitrided plus
hydrogen-reduced alloys is plotted against the square root
of nitrogen content, the latter being equivalent to the
square root of the volume fraction of Ti-N zones if it is
assumed that they are composed of titanium and nitrogen in
equal atomic concentrations. This proportionality between
hardness and square root of the "TiN" volume fraction is
characteristic of alloys containing G.P. zones or coherent
precipitates where the strengthening is due to the
resistance to shear by strong particles (Brown & . Han,
1971). This is further evidence to suggest that the

limiting composition of zones in the hydrogen reduced

alloys is "TiN".

VIi.4. The Structure of Ti-N Zones

Lattice parameter measurements of the hydrogen
reduced alloys indicate that the Ti and N atoms are
effectively in solid solution and therefore in the zones
they must occupy the same types of crystallographic site as
they would in a random solid solution. The Ti atoms in the
zones must substitute for Fe atoms in the ferrite lattice

and the N atoms in the zones must also ocoupy octahedral
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Table VI.2

alloy hardness (V.M.H.)
as-nitrided | hydrogen nitrogen nitrogen
reduced loss content
(8/0) (a/0)
Fe-22/0oTi 1250 1100 2.47 2.20
Fe-18/0Ti 950 800 1.35 1.05

Fe-0.58/0Ti 720 550 0.66 0.54
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interstices. The high affinity of Ti atoms for N atoms
also implies that the mutual coordination of N and Ti

ahould be a maximum.

In an investigation _of clustering in Fe-Ti-N alloys .

concurrent with the present work and covering similar
aspects Jack (1976) proposes that the zones are monolayers
of comp;sition TiN as shown in Figure VI.5. Each
monolayer fits into the ferrite matrix on a (100) plane
without causing any structural discontinuity. The Ti
atoms substitute for Fe atoms and N atoms occupy octahedral
interstices, each coordinated by four Ti atoms in the plane
of the zone and by two Fe atoms, one above and one below
it. From streaking on electron diffraction patterns

Jack estimated the thickness of zones in Fe-22/oTi

nitrided at 57500 to be about 43. This is accounted for
if the zone includés tﬁé two iron-atom planes and the central
Ti-N plane; the three-~layer cluster then consists of two
1.94ﬂ interplanar spacings i.e. a thickness of 5.883.

In as-nitrided alloys the N:Ti ratio derends upon

nitriding potential and temperature (see section VI.3) and
reaches a maximum of 3:1, that 1s, three times the
concentration required for a TiN monolayer. Cnly a

negligible proportion of the "excess nitrogen" exists in

random solid solution in equilibrium with the gas atmosphere
(see Figures VI.1 and VI.2). The remaining nitrogen exists
in two types of chemical environment (see Figure VI.6):

(a) nitrogen in the TiN monolayer;

(b) ‘"excess nitrogen" less strongly bonded than
monolayer nitrogen where each N atom is coordinated by only
one Ti aton. In this modal the limiting composition of the
zones 1s Fe4TiI~I3 for as-nitrided alloys and FezTiN for
hydrogen-reduced alloys. These compositions satisfactorily

account for the experimental observations of the present
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interstices. The high affinity of Ti atoms for N atoms
also implies that the mutual coordination of N and Ti

ahould be a maximun.

In an investigation _of clustering in Fe-Ti-~N alloys

concurrent with the present work and covering similar
aspects Jack (1976) proposes that the zones are monolayers
of composition TiN as shown in Figure VI.5. Each
monolayer fits into the ferrite matrix on a (100) plane
without causing any structural discontinuity. The Ti
atoms substitute for Fe atoms and N atoms occupy octahedral
interstices, each coordinated by four Ti atoms in the plane

of the zone and by two Fe atoms, one above and one below

it. From streaking on electron diffraction patterns

Jack estimated the thickness of zones in Fe-22/0o7i

nitrided at 57500 to be about 43. This is accounted for

if the zone includes the two iron-atom planes and tﬁe central
Ti-N plane; the three-layer cluster then consists of two

1.943 interplanar spacings i.e. a thickness of 3.883.

