MICROSTRUCTURE AND MECHANICAL PRPROEERTI-ES
EV/CASTLE UPON TYNE

OF NITRIDED STEELS | UNMIVERCITY LIBRARY
ACCESSION No.

82 -16675
I

LOCATION
o

A thesis submitted for the degree of
Doctor of Philosophy

of the University of Newcastle upon Tyne

by

David Stafford Rickerby

Crystallography Laboratory
Department of Metallurgy and Engineering Materials

University of Newcastle upon Tyne

July 1982

|
|

!



PREFACE

This thesis describes original work which has not

been submitted for a degree at any other University.

The investigations were carried out in the Crystal-
lography Laboratory, Department of Metallurgy and
Engineering Materials of the University of Newcastle
upon Tyne, during the period October 1978 to Septenber
1981 under the supervision of Professor K.H. Jack and
Dr. A. Hendry.

A study of the relationship between the structure
and mechanical properties of nitrided iron-titanium alloys
is described as part of a wider investigation at Newcastle
on the effect of substitutional alloying elements on

the behaviour of nitrogen in iron.
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ABSTRACT

As shown by hardness, lattice parameter and electron
microscopy observations, constant activity nitriding of
iron-titanium alloys in the temperature range ,00-650°C
leads to the formation of mixed substitutional-interstitial
clusters. A model for the zone structure of Fe-Ti alloys
containing < 0.3 a/o Ti, deduced from internal friction and
weight~change measurements, 1s proposed in which nitrogen
atoms occupy four kinds of octahedral site, two of which
give rise to internal friction. The distribution of nit-
rogen atoms between these sites depends on nit£iding
temperature, rate of quench, titanium content and the

nitrogen potential.

Low-temperature aging of nitrided Fe-T1 allbys leads to
transfer of nitrogen between these octahedral sites with
nitrogen atoms condensing onto the Ti-N zones formed at
nitriding temperature. The transformations which take

place are analogous to those in quench-aged nitrogen-ferrite

except the stabilities of the "Fe-N" clusters and the
a"-F616N2 are enhanced by the Ti-N clusters on which they

form.

High increases in strength result on nitriding but

the product is brittle, with further strength increases

occurring on aging at temperatures > 580°C. These increases

in strength on aging are correlated with changes in Zzone



structure and distribution inferred from internal friction

measurements and electron microscopy observations. The
maximum strength increases are proportional to the square
root of the titanium concentration and are highly temperature
dependent, suggesting chemical strengthening as the major
hardening mechanism in nitrided Fe-Ti alloys. A grain sigze
analysis shows that clustering increases the temperature
dependent component of the friction stress and also the
Hall-Petch slope. Aging at high temperatures causes the
substitutional-interstitial zones gradually to transform to
the equilibrium precipitate, TiN, with deformation by glide
dislocations changing from a cutting to a looping or

Orowan mechanism with a corresponding increase in work-
hardening rate and reductions in friction stress and Hall-

Petch slope.

By cold-working Fe-Ti alloys prior to nitriding, large
strength increases are produced and the product is more
ductile than annealed and nitrided material. This is

attributed to replacement of grain boundaries, onto which

titanium nitride precipitates causing embrittlement, by a
fine dislocation sub-cell structure. However, nitriding
cold-worked iron-titanium alloys at temperatures where

only recovery processes occur results in a brittle product,
the origins of which are discussed. Although the mechanisnm
of strengthening in annealed and nitrided alloys has been
established the complex microstructure of cold-worked and
nitrided material prevents detailed analysis of the

strengthening process.
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Chapter I

INTRODUCTION

For many years, steels were strengthened only by
grain refinement or by application of the austenite-
martensite transformation. In neither of these .do second-
phase particles contribute directly to the strength of
the steel although they may play an important secondary
role., As the need for high strength materials developed
it was realised that carbon alone could not give satisfactory
strength-toughness relationships at these high strength
levels and this led to a reduction in carbon concentrations
and the use of intermetallic particles to achieve high

strength with satisfactory toughness.

Work at Newcastle has shown that '"constant activity"
nitriding provides a novel method of introducing a high
volume fraction of very small precipitates that are

analogues of the GP zones in face-centred cubic alloys.

These zones or clusters are deformable and lead to a high
specific strengthening of the ferritic matrix. The
products are extremely hard and, because the zones are

stable, the hardness is retained even after heat-treatment
in a non-nitriding atmosphere above 700°C. . The strength
of these alloys is thought to lie in the strength of

the interaction between the alloying element and nitro-
gen, although other factors have been proposed. In order

to extend the knowledge already accumulaied on these



systems an investigation into one system, namely iron-

titanium, seemed worthwhile with particular emphasis on
the strengthening processes that occur at different stages

of precipitation.

Experimental techniques used in the present inves-
tigation include controlled metal-gas equilibration,
X-ray diffraction, electron metallography, internal

- friction and mechanical testing, together with the standard

metallographic techniques.



