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INTERNAL FRICTION CHARACTERISTICS AND AGEING OF IRORe
VAEADIUM-NITROGEN ALLOYS,

by
Re M, Jamicoson

A comprehensive survey of the literature on internal
frioction due to stress induced diffusion of interstitial atoms
in iron is made. The theory associated with this type of
internal friction is reviewed. Dy expressing the equation of
the damping peak in the fora

-l
u"_‘.‘ = cosh du ( !’- - «!’. )
~ R T T peak

several computer programmes were utilised to analyse
experimental curves obtained using a torsional pendulum
technique.

Pure iron and iron-vanadium alleys containing up to
0.7% V were cast under vacuum, carben being used as a deoxidant,
These alloys were worked by cold rolling and cold drawing to
produce wire 0,031 diameter and subsequently treated with pure
dry hydrogen at 700°C to decarburise. Nitrogen was introduces
into the wires by nitriding in NH,~ H,; mixtures at 590°C,

Selubility mesasurements performed on pure iron wires
yielded results which were in good agreement with published
values. The activation energy for the diffusion of nitrogen
in iren was also confirmed, The solubility of mnitrogen in
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the presence of vanadium, at temperatures beleow soo‘e, was
0 smnll that it could not bLe measured cven by the relatively
vensitive technique of internal friction,

Abnormal poaks were produced in iron-vanadiume
nitregen alloys, containing sore than approximately 0.3% V,
when quenched from 950°C. The normal peaks obtained were
broadened and this was shown to be due to the presence of
earbon in sclution, arising from the decomposition of vanadium
carbide. It was concluded that dry hydrogen treatment was
ineffoctive in removing carbon, present as vanadium carbide,
from iron.

A high temperature abnormal peak due to carbon was
found in wires containing 0.63% V, carburised at 800°C 4n
hydrogen-toluene mixtures for short times.

The abnormal peak ococurring in the range 81°C to
91°C in the Fa=VeN systea was studied, Results showed that
this peak could not be descoribed by a single relaxation time
curve, It is postulated that two main mechaniams give rise
to the abnormal peak, The lower temperature component peak
is considerod to be due to nitrogen atom jumps associated
with Pe-V sites, while the higher teaperature component peak
is thought te be due to nitrogen atom jumps associated with
distorted sites surrounding coherent precipipitates of
vanadium nitride. The activation energy of the diffusion of

nitrogen associated with Fe=V sitea has been assessed as
30 to 40 EN Cﬂs./‘l‘o




The incoreased rate of ageing observed in iron-
vanadium-nitrogen alloys, compared with iron-nitrogen alloys,
is asoribed to the presence of VN nuclel at the gquenching
temperatures used,
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CHAPTER I

INTRODUCTION




I. INTRODUCTION

For many years strip and sheet steel, for deep drawing
purposes, has beon made fros rimming steel, This type of
steel has & vory good "skin® due to the carbon-oxygen
reaction ocourring during sclidification, end comsequently,
1ittle dressing of the virgin ingot is required. Rejection
of the fimished product because of surface defects is usually
low, lHowever, a characteristic of such steel is that it
tends to sge, becoming harder, less drawable and likely to
show stretcher strain bands im the finished product.

Strain-ageing is known to steo from the presence,
in solid solutiom, of nitrogen and/or carbon which diffuses
to the distorted aress surrocunding dislocations, where the
stoms can be accommodated at » lower energy than in the lattice.
This stabilises the dislocetions causing discomtinucus and
msssive slip, appearing ss stretcher strain in the surface of
the finished article, when the caterial is pressed. Strain-
ageing can be suppressed either by having no nitrogen in solid
svlutieon or by cauwsing such nitrogen to precipitete. The
latter ohjective can be achieved by the sddition of an clement
with a high chemical affinity for nitrogen to the steel prior
to casting.

Common practice now favours the asdditiom of aluminium
which deoxidises the melt before combiming with the nitrogen,




thus produeing a killed-steel. Unfortunately, this non-ageing
killed steel has other less desiratle festures which sust be
tolereted. The product of the deoxidetion resction, alumins,
does not separate resdily from the steel. Much of the aluasina
finds its way to the surface layers of the ingot where it say

be exposed by oxidation of the ingot during hot rolling, eo

that on subsequent cold working, the surface quality is iaferior
to that obtained from risming steel., Further, wvhen large
quantities of aluming are present, these inclusions sre
flottened out into bands during rolling shich, in some cascs,
may lead to fracture in drawing and pressing operations.