In as-nitrided alloys the N:Ti ratio depends upon

nitriding potential and temperature (see section VI,3) and
reaches a maximum of 3:1, that is, three times the
concentration required for a TiN monolayer. Cnly a
negligible proportion of the "excess nitrogen" exists in
random solid solution in equilibrium with the gas atmosphere
(see Figures VI.1 and VI.2). The remaining nitrogen exists
in two types of chemical environment (see Fiéure VI.6):

(2) nitrogen in the TiN monolayer;

(b) ‘"excess nitrogen" less strongly bonded than
monolayer nitrogen where each N atom is coordinated by only
one Ti atomn. In this model the limiting composition of the
zones 1s Fe4'I‘iII3 for as-nitrided alloys and FezTiN for
hydrogen-reduced alloys. These compositions satisfactorily

account for the experimental observations of the present
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investigation in which the N:T atom ratio approaches a

maximum value of 3 with increasing nitriding potential

and decreasing temperature.

Jack (1976) proposes a different model for the
sites of the "excess nitrogen". In Jack's model the
"axcess nitrogen' is held in the tensile-strained
regions at the periphery of the TiN monolayers because
of enhanced solubility of nitrogen. These sites might
have the required capacity for the observed "excess
nitrogen" concentrations but occupation of these
sites merely extends the peripheral strain field
further and for each site occupied a new site of
enhanced solubility is created. This does not account

for the observed limiting nitrogen concentration in

nitrided alloys.

VI.5. Conclusions

(i) Thin plate-like zones are formed during the
nitriding of Fe-Ti alloys, the composition of -
which varies from Fe,TiN to Fe,TiN, depending |

upon nitriding conditions.

(ii) The nitrogen in nitrided Fe-Ti alloys occupies
two different chemical environments
(a) nitrogen in TiN monolayers where each N atom
is coordinated by four Ti atoms and two Fe
atoms (see Figures VI.5 and VI.6)
(b) nitrogen in sites at the faces of TiN monolayers
where each N atom is coordinated by one Ti atom

and five Fe atoms (see Figure VI.6).



(iii)

Hardening of nitrided Pe-Ti alloys is due
principally to the resistance of these disc-

shaped zones to shear by dislocation movement.

44
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Chapter VII

THE KORPHOLOGY OF NITRIDED Fe-Ti ALLOYS

VIiI. 1. Electron lMicrostructure
(i) Alloys nitrided at high temperatures (650°-75o°c)

Alloys nitrided at 65000 generally show tweed contrast
on electron micrographs. However, in Fe-0.5%/0oTi fine
plate-like coherent precipitates or zones 100-1502 diameter
and less than 203 thick are resolved parallel to {jOQ}
matrix planes in areas close to grain boundaries; see
Figure VII.1. Although lattice parameter measurements
in conjunction with weight changes indicate that very
little precipitation of nitrogen or titanium has taken
place during nitriding, intensity maxima are observed on
electron diffraction patterns at the expected positions for
TiN precipitate reflections; 8ee Figure VII.Z2. These
appear on selected area diffraction patterns for regions
in the foil which exhibit tweed contrast and also in regions

where precipitates or zones are resolved.