Chapter Il

PREVIOUS WORK
II.1 The Iron-Nitrogen Phase Diagram

Figure II.l shows the iron-nitrogen phase diagram.
There are five major phases formed with increasing nitro-
gen potential: a-nitrogen-ferrite, V-nitrogen-austenite,
p'-Fe,N, e-Fey ,N and {-Fe,N. There are two additional
phases: aJ-nitrbgen-martensite obtained by quenching
V-nitrogen-austenite, and a"-FeléN2 formed during the
tempering of nitrogen-martensite or the aging of nitrogen-
ferrite. At the eutectoid temperature of 590°C nitrogen-
austenite contains 9.4 a/o nitrogen and the maximum
solubility of nitrogen in ferrite is ~ 0.4 a/o. The V!'-
phase has a face-centred cubic arrangement of iron atomns,
like austenite, but the nitrogen atoms occupy one-quarter
of the number of available octahedral interstices in a

completely ordered manner.,

The structure of body-centred tetragonal a"-Fe16N2
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
"FeAN" in which alternate nitrogen atoms are missing and
which fits with the ferrite matrix with a Bain orientation

relationship, (Jack, 1951a). a"-Fe, N, is therefore



Figure II.1

The irone-nitrogen phase diagran
(aftor Jack, 1951)
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intermediate both in structure and in composition between

b.c.c. N=-ferrite and f.c.c. ¥Y!'-Fe, N.

4

I1.2 The Quench-Aging of Nitrogen-Ferrite

An investigation into the solubility of Fe4N in
a-iron at various temperatures (Dijkstra, 1949) showed
nitrogen in excess of that in equilibrium with FeAN pre-
cipitated by a two-stage process. A new phase formed
. which preceded the formation of FeAN at temperatures between
100° and 300°¢, being later identified as a"-Fe16N2
(Jack & Maxwell, 1952a) a phase which occurred during
low-temperature decomposition of nitrogen-martensite
(Jack, 1951b). 1Its structure (Figure II.2) is that of a
fully ordered tetragonal martensite i.e. a b.c.c. arrange-
ment of 1lron atoms anisotropically expanded in the c

dimension because one in twenty-four octahedral interstices
are occupied in an ordered manner. There is a consequent
small contraction of the lattice in a directions (see
Figure II.3). The structure is in fact ferrite with a
nitrogen superlattice which causes some tetragonal strain.
The a"m structure fits perfectly coherently with the

ferrite matrix in "a" directions but there is a misfit

in the "¢" dimension. Therefore a"-FeléN2 grows as plates,
thin in the ¢ direction, by diffusion, clustering and
ordering of nitrogen atoms; no major movement of iron

atoms is involved.



Flgure 1II.2

The structure of a“-F516H2

(after Jack, 1951a)
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Figure I1.3

Unfilled and filled octahedra in b.c.c. a-iron
(after Jack, 1951b)
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It was observed by Roberts (1970) that at high super-
saturations and low temperatures ( ~20°C) precipitation
of a"-F816N2 was homogeneous and preceded by Guinier-
Preston zone formation (see Figure II.)). However, at
low supersaturations and high temperatures precipitation
was found to be heterogeneous (see Figure II.5). Subse-
quent work by Ferguson (1981) confirmed these observations
and further showed at intermediate nitrogen levels
(~0.16 a/o N) nitrogen-atom cluster formation takes place
only after an incubation period and these clusters rapidly

coarsen to fornm a"-FeléNz.

The precipitation of V‘-FeAN occurs at the expense of
a“-FeléN2 after long aging times above about 200°C, and
also forms as a grain boundary precipitate during the early
stages of aging at these temperatures (Roberts, 1970).
V'-FeAN grows as plates such that (112) y' is parallel to
the plate surface (Mehl et al., 193; Brooker et al.,

1957).
II.3 Fe-X-N Systems
(1) Introduction

The substitutional-interstitial solute interactions
occurring in nitrogen ferrites can be classified as taking
place in three distinect ranges of temperature: high,

medium, and low defined by the relative mobilities of the



Figurﬂ I1.4

Fe=0,07 w/o Il quench aged 5.5 h at 23?0. Bright fleld
and diffraction pattorn (after Ferguson, 1981)






Figure 11. 5

Fe-0.013 w/o N quench aged 664 d at 23°C

(a)  Bright field.

(b) Centred dark field using an a"-Fe, N, diffraction
spot.

(after Ferguson, 1981)






substitutional and interstitial solutes. At high ten-
peratures substitutional solutes such as Ti, V, Cr, Mn,
Nb, Mo, Ta, and W move readily through the 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 inter-
stitial elements (Pipkin, 1968; Speirs, 1969; Mortimer

et al., 1972).

During conventional quench-aging of Fe-X-N alloys
the precipitation reaction depletes the matrix nitrogen
concentration and rapidly decreases the driving force for
continued precipitation making interpretation of the
resulting microstructures difficult. However, by main-
taining an appropriate nitrogen activity at the.specimen
surface precipitation takes place continuously at a rate
controlled by the slowly diffusing substitutional solute.
By using this technique of "constant activity aging" at
intermediate temperatures (350—65000), where substitutional
atoms can move only over short distances compared with
interstitial nitrogen, then mixed substitutional-interstitial
clusters or GP zones are formed (Speirs et al., 1970).
The clustered non-random solid solution is a pre-precipi-
tation stage in a contlnuous series of transformations
and results in pronounced strengthening of the ferritic

matrix. Prolonged overaging shows that clustering is the

first of a sequence of homogeneous precipitation stages



analogous to those observed in the classical work on Al-Cu
alloys (Speirs et al., 1970). These changes are similar
to those observed during quench-aging of Fe-N alloys at
0-200°C except the presence of the substitutional solute

raises the transformation reaction to higher temperatures.

The precipitation sequence can be represented as:

(1) (2) (3)
I Ila IIb III

ZoNes em . a'"-type —————w— Pletype e equilibrium

intermediate intermediate precipitate
where homogeneous precipitation occurs by continuous
clustering and subsequent ordering within the clusters of
both interstitial and substitutional solutes. The designa-
tions a" and P! 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. ZEach particular system is
different in detail; for example, in Fe-Mo-N each stage
is eclearly recognised whereas in Fe-W-N transformation
(1) is rapid compared with (3) and so stage II is the
first to be observed (Stephenson, 1973a).