Apart from the adventage of the pure skin, rimming steel
containes very little pipe since the normal shrinkage is
compensated by pert of the gas evolved during the rimsing
action. Killed steel normelly has & pipe which must be cropped,
with the result that the ingot yield may be much less than that
obtained from rimming steel.

Theoretically there is no reason why vanadium cannot
be used to preecipitate nitrogen from solution. It readily
forms & stable nitpide thereby rendering the steel non-~ageing,
whilst being a much less powerful deoxidising agent then
cluminium, it exerts little influence on the rimnming action,

It is thus possible to ocombine the beneficial attributes of
killed steel (uuan-ageing) end rismed steel (good surfece) in

one produect, From this point of view, vanadium treated




risming stoel should be of potential prectical interest to
the steelmaker, and has im fact been produced oonorcially.m

Fundamentel investigetions of the behaviour of the
ionterstitial solutes carbon and nitrogen, in specislly
prepared alloys and commercial steels; have done much to
olucidate the mechsnisms by which stcels age. The majority
of such investigatioms have studied the influence of various
heat treatments end/or degrees of cold work on the positiom
and shape of the stress-strain ocurve in the ncighbourhood of
the yield point. Although much valusble work hes been done
in this field, it has been mainly comncerned with the measure-
ment of the effoets produccd by cerboa amd nitrogen rather
than direct study of the behaviour of these ctoms, It has
Leen well established thet ageing is caused by the migration
of interstitial cerboen and nitrogen in solid solution either
to precipitates or dislocations, Thus, experiments which
perpit the stuwdy of the concentration of solute atoms ia
solution and of the rate at which they leave sclution under
verying experimontal conditions are most desirable.

Internal {riction offers & convenient and experi-
mentally simple method of studying the behaviour of nitrogen
or carbon in solid solution. The ircon-coerbon end irom-~
nitrogen systems have been thoroughly ianvestigated by internal
friction techaniques, and very reliable date has been obtained.
The next logical step is to apply the techanigue to the study




of ternary systems. in the present investigation, the
iron-vanadium-nitrogen system has been examined by this
technique in view of its practicel end theoretical interest.
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THEORY




1l. THEORY

1. Introduction.

It has been known for many years thet solids do
not behave in a perfectly elestic monner and that Hooke's
Law is only applicable when forces sre applied very slowly,
ftudents ot.' the classical theory of elasticity knew that their
fundamental assumptions did net apply to real solids, llowever,
the value of classical theory lay oot in its precise description
of the behaviour of solids under spplied forces but in its
desoription of this behaviour with sufficient accurascy for most
practical purposes. fuch phenomena es intorngl frietion, the
magneto-elastic effect ami the thermo-elastic effect are
contrary to the theory of elssticity im that stross and straia
are not uniquely related. This property of solids by which
"stress and strain are not single valued functions of one
another in that low stress range ia shich no permenent set
occurs ®) » 1g called "anelasticity."

A number of anelastic effoots are knoun and have
been studied in detail, visie-

(i) Thermo~elastic effcot.

(41) Megneto-mechanical effeoct.

(114, MYechenical behaviour of corystel boundaries.

(iv) Orientation of peirs of stoms in substitutional

solid solutions.
(v) CStress-inducecd preferentisl distributiom of
interstitial solute atoms.




Each of these effects can be studied scparately by
making ¢ suitable choice of the experimental conditions. In
the present case, the study of stress induced prefereantial
distribution of interstitial solute atoms can be schieved by
measuring the internal frictiom of the specimon, in the fors
of & thin polycrystelline wire of rendom orientation, tested
in toreion at low frequency.

2. Internal Friction in b.c.c. lron.

Dy considering the iron atoms in the elementary
body-centred ocubic lattice ss touchimg rigid spheores, it bocomes
opparent that two types of interstices exist. Firstly, there
are positions of the type (0, ¢, §), which correspond to the
centre of the edges of the unit cell, (and of the faces, tho two
positions being orystallographically equivalent ), having e
oco~=ordination nunber of 3 and being known as the octohodral
interstices., fecondly, there are tetrahedral positions of the
type (§, i, 0), vhich correspond to the centre of am irrcgular
tetrahedron, having a co-oprdination nsusber of 4. The former
type of interstice has & radius of 0,19A° and the latter & redius
of 0.36A° ),  Becouse the octahedral position is smaller ond
has the lower co-ordinotion number, the tetragonality produced
by the introduction of & solute atem into such an interstice is
much greater than for a tetrshedpral interstice.