The resolution of "“precipitates" in grain boundary
areas may be due to the fact that the zones here are coarser
than in the remainder of the foil. Since it is known that
tweed contrast arises from arrays of fine, closely-spaced
coherent precipitates or zones (Tanner, 1966), an
alternative explanation may be that the foil is very thin
in these grain-boundary areas and there are insufficient

precipitates or zones to produce the tweed contrast.
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Tweed structures are not observed at all in
Fe-0.58/0Ti nitrided at 750°C in INH,399H,.  The
microstructure consists of a dense array of plate-like
coherent precipitates or zones lying on {jOO} matrix
planes and about 120-2ooﬁ diameter (see Figure VII.}).
Lattice parameter measurements of this alloy (see Table VI.1)
indicate that some of the nitrogen has precipitated fron
solid solution and very strong intensity maxima streaked
along (100) matrix directions are observed on electron
diffraction patterns at positions corresponding to those
of TiN precipitate reflections. This is illustrated by
the electron diffraction pattern in Figure VII.4. The
electron beam is approximately parallel to a <120>
matrix direction and the central part of a {120}“
reciprocal lattice plane is shown. The streaks along
[bbé] adjacent to the zero order reflection are probably
due to double diffraction effects from the main TiN
reflections. The two medium intensity spots (marked A)
on each side of the zero order reflection in a *(2157
direction are probably due to intensity maxima adjacent to

{110}  reflections in the {110} nmatrix reciprocal
lattice plane, A centred dark field image derived from a
streaked intensity maximum adjacent to a (002) reflection

in & {j1Q} reciprocal lattice plane shows plate-like

precipitates aligned along {100) matrix directions
(Figure VII.5).

(ii) Alloys nitrided at intermediate temperatures (4000-65000)

Under general imaging conditions Fe-28/0, 12/0 and
0.53/0Ti alloys nitrided in the temperature range 4000-65000
show an apparently random, fine-dot contrast similar to
that reported by Phillips & Seybolt (1968). However,

under two beawm dynamical conditions tweed contrast is






™)
=
A=l
L

Bright Field Micrograph of Fe-05%Ti Nitrided

at 750°C in INH5:99H,,



BUOZ™[0ZL]) “HBEBEHNL Ul 2,05/ 1P PLPURN
1%G 0-94 JO UJslibd UOIODILI(J UOJ}O9)|3

% IR B4




Centred Dark Field Micrograph of Fe-05%T}
Nitrided at 750°C in INH5:99H, ((©002) TiN Reflection)




4T

observed similar to that reported for aged Cu-2%/oBe
alloys (Tanner, 1966; Phillips & Tanner, 1971). The
foil orientation is oritical for observation of well-
developed tweed contrast. Typical examples of the

tweed microstructures observed are shown in Figures VII.6-8.

In Figure VII.6 the plane of the foil is parallel
to an {001} ferrite plane ( [001]« zone) and the
operating 9 vector is 020} .  The microstructure has
an orthogoﬁél basket weave texture whose weave directions
are parallel to <ﬁ10>' directions. This type of
microstructure is only observed when the plane of the foil
is parallel to a {001} ferrite plane with strong two

beam imaging conditions and a {2007 q vector.

Figure VII.7 shows a similar microstructure in
which the plane of the foil is parallel to a {111}
ferrite plane ( E|11]°< zone) and the operating 3 vector

is [501] . The angle of zig-zag is different to that

observed in the type of microstructure shown by

Figure VIiI. 8.

Tweed constrast similar to that observed in electron

micrographs of aged Cu-2¥/oBe alloys (Phillips &
Tanner, 1971) arises from a pseudo-periodic array of thin
plate-like zones or coherent precipitates on cube planes
(Jack, D.H., 1976). Continuous streaking of matrix spots
along (de> directions was observed on electron
diffraction patterns for alloys nitrided under all the
conditions investigated, see Figure VII.9. The intensity

- distribution of this streaking was diffuse compared with
that observed for nitrided Fe-32/oMo alloys (Driver &
Papazian, 1973), but generally the <3007? streaking
is less diffuse for alloys nitrided at the higher

temperatures and with lower titanium contents. For
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Fe-22/0Ti nitrided at 400°C the <100y streaking was
barely detectable, This streaking is caused by planar

&

discontinuities parallel to {jOQ} matrix planes which
for alloys nitrided at intermediate temperatures must be
mixed substitutional-interstitial G.P. zones (see