(ii) Conditions for zone formation

The general conditions for zone formation in Fe-X-N

alloys can be summarised as:

1



(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 solutes are those which decrease the
activity coefficieni:_fx of nitrogen in iron
(see Figure II.6), tha? 1s, they increase the

solubility of nitrogen prior to precipitation;

(c) the substitutional solute must have a high

affinity for nitrogen (see Figure II.7);

(d) the temperature should be high enough for move-
ment 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.

Since the GP 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 GP zones formed

by solute-atom clustering is based on the following

observations:

(a) the abnormal N/X ratios in the alloys are higher

than can be accounted for by equilibrium



Figure Il t6

The effect of alloying olements. on the activity co-
officient of nitrogen in liquid iron,
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Figure I1.7

The standard free energy of formation of some nitrides.
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(c)

(d)

(e)

nitride precipitates (Jack, 1975);

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, 1973a);

continuous streaking of matrix reflections
with no maxima characteristic of the precipi-
tate structure occurs on electron diffraction

patterns of nitrided Fe-X alloys;

the interstitial content of clusters in nitrided
Fe-3 a/o Mo can be continuously changed and re-
duced to zero by aging in hydrogen at 580°C to
leave Mo atom clusters on {100} matrix planes.
These Mo clusters cannot be producedin Fe-3 a/o
Mo without the introduction of nitrogen nor can
they be obtained by decomposition of the equi-

librium nitride precipitate (Driveret al., 1972).

Additional evidence for clustering is obtained from

matrix unit-cell dimensions because a matrix containing

GP zones is a non-random solid solution but its unit-cell

dimensions are the same as for a random solid solution of
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the same solute concentration (Krawitz & Sinclair, 1975).
Only when precipitation accurs is the lattice parameter

reduced to that of the depleted solid solution. The unit-

cell edge length of a substituted nitrogen ferrite is

given by:

a, = ap, t+aay (a/o X). + Aay (a/o N)
where 81a is the cell dimension of pure a-iron (2.8664 ﬁ),
~and Agx and AaN are the increases caused by solution of

1 a/o of metal (X) and nitrogen (N) respectively. Aay

is considerably larger than Agx due to the large dilation
that occurs when an octahedral interstice is occupied by

C or N (see Figure II.3) and so small concentrations of N
can be determined precisely by simple measurement of X-ray
powder patterns. The unit-cell dimensions of constant
activity nitrided Fe-Mo, Fe-V (Pope et al., 1975) and
Fe-Ti alloys (Henderson, 1976) are in close agreement

with those expected for iron containing the same amount of

solute in random solution, but electron microscopy, field

ion microscopy and electron diffraction patterns indicate
that the solute atom distribution cannot be random. The

solute atoms must therefore be clustered in a8 non-randon

solid solution.

IT.4 The Iron-Titanium-Nitrogen System

(i) The structure of nitrided Fe-Ti alloys

Electron microscopy of Fe-Ti alloys nitrided in the
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range 350-650°C shows irresolvable random dot contrast under
general imaging conditions (Phillips & Seybolt, 1968;
Jack, 1976; Henderson, 1976). However, contrast under
two-beam dynamical conditions is similar to that observed
in Cu-2 w/o Be alloys (Tanner, 1966; Phillips & Tanner,
1971). A chequered "tweed" pattern is observed when

g = (200> in a [pOl]a zone with orthogonal basket-weave
texture whose weave directions are parallel to <110
directions (Figure II.8). The diffraction patterns from
as-nitrided specimens are characterised by extensive
streaking in {100) ferrite directions as shown in Figure
II1.8. These two observations led D.H. Jack to propose that
nitrided iron~titanium alloys consist of closely spaced

thin plates which form on the {100} matrix planes (Jack,
1976). And by analogy with ordered nuclei in CoPt alloys,
where the elastic interaction between precipitate plates
which cause tetragonal distortions lead to a pseudo-periodic
array to maximise the number of edge-face configurations,
the author further suggested the arrangement of plates to
be as shown in Figure I11.9. This pseudo-periodic array

of tetragonal centres leads to diffuse scattering on X-ray
diffraction patterns (Kirkwood et al., 1974; Henderson,
1976). This diffuse scattering was wrongly interpreted

by Kirkwood et al. (1974) as being due to tetragonal

distortions of the matrix, but this implied that precipitate
plates only occur on one set of {100} matrix planes which
is not the case. Later work by Henderson (1976) showed

that all observations could be better interpreted as



Pigure 11.8

Fo-2 w/o T4 nitrided in 30NH,370H, at 400°C.
(a) Bright field micrograph showing tweed contrast,
(b) Diffraction pattern,






Figurﬁ I1.9

Disposition of disc-shaped zcaes in bec.c. a=Fe (aftor
JQCE’ 1976)u
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side-bands occurring predominantly on the high-angle side
of matrix reflections sinee the volume fraction of lower
d-spacing matrix is much greater than that of the larger
d-spacing cluster. The metastable zomnes overage slowly
when aged at high temperatures (800 and 850°C) to give the
equilibrium precipitate, f.c.c. TiN, in a Bain orientation

relationship with the matrix (see for example Kirkwood

et al., 197.).