In 1941, “noek (M propeunded the rele played by
interstitials in causing internal friotion. This theory assuned




that the solute atoms ocoupied the ootashedral interstitial
positions. X=-ray evidence® hes proved this hypothesis

to be correct, It is, however, inconsistent with the view
that interstiticl atoms must be located at the largest
intergtitial "holes." Nevertheless, when the critereon of
minisus strain energy is eaployed to decide the location of
the interstitial solute atoms, it is found that the (0, 0, {)
type position is indeed the most favourable. Although the
iron lattice is ocubic, the local symmetry of the octahedral
interstices is tetragonal. Thus the interstitial position

(U, 0, §) 48 closer to the two neighbouring iron atoms along
the [100] axis then to the four other neighbouring iron atoms.
The [100] direction msy therofore be regarded as the tetragonal
axis of the (0, 0, 4) interstitial position. Similarly, every
interstitial position has associated with it a tetragonal axis
which is parallel to one of the three principal <100 > axes.
VWhen an iron crystal is free from stress, all the interstitial
positions are equivalent, and the interstitial sclute atoms
are randomly distributed. If a stress is applied, it is
energetically more favourable for interstitial atoms to occupy
sites with their tetragonal extension also in the direction of
stress., Therefore, the equilibrium distribution will be one
in wvhich those interstitial positions are preferred whose
tetragonal axes are approximately parallel to the tensile axis,
since the interstitisal solute atom distorts the surrounding




lattice in an esymmetrical msnner, causing grester dilation
along its tetregonal axis than norsmal to this axis. fee

Figure A, This tendoncy for solute atoms to move from rondomly
ploced sites to favourablo ones occours at & rete dependent upos
the diffusion coefficient of the solute,

Under an oscillating strese, the solute atoms will
tend to jump inte the preferred sites in each alternote half-
cycle of stress, This procecss requires a finite time end in
general therc will be o lag between stress snd strain,

Enorgy is absorbed by the system, giving rise to intersal
friction or demping, This damping is & maximum when the

stomic jusmp frequency is of the erder of the period of vibratios.
if the atomic jump frequency is very slov compared to the period
of vibretion, then in & half-oycle few, if any, solute atoss
wvill migrete to the preferential sites, hence energy absorption
will be low. Conversely, if the atomic jump frequency is very
fest compered to the period of vibration, in a halfe-cycle all
the solute astoms will occupy fawourable sites and stress and
strain will be in phase, Only vhen the jump frequency of the
interstitial solute atom is similar to the period of vibration
of the applied stress is the damping high. Obviocusly the
greater the number of solutec stoms being stross induced to
cccupy more foveurable sites, the greater will be the wd!"""

Vhile internsl friction due to carbon snd mitrogen
in iron has sttracted most attemtion, the phenomenon is general
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to interstitial solutes in b.c.c. metals. Thus similar
effects have been reported for carbon, nitrogen and oxygen
in tantalum O Siobiun Y | vepsdiue W L4
colusbium 3% 1)

3. The Mathematicel Trestment of Internal Priction.

If o mestal be subjected to & suddenly spplied and
sointained force within its elastic limit, there will be a
corresponding instantancous straim which incroases with time
to an asymptotic value. Eemoval of the force produces an
instantaneous decrease in strain which thereafter falls, with
tisme, to sero. Dy constructing & mechanical model exhibiting
this type of behaviour under the action of a ferce, it cen be
shown that its sotion oboys an equation of the foram

6, - +.zo°- - by £ 95’5 @)
where 830 8,9 bl' Iaz are constents and c, ¢ are stress and
strain,

folids oboying this equation ere defined es ‘tandard
Lincar folids. Further considerstion of the relationship
existing hetween stress and strain, is such solids, vhen these
quantities are periocdic, gives @& relationship of the fora

tan ® = DM W ()
1+ (rw)?
vhere £an ¢ is the tangent of the loss angle hotween stress
and strain.
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All is the relaxation strength (52/51). This
factor is dependent on the amount of scolute present, inoressing
with incressing solute comtent, and on texture, its value being
very ssall for & specimen with 2 (111) texture. 1In order to
obtain reproducible measuressuts of solute concentration, the
texture dependence of AM must be eliminsted, This is
conveniently achieved by ensuring thet specimons have random
grain crientation.

2. is the mean time for the sppropriate internal
resrrangesent to ccour and is known as the relaexstion time.
it is related to the diffusion coefficiemt, b, for the solute
stoms in a Lody-oentred cubie lattice by

G (3)
360

where g is the lattice paramcter.

For stress induced preferential ordering, which is
amplitude independemt, 1 obeys &n Arrhgutus type of
cquation :

T ow e e DM/ET (8)

where 1g is a oconstant ond All is the activetion cnergy for
the diffusion process.