Chapter VI.2). Undoubtedly it is these zones which give
the tweed contrast observed in bright field electron
micrographs. Fillingham, Leamy & Tanner (1971) have
demonstratéd that this type of contrast can result from a
suitably ordered array of disc shaped zones which givesa
tetragonal distortion of the matrix. They suggest that
partially ordered arrangements based on relative
precipitate orientations shown in Figure VII.10(a) and
VII.10(b) may account for experimentally observed contrast
morphology in Cu-2%/oBe alloys. The two dimensional
array (see Figure VII.10(c)) of disc-shaped particles
having an edge~face configuration gave simulated contrast
morphologies close to those experimentally observed in the

investigation of Cu-2¥/oBe and the present investigation.

Close examination of matrix spots on electron
diffraction patterns of the nitrided alloys reveals
additional diffraction effects which are more marked for
alloys nitrided at low temperatures (400°-500°C) and higher
titanium contents; see Figure VII1.11. The effects are:

(i) short streaks along <21{> directions on
matrix spots when the main electron beam is parallel to a

<110> ferrite direction; ‘

(ii) "satellite" spots around matrix spots when
the electron beam is almost but not exactly parallel to a

<100> ferrite direction.

These effects are similar to those obhserved in
Cu-2w/bBe by Phillips & Tanner (1973) who concluded

that they were cross sections of (110> relrods
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cutting the Ewald sphere. The <é1f7 - streaks 1in
Pigure VII.11(a) coincide with the projections of <ﬂ10)t
relrods but no streaking is observed along {(110)
directions on the diffraction pattern itself. The
diffuse scattering effects observed about matrix reflections
in Figure VII.11(b) resemble "satellite" reflections but
these are only observed on electron diffraction patterns
for which the electron beam is not exactly parallel to
(300) directions in the foil.  These "satellite"
reflections are also probably sections of <11_0)
relrods. The observation of {1107 nmatrix streaking

implies the presence of some regular strain variations
in the alloys (Phillips & . Tanner, 1973).

Since aged Cu-2¥/oBe alloys and nitrided Fe-Ti alloys .
both consist of dense arrays of clusters lying on {jOQ}
matrix planes and both alloys exhibit similar diffuse
electron scattering effects it is reasonable to assune
that these effects have similar causes in both systems.

The zones in Cu-2W/oBe and Fe-Ti-N both produce tetragonal
distortions of the matrix and Phillips & Tanner (1973)
have suggested that these elastic distortions are
responsible for the observed diffuse electron scattering
effects. Eurin, Penisson & Bourret (1973) show that
elastic interactions between precipitates which cause
tetragonal distortions are responsible for the regﬁlar
asrrangement of nuclei in CoPt alloys and conclude that
they arrange themselves in a pseudo-periodic array so as
to maximise the number of edge-~face configurations. Such
a morphology would also minimise the strain energy created
by the tetragonal distortion at the faces of the dense
arrays of coherent clusters. The most probable arrangement
of the ordered nuclei in CoPt is shown schematically in
Figure VII.12 as a projecticn onto a {ﬁoo} cube plane.

This arrangement is consistent with the production of



A pseudo-periodic array of plates projected
onto a (001) cube plane
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tweed contrast images and diffuse electron scattering
effects observed in nitrided Fe-Ti alloys; it is also
similar to the model proposed by Fillingham, Leamy <«

Tanner shown in Figure VII.10.

In an investigation concurrent with the present work
Jack D.H. (1976) has obtained similar results. From the
array shown in Figure VII.12 and by superimposing the
simple black-white strain contrast for each plate
Jack has derived a schematic picture of the final electron

image. For the two imaging conditions applied ( § = 200
and 9§ = 110) the contrast corresponds to the tweed

contrast actually observed.