The nitriding of Fe-Ti alloys leads to nitrogen up-
takes which exceed that required for the formation of
stoichiometric TiN plus the amount corresponding to the
equilibration of the ferrite matrix with the nitriding
atmosphere (Jack, 1976; Henderson, 1976; Podgzurski &

Davis, 1981). The initial N:Ti atom ratio reaches a maximum
of about 3:1 at low temperatures and high nitriding poten-
tials and hydrogen reduction reduces this to 1l:1.
Measurement of matrix unit-cell dimensions of nitrided

Fe-Ti alloys are consistent with both Ti and N being
effectively in solution, that is, present as substitutional-
interstitial GP zones, the Ti and N atoms occupying the

same type of crystallographic site as they would in a

random solid solution (Jack, 1976; Henderson, 1976).

(ii) Proposed structural models for nitrided Fe-Ti alloys

To explain the observations outlined above the following
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models have been proposed for the structure of nitrided
Fe-T1 alloys, an additional constraint being that the strong
chemical affinity between Ti and N implies that the mutual

co-ordination of N and Ti should be 2 maximun.

(a) Due to D.H. Jack (1976) and K.H. Jack (1978)

The fact that hydrogen reduction removes two-thirds
of the total clustered nitrogen shows the remaining one-
third to be in a more stable chemical environment. At
the 1:1 composition, as suggested by D.H. Jack (1976),
the Ti and N are clustered in a monolayer confined to
one cube plane of the ferrite matrix (see Figure II.10).
Each nitrogen is co-ordinated by 4Ti and 2Fe and the
cluster can be regarded as a FezTiN plate. Unlike
D.H. Jack (1976) who states that the "excess" nitrogen is
accommodated in the tensile-strained region at the peri-
phery of the TiN monolayers, K.H. Jack (1978) believes
that it occupies octahedral interstices in the next metal-
atom layers above and below the central disc (Figure
I1.10). The additional nitrogens are thus co-ordinated
by 5Fe and 1Ti; the zone composition is then FeATiNB'
This model accounts for two-thirds of the nitrogen being
in a less stable chemical environment and also for the

NeTi atom ratios of 1l:1 and 3:1.

There exists therefore three sites for nitrogen

atoms:



lHltrogen atonm eavironments in nitrlded Fe~Ti alloys
(after Jack, 1978).
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(1) nitrogen bonded to Ti as a TiN monolayer;

(2) nitrogen dissolwed in the ferrite matrix:

(3) T"excess" nitrogen, which according to K.H. Jack
(1978) occupies the flat faces of the monolayer
to produce TiNX where x can take any value

between 1 and 3.

(b) Due to Podgurski & Davis (1981).

Nitrogen absorption studies, transmission electron
microscopy and Mossbauer investigations showed nitrogen

to exist as three distinct species:

(1) nitrogen bonded to Ti as TiN;

(2) nitrogen dissolved in the ferrite matrix;
(3) "interface" nitrogen, that absorbed at the
ferrite-TiN interface to produce TiNx where X

can take any value between 1 and 2.

The additional or loosely bound nitrogen in TiN2
occuples every fourth interstitial site in the two
ferrite planes immediately above and below the TiN plate-
let (see Figure II.11 a,b). Using linear elasticity
theory the authors predicted that a homogeneously dilated
ferrite matrix could result from a dispersion of small
coherent particles, and thereby suggested the solubility

of nitrogen to be uniform throughout the ferrite matrix.




Figure II.11

Nitrogen atom environments in nitrided Fe-Ti alloys
(after Podgurski & Davis, 198l).
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Comparison of the models shows similarities but
quite different views regarding, in particular, the sites
occupied by the nitrogen in excess of a N:Ti atom ratio

of 1l:1. These models will be discussed further in

Chapter VII of the present work.

(iii) The nitriding kinetics of Fe-Ti alloys.

The nitriding of Fe-Ti alloys containing 0.35-2.3 a/o
Ti occurs by the formation of a hard, sharply defined
subscale which advances progressively into the bulk of
the material (Chen 1965; Jack et al., 1971). The
kinetics of subscale advancement are consistent with

the internal nitriding equation (see Hepworth et al.,

1966):

* = £, WL py oo II.1
ro {Xj
where X = the subscale depth at time t
r = N/X atom ratio in the "compound" formed
D = the diffusivity of nitrogen in iron at the

reaction temperature

1N}
X}

a/o nitrogen concentration at the surface

a/o of alloying element X.

(iv) Mechanical properties of Fe-Ti-N alloys.

Chen (1965) first observed that the strengthening
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of nitrided Fe-Ti alloys, which were subsequently aged at
high temperatures ( >800°C), was due to the formation of
plate-like particles of iﬁcoherent titanium nitride.
These precipitates acted as non-deformable barriers to
dislocation motion and forced the glide dislocation to
bow-out and by-pass them by an Orowan mechanism. These
observations were later confirmed by Hamano & Tsuya
(1979), and in both investigations electron microscopy

showed dislocation loops left around the particles after

deformation.

Work on as-nitrided materials is made difficult due
to their brittle nature but despite this Jack et al. (1971)
and Kirkwood et al, (1974) observed increases in hardness
on nitriding which were proportional to the square root
of the titanium concentration. In addition to this

Henderson (1976) using a dilute Fe-Ti alloy, showed the

as-nitrided material to be characterised by a work-
hardening rate typical of as-annealed material. These
two observations led Henderson (1976) to suggest that
"chemical strengthening" was the dominating hardening
mechanism in nitrided Fe-Ti alloys, the increased resis-
tance to dislocation movement being the additional work
needed to create new interface as the dislocation cuts
the particle. Work by Jones (1976), on nitrided Fe-V
alloys, confirmed these observations and further showed
the yield stress of nitrided material to be strongly

temperature dependent. However, recent work by
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Spitzig (1981) proposes that the increases in flow stress
of nitrided Fe-Ti alloys are due to the summation of two
effects. There is a contribution arising from the dif-
ferences between the elastic moduli of matrix and
particle, modulus hardening, and an effect from the elas-

tic coherency stresses surrounding the particle, coherency

hardening.

These models will be discussed further in Chapter IX
of the present work which presents the results of a detailed

analysis of the strengthening processes which occur on

nitriding Fe-Ti alloys.
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Chapter III

ALLOY MATERIALS

I1I.1 The Preparation of Alloy Samples

The chemical analyses of the alloys used in the
present 1investigation are listed in Table III.1l, the

code for supplier and source of analysis are given in

Table III.Z.

Internal friction and X-ray specimens were prepared
by cold drawing to 0.06 mm diameter wire. Sheet specimens,
about 0.1 mm thick, for electron microscopy were prepared

by cold rolling. For nitriding experiments the as-rolled

strip or as-drawn wires were abraded, cleaned, degreased

and either:

(a) sealed in transparent vitreous silica capsules,
evacuated and back flushed with argon to ensure

one atmosphere pressure at annealing temperature.

(b) annealed in the nitriding furnace in flowing

hydrogen.

Samples for mechanical testing were stamped from 0.6 mm
plate obtained from alloy stock. Annealed samples were pre-

pared by hot-rolling to 2 mm followed by cold-rolling and

iy ———— ekt e i
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Table III.Z2

Code Supplier/Source of Analysis

International Nickel (INCO)

United States Steel Corporation
British Iron and Steel Research Institute

Armco Iron
Battelle Institute

Foster Wheeler Power Products Limited

¢ =YH &H U O o =

Surahammars, Sweden

then annealing in flowing hydrogen to give a uniform
grain size of ASTM 7-8. C(Cold-worked samples were pre-
pared from hot-rolled plate by rolling to a thickness of
approximately 6 mm, 2./ mm or 1 mm and then annealing

in vacuum before final cold-rolling to 0.6 mm, equivalent

to about 90%, 70% and 40% cold reduction respectively.

III.2 The Lattice Parameters of Fe-Ti Alloys

The lattice parameters obtained from the Fe-Ti alloys
are shown in Figure 1IIl.1l along with the available data
from the literature. At titanium contents <0.2 a/o Ti
the lattice parameter is virtually independent of titanium

concentration, and in alloys with >1 a/o Ti the lattice

—m . T, R oaar




Figure III.l

Variation of lattice paransetor with titanium contont
for anncaled Fe-~T1 alloys. Solid line represents best
variation of lattice parameter to fit all roported

experimental observations.
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parameter varies linearly with concentration. The slope

of the linear part of the curve is in agreement with

Abrahamson & . Lopata (1966) and Zwell & Wriedt (1972),
with a dilation coefficient of 0.0027 &/ a/o Ti. To

explain the behaviour shown in Figure III.1 Arrott &
Noakes (1963) suggested that titanium was removed from
solid solution by internal oxidation during sample pre-
paration. This 1is not true for the present all&ys which
were prepared for subsequent nitriding. As shown in
Chapter II, for nitrided Fe-Ti alloys the N:Ti atom ratio
is always much higher than required for the formation of
TiN, but this ratio can be reduced to 1l:1 by hydrogen
reduction. Therefore by hydrogen reduction the concen-
tration of titanium available to form clusters during
nitriding can be determined. The titanium conceﬁtration
so-obtained 1s identical, within experimental error, to
that of the starting composition of the alloy showing
that no removal or titanium occurs by internal oxidation
prior to nitriding. In addition, Bozorth (1959) and
Arrott & Noakes (1963) show a linear relationship
between magnetic moment and titanium concentration over
the entire range of solid solubility. The slope of the
plot is greater than that expected merely by magnetic
dilution by titanium and again suggests that the
titanium is all in solid solution. It is proposed that
a more reasonable explanation for the anomalous behaviour
of lattice parameter shown in Figure III.l is that in
addition to an atomic size effect (Vegard's Law) there

is also an electronic constitution effect as described




22

in transition-metal alloys systems by Raynor (1975).

Following Raynor (1975), the lattice parameter of a
solid solution (am) as given by Vegard's Law (1921) can

be expressed:

100 . a_ = nTiaTi(ﬁ) + (lOO—nTi)aFe eee 1IT.1

where ag, and ari(p) &res respectively, the lattice para-
meters of iron and titanium and Ny is the atomic concen-
| tration of titanium. The deviation from Vegard's Law

(1921) is given by:
Aa - a - 4 I III.2

where a _, . is the observed lattice parameter, and A4a_

ig an electronic constitution factor.

Using accepted values for & pe and 203 (p) (Raynor,

1975) the variations of atomic size and electronic con-
stitution effects with atomic percentage titanium are

given in Figure III.2. The negative deviation of the
electronic constitution factor is in accordance with the
general rules put forward by Raynor (1975), that is, if
the group number of the solute metal (Ti, 4) is less

than that of the solvent (Fe, 8), then the lattice
spacings of the solid solution tend to be less than those

due to the effects from atomic size alone, i.e. there 1is

a negative deviation from Vegard's Law.