VIIi.Z2. X-Ray Diffuse Scattering Effects
(i) Results

On monochromatic X-ray powder photographs of nitrided
Fe-Ti alloys regions of diffuse scattered intensity are
observed on the high angle side of each of the b.c.c.
o ~-phase Bragg reflections (see Figure VII.13). This
effect is associated with zone formation and for high
solute concentrations this diffuse scattering is separated
from the Bragg reflection by a low intensity region.
Similar effects are observed by X-ray diffractometry
(Figure VII.14) but careful step scanning also reveals a
much lower intensity diffuse scattering on the low angle
side of each Bragg reflection. The centres of gravity
of the low and high angle regions of diffuse scattering

are approximately equidistant from the Bragg peak.
Diffuse scattering is detected more readily on a

diffractometer trace because the diffracted beam is
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monochromatised and background fluorescence counted is

&

cut to a minimum whereas in X-ray powder photography the
incident beam is monochromatised so that background

fluorescence as well as the diffracted beam hits the
filnm.,

Kirkwood et al (1974) have also observed the
high-angle diffuse scattering effects (see Chapter II)
but attribute these to tetragonal distortion of the
ferrite matrix adjacent to the faces of fine plate-like
TiN precipitates. For the {200} reflection the high-
angle diffuse intensity peak is attributed to (020) and
(200) tetragonal reflections and the lower angle high
intensity peak is attributed to (002). However the
relative intensities of these peaks are quite different
from those expected for a tetragonal distortion of the
matrix. Kirkwood et al also point out that their
observations of the microstructures of overaged alloys
are not consistent with this interpretation. The
observation of low angle diffuse scattering in the present
investigation suggests that the Kirkwood interpretation
is incorrect since only two discrete {200} reflections

are expected for a tetragonal phase.

It is prorosed from the present observations
that these diffuse scattering effects are side-bands
caused by a structure modulation e.g. by periodic
variations of composition, lattice parameter or X-ray
scattering factor. Daniel & Lipson (1943) first
proposed such a model to explain diffuse X-ray scattered
intensity occurring on both sides of Bragg reflections
of Cu4FeNi3

copper-rich and copper-poor regions occur in the lattice

in the early stages of decomposition:

with a well-defined periodicity. It was shown that the

wavelength.(');m) of the periodic structure variation is



given by:

h.tan ©
xm = ao P . ® * VIIQ1
N AG
where h = highest Miller index of the Bragg
reflection {h,k,;}
N = h2 + k2 + 12

@ = DBragg angle for the h,k,l1 reflection
A% = angular separation (radians) of the

side-band and Bragg reflection
a = mean lattice parameter of the material

determined from the Bragg reflections

Applying equation VII.1 to Fe-Ti-N alloys, the
values of )tm calculated using the side-band spacings of
different Brazg reflections and using different X-ray
wavelengths are found within experimental error, to be the
same for any given alloy. Results obtained from both high
and low angle side bands on X-ray diffractometer traces also
correspond closely with those obtained from X-ray powder
photographs. This self-consiatency supports the suggestion
that the X-ray diffuse scattering effects are in fact side-
bands. Further support for this is obtained by comparison
with other systems investigated at Newcastle where periodic
substitutional-interstitial solute-atom clusters are
observed (Driver, Handley & Jack, 19763 - Jack, 1975;
Handley, 1974). In these systems, as in nitrided Fe-Ti
alloys, the side-band intensities are asymmetric about

the Bragg reflection.
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(ii) 1Interpretation of X-ray diffuse scattering effects |

Two groups of wmodels have been proposed to explain
experimental observations of side-bands on X-ray diffraction
patterns. The first group (see Figure VII.15) postulates
crystal structures modulated by a periodic fluctuation of
composition about an average and individual models differ
mainly in the nature of the periodic fluctuation. The
model of Daniel & Lipson (1943) fits into this first
group and they point out that two types of variation may
arise from periodic composition fluctuations viz. variations
in atomic scattering factor and variations in lattice ~
parameter (or strain) which are analogous to amplitude
(A.M.) a