Figpure III.2

Aa(ﬁ) plotted against atonle percentage titanium,
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It is therefore proposed that the observed deviation
from Vegard's Law in solid solutions of titanium in iron
is due to an electronic constitution factor and not, as
previously suggested, to removal of titanium from solid

solution by internal oxidation.
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Chapter IV

EXPERIMENTAL METHODS

IV.1 Ammonia-Hydrogen Nitriding

Nitriding was carried out between 400° and 650°C,
the nitrogen activity at a particular temperature being
dictated by the relative proportions of ammonia and

hydrogen in the gas mixture. The nitriding reaction can

" be written as:

NH; (g) N o+ 2/2 H, (g) .. IV.

for which, at T7°K, the equilibrium constant is:

o372 /onn en IV.2

2

. ay 3

where ay is the activity of nitrogen in the nitride phase
or solid solution and pNH3 and pH2 are the partial pressures

of ammonia and hydrogen respectively. A system can

therefore be brought to equilibrium under a predetermined
nitrogen activity by controlling both the proportions of
ammonia and hydrogen in the gas atmosphere and the nitriding
temperature. For the iron-nitrogen system the phases in
equilibrium with various ammonia-hydrogen gas mixtures

at any particular temperature have been determined by
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Lehrer (1930), see Figure IV.l. In the present investi-
gation only nitriding conditions within the a-nitrogen-

ferrite phase field of Figure IV.l were employed.

The standard state for nitrogen dissolved in iron

is defined such that, in dilute solutions

aN=W/ON . * o @ IV-B

Combining equations IV.2 and IV.3 and re-arranging, the
weight percentage nitrogen in equilibrium with ferrite
at any particular temperature and ammonia-hydrogen ratio

can be expressed as:

w/o N = K, pNHB/pH23/2 .. IV.L

The variation of KP with temperature has been determined

by Podgurski & Knechtel (1969) as:

In Kp = -9270/T + 10.27 cee IV.5

The diagram shown in Figure IV.2, derived from
equation IV.4, proved useful in determining suitable
nitriding conditions within the a-nitrogen-ferrite phase

field whose limit is given by the dotted 1line.

A complicating reaction which may occur in addition
to equation IV.1l is the dissociation of ammonia. However,

work by Roberts (1970) showed that with the  flow rates



Figure IV,1
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used in the present investigation there is no detectable
dissociation of ammonia below 650°C and hence no reduction
in the effective nitridiaé potential expected for a
particular set of nitriding conditions below this ten-

perature.

IV.2 Nitriding Apparatus

A schematic diagram of the nitriding apparatus is
shown in Figure IV.3 with a vertical reaction tube (25 mm
i.d.) of recrystallised alumina. Commercial hydrogen,
nitrogen and ammonia were purified by standard methods
(Schwerdtfeger & Turkdogen, 1970) as illustrated in
Figure IV.4. The activated copper was pre-reduced in
hydrogen for several days at 160°C and maintained at 120°C
during use. Gas flows were measured by capilla;y flow

meters (see Figure IV.5) calibrated by a bubble displace-
ment technique (Darken & Gurry, 1945). Total gas flow

rates of 200 ml m:‘i.n'1 were used during nitriding runs.

The temperature of the furnace hot zone was con-
trolled to 1,500 by an "Ether" controller using a Pt/Pt-
13% Rh thermocouple positioned between the reaction tube
and the furnace winding. The specimen temperature was
monitored by a chromel/alumel thermocouple in an alumina

sheath adjacent to the specimen.

The total ges pressure was maintained at slightly

creater than atmospheric by 10-20 mm of oll in an exit

bubbler.



Figure IV.3

Ammonia-hydrogen gas equilibration apparatus.
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Figure IV, L

Gas flow systen for ammonla-hydrogen ges esquilibrations.
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Figure IV.5

A capillary flowneter.
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IV.3 Nitriding Procedure

opeclmens were abraded and given a light electro-

polish. After welghing they were degreased in chemiclene,
suspended on a platinum wire, inserted into the cold
(upper) end of the furnace and supported there by attach-
ment to a soft iron bob held by a magnet. The top of the
reaction tube was then sealed, the system evacuéted,
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 specimen into the furnace hot zone.

After nitriding, the specimens were removed from
the hot zone by one of two methods dependent on the sever-
ity of quench required. The first method involved raising
the specimens quickly out of the hot zone so that they
were cooled in tle incoming gas stream in the cold 2zone
of the furnace. They were left there for 15 min before
the furnace was evacuated, flushed with nitrogen, and
the specimens removed and weighed. The second method
involved opening the quench tap at the bottom of the
furnace and dropping the specimens rapidly from the hot
zone into a quench bath of de-gassed iced brine. The

specimens were then removed, washed and dried. Specimens

were weighed before and after nitriding to + 0.00005 g

on an analytical balance, taking an average of at least

three readings.
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IV.4 Optical Metallography

Specimens were mounted either in bakelite (pressure
cured at 120°C) or Serrifix cold mounting resin. Serri-
fix was used to prevent premature aging of the specimens
containing nitrogen, the maximum temperature reached
diring setting being about 30°C. Mounted specimens were
abraded through various grades of silicon carbide paper
down to 800 grit and then polished with diamond paste
down to 1 um size on polishing wheels using a "Selvyt"

- cloth lap. Specimens were etched in 2% Nital for 5-20

seconds.

A Reichart projection microscope was used for opti-

cal metallography and photomicrography at a direct
magnification of up to x 1200. The graln size of mechen-
ical testing and internal friction specimens was measured

using a mean linear intercept method (De Hoff ¢

Rhines, 1968).
IV.5 Hardness Measurements

Room-temperature hardness measurements were made on

metallographic specimens using a standard micro-hardness

tester fitted to the Reichart microscope with loads of

20 or 50 g on the diamond indenter.

Hot-hardness experiments were carried out 1in a

Wilberforce Scientific Developments high-temperature



29

micro-hardness tester in the Department of Metallurgy,
Cambridge University; the equipment is shown schematically
in Figure IV.6 a,b. The instrument consists of specimen
and indenter assemblies together with heating furnaces

and water cooling systems contained in a sealed stainless

steel vessel capable of evacuation to ~2 x 10-7 torr to

1l x ZI.O'6 torr (with the furnaces outgassed and at temper-

ature),

Specimens were spot-welded onto metal stubs and
polished as for optical metallography. The stub, to
which a chromel/alumel thermocouple was spot-welded, was
then screwed onto a pedestal in the bottom of the specimen
furnace assembly within the instrument (see Figure IV.6 b).
The whole specimen furnace unit could be translated to a
position directly underneath. the indenter assembly, which

comprised a mechanically-retained sapphire (Vicker's

profile) on a stainless steel shank contained in its own

sparately-controlled furnace, and loaded by a series of
weights stacked in a stepped cylinder. The descent of

the indenter was- - controlled by an external oil dashpot and
a constant loading time of 15 secs waS- used for each
indent at a load of 50 g. By moving the specimen furnace
to a "view" position the indent could be measured at
temperature using a Zeiss Epignost II microscope fitted

with a Leitz long working distance objective lens and a

screw micrometer measuring device.



Figure 1IV.6

High-temperature micro~hardness tester.
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IV.6 Preparation of Specimens for Transmission Electron

Microscopy

Thin foils of nitrided alloy specimens were prepared
from strip material. 0.6 mm thick specimens were first
mechanically thinned to 0.2 mm (the remaining specimens
had a starting thickness between 0.1-0.2 mm) and thin
foils were then prepared by electropolishing using a
standard "window" technique and a "Shandon" potentiostat
at 18 V and 0°C in a solution of 68 v/o glacial acetic

| acid:16 v/o perchloric acid:16 v/o 2-butoxyethanol.

IV.7 Electron Microscopy

Transmission electron microscopy was carried out on
Philips EM300 and JEOL 100 CX instruments. Scanning
electron microscopy was carried out on metallographically

prepared specimens and on fracture faces using a Cambridge

Stereoscan S600 or JEOL T20 instruments.
IV.8 X-ray Diffraction
Specimens examined by X-ray powder photography were

prepared from wire (0.3-0.6 mm diameter) or narrow strip

cut from sheet, which were electropolished and washed in

methanol prior to exposure.

X-ray powder photographs for determination of ferrite
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lattice parameter were obtained using a Unicam 190 nm
diameter camera with iron filtered Co-Ka radiation and
the lattice parameters were determined by Nelson-Riley
extrapolation (Nelson & Riley, 1945). For identifi-
cation of second phases a Unicam 90 mm diameter camera

was used with LiF crystal monochromated Fe-Ka radiation.

The intensity of reflections were measured on a
manual direct-reading X-ray microdensitometer designed
by Taylor (1951); see Figure IV.7. This compares the
optical density of reflections on the film with that of
a pair of linear density optical wedges. The two light
beams fall alternately onto a selenium photocell connec-
ted to a sensitive galvanometer the deflection of which is

adjusted to be the same for both beams by varying the
position of the wedges. The intensity profile of reflec-
tions, recorded at successive 0.1 mm intervals, were

plotted on large scale graph paper and from these a value

of integral breadth calculated (Rachinger, 1948).

IV.9 Internal Friction Equipment

Internal friction measurements as a function of
temperature were made on 150 mm long wire specimens in
an inverted torsion pendulum assembly, see Figure IV.S8,
equipped with a non-inductively wound furnace. Any

damping of magnetic origin was suppressed by-application
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of a 100 Oe magnetic field. A torsionally rigid knife-
edge balance arm and counterweight, used in conjunction

with a fine silica fibre as the suspension element,

enabled a small constant load to be maintained on the

specimen. IThls suspension system, together with an
operating vacuum of 2 x 10"—5 torr, results in a very low
level of background damping. Electromagnets acting upon
the bar start the oscillation, the frequency of which can
be adjusted in the range 0.2-1.6 Hz by varying the inertia
of the system. An automatic Sefram photodyne records the
rate of decay by following a light beam reflected fronm a
mirror mounted on the inertia assembly and the internal
friction was evaluated by calculation of the logarithmic

decrement (see Chapter VI).

Damping was measured at appropriate intervels in the
temperature range -60 to 250°C by using a liquid nitrogen
cooling jacket and furnace assembly situated around the
specimen. The temperature of the specimen was recorded

by copper-constantan thermocouples situated near the top

and bottom of the specimen, and could be maintained to

+ 1°¢ by varying the power supplied to three parallel
heating coils using external rheostats. A variable
heating rate was used in order to investigate parts of
the damping spectrum in more detail, but was always
followed by a period of thermal equilibrium under reduced

power for three minutes in all measurements.
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IV.10 Mechanical Testing

Tensile tests on flat 20 mm gauge length specimens
were made at a nominal strain rate (2) of L.2 x 10-4 sec-l
on an Instron 1115 machine equipped with automatic chart
control and stepped zero suppression facilities. Low
temperature testing was carried out in cooled liquid
baths, the temperature of which was measured by a copper-
constantan thermocouple situated close to the specimen.
To test specimens up to 600°C a nitrogen-atmosphere
furnace was used, consisting of a vertical furnace having
three windings controlled by three thyristor units.
Thermocouples to these windings were arranged so that
the upper and lower furnace zones were controlled by the
difference in e.m.f. produced by each of the two "end-

zone'" thermocouples and the one in the centre, this

enabled control to within + 2°C. The capsule containing

the specimen, grips and pull rods was evacuated and filled
with nitrogen to give one atmosphere pressure at the
testing temperature which was measured by a thermocouple

placed directly alongside the specimen.
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Chapter V

THE SCOPE OF THE PRESENT INVESTIGATION

Previous work at Newcastle has shown that mixed
substitutional-interstitial solute atom clusters are
formed when both ferritic and austenitic Fe-X alloys are
constant-activity nitrided in ammonia:hydrogen gas mix-
tures at 350-700°C. Large 1ncreases in strength accompany
zone formation and the strength of the alloys stems from
~ the interaction between the alloying element and the
nitrogen, that is, it is chemical in origin. In the
present work similar experimental methods, including
electron microscopy, X-ray diffraction, internal friction,
observation of weight changes, mechanical properties
measurements, are all used with nitrided Fe-Ti alloys to
provide further insight into the structure and properties

of mixed substitutional-interstitial solute atom clusters.

In Chapter VII the particles responsible for the
strengthening of dilute l1ron-titanium alloys are shown
to be Ti-N clusters; and a combination of internal fric-
tion and measurements of nitrogen absorption isotherms
are used to propose a model for the zone structure in
Fe-Ti alloys containing <0.3 w/o Ti. The model suggests
that a range of metal-atom octahedral environments exist

whose potential energy varies with the proximity and



distribution of titanium atoms. In Chapter VIII it is
shown that low-temperature aging further modifies the

distribution of nitrogen in these sites causing changes
in the breadth and peak positions of X-ray reflections.
These low-temperature transformations are analogous to

those observed in the quench-aging of nitrogen-ferrite.

In Chapter IX a detalled analysis of the strengthening
mechanisms operating in Fe-Ti alloys at different particle
dispersions is presented. Initially the zones are cut by
glide dislocations and the hardening is strongly tempera-
ture dependent, suggesting that stirengthening is due to
chemical factors arising from the creation of new inter-
faces as the TiN zones are sheared. As the zones overage
to the equilibrium precipitate the particles are looped
by glide dislocations according to an Orowan condition.
Chapter X extends these ideas into cold-worked and nitrided
Fe-Ti alloys where the strengthening is shown to be a
complex balance between a decrease in strength due to
recovery and recrystallisation of the material at nitriding
temperature, and strength increases brought about by

homogeneous and heterogeneous precipitation of Ti-N

zones or TiN precipitates.

Finally in Chapter XI it is shown that the ideas
presented in Chapters 1IX and X can be applied to a

commercial steel.



Chapter VI
THEORETICAL AND PRACTICAIL ASPECTS OF INTERNAL FRICTION
VI.1 Formal Theory of Anelasticity

Within the framework of classical linear theory of
elasticity a rigorous proportionality is assumed between
the stresses and strains in a solid. This means that the
strains in a perfectly elastic solid are a unique function
- of the applied stress, and that the time dependence of
the strain is completely determined by the time dependence
of the stress. For a harmonic variation of the stress,
the strain also varies harmonically, and in such a way
that stress and strain are always in phase. As a conse-
quence, there is no energy dissipation within the specimen

and if no energy were lost from the system the amplitude

of oscillation of a solid body, driven at its resonance
frequency with even an infinitely small driving force,
would become infinite. Even when energy losses to the
surroundings can be neglected, considerable energy dis-
sipation usually occurs, that 1s, real solids do not obey
Hooke's law. Therefore the strain is not uniquely deter-
mined by the stress, but lags behind by an amount ¢ .

The resulting dissipation of energy in the solid 1s called

internal friction.

The behaviour of real materials can be satisfactorily
described by using anelastic theory and a standard linear

solid model for which Zener (1948) proposes the equation:
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a0 +8,0 = b e +bye oo VILI
where stress and strain are linked with their first time
derivatives. Materials obeying this equation are termed
'standard linear solids', and their behaviour can be repre-
sented schematically as shown in Figure VI.1(b), a,r 87

bO and bl are constants, o is the stress and € the strain.
The system shown in Figure VI.1l(a) will undergo an instan-
taneous displacement when a stress is suddenly applied,
whose magnitude is determined solely by the spring
constants. As the stress is maintained, the dashpot
deforms relaxing the stress and causing a gradual increase
in overall deformation. Conversely, when the stress is
suddenly removed, the springs will suddenly release some

of thelir stored energy, resulting in a partial instantan-
eous recovery. The complete release of all the energy

must awalt the gradual relaxation of stress across the

- dashpot. Such a system therefore shows the general feat -

ures of elastic aftereffects in real solids, illustrated

in Figure VI.1(Db).

In order to 1llustrate the physical interpretation

attached to the parameters &, 875 b0 and bl it is
necessary to consider a few special cases. First, sup-

pose that both ¢ and ¢ are zero then equation VI.1l reduces

to:

&O"I'alo' * v 0 VI-2

I
O



Figure V1.l

Standard linear solid (after Zener, 1948).
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which has the solution:

o= o exp (-a_t/a,) oo VIL3

a

where o is the stress at t = 0. Thus o/al represents

the decay constant for constant strainA_ or as its
inverse of a relaxation time for a constant strain 7_.

€

In the second case suppose that at t = 0 a constant strain

€, is applied, so equation VI.1l can be written as:

.o VI.4

b
o b,
O

In equation VI.5 the stress tends to its equilibrium value

b €
of .
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