® is the angular frequency and is obtained by

sultiplying the linear frequemney by 2 7.
in the study of internsl friction by observation

of the graedual decresse in amplitude of vibration during
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free oscillation, the logarithmic decrement is defined as
the natural logariths of the retic of successive amplitudes.
In the case of small fan 5,

-1

ten S = Ja.dec. = 0O (s)
n

where Jp.deg. = V- in (‘1/0-1 + n), Ay being the amplitude
of the initial vibration and AI + n, the smplitude of the
vibration g cyclea later.

Thus the common form of equation (2) is

e*! = pm 2w
14 (1w)®

)

The varistion of g'i is dependent upon the product
4li. In this type of anelasticity where the interal
rearrangesent ocours by atomic diffusion, the reletion shown
in equation (¢) is extremely convenient since it expresses
the tesperature depondence of 1. Thus en imtemol frictiom
peak can be obtainmed either by messuring 2"} os a funection
of temperature, (and therefore of 1, equation (4) ), ot
constant frequency or by measuring ¢"! am & function of
frequency at constant temperature. 7The former is the more
convenient experimsntally since the lstter method necessitates
the alteration of frequency over several powers of 10 ia order
to encompaes a full damping peak. It is emphasised that the
position of the peak on the temperature axis is independent of

orientation and solute concentretion ond is governed solely Ly
the stomic jump frequency for any given angular frequency
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provided the proocess is dosoribed by & single relaxation
timc, '
4. Celoulation of the Activaetion Energy.

Internal friction pecaks obtained at two different
frequencies, U‘ and w’, can be superimposed by a horisontsl
shift along the temperature axis. The magnitude of this
shift enables the activation emergy, Jii, for the process to
be celculated. Differentiation of oquatiom (6) shows that
2% = 1 when Q"' is & maximum.

At the pesk 4, W, = 1, W, = 1,

2 2
Since 4 obeys an Arrhenius relationship

AH/KT]_ b n“/atz
hl e = \vz € '
flence 1n (“/"1) - By J..___.lt =33) 7

where ﬁ and :1 are the sbsclute temperastures corresponding
t the maximus velue of 0*' st frequencies ¥) end ¥,. The
accuracy of the activation energy velue caloulsted by this
method is obviously dopendent on the facotor (rz - !‘i. For
reliable determination of Afl, (?I - tl) should be as large
as possible and this, ideally, requires experiments performed
at widely differing frequencies; & condition which cennot be

readily sstisfied in the normel torsional pondulum.
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Alternatively, & second expression for the
activation energy may be derived thus:-

o™ = oM 4w
1+ (tu)

Q"litpmmwoq W = 3

e 02 pax = A'”/3

n“‘__!n- 102w =« W) ts o)
Q-

2 W 2
= gosh In (%)
Sinee 1 = 1o o MI/KT

Adl/RY

Q-lm = cgosh 1n (%0 e w)

g

Put at the peak w?o o A"'/“---1(! = Temperature)
. (™ of the poak)

o'e Q.l max = oosh Iln (e Am/xe - /5T
"y

e =)

- cosh in [e MH/E /1 - ‘/t-)]
= gosh m/ﬁ (I/T - llfﬂ) (8)

This equation allows caloculatioan of the activation energy f{rom
the shape of & giaglg imternal friction poak, utilising the
experimental Q"x values obtained over o renge of temperature
encompassing the peak. This mey be useful im obtaining the
sctivetion energy for & single process in the absence of
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reliable "peak shift" data, There are certain processcs

in which, either, more than one species of solute participates
or one solute distributes itself im more than one type of
interstice. In such cases 4 does not assume & unique value.

The existence of & renge of reloxation times, no matter how
narrow, in place of 8 single relaxation time, will always

result in the broadening of the internal friction poak.

Provided ] obeys an Arrhenius type equation, the distinct
processes may vory from each other either by having & different
activation mergy, M, or by & difference in the rclaxation

time constant 1g. In these circumstences equation (8) moy

also be utilised to essist rescvliution of & brosdoned multi-
roloxation time internal friction curve into its cosponent simngle
relaxation time peaks. In contrast, eqguation (7) is only useful
wvhen dealing with on internal friction peak having & usique

reloxation tiame,
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i11. LITERATURE SURVEY .

This survey deals sainly with the behaviour of
nitrogen in iron and iron alloys, liovever, because of the
similerity of the effects produced in irom by carbon and
nitrogen, and beceause Loth give rise to similar internanl
friction peaks, mony investigators report experisents
involving beth solutes, Refercnce is made, therefore, to
work on carbon where this is relevant to the overall discussion.
1. Theoretical Trestises and their bBxperisental Verificatioa.

Voodruff iy was the firet to notice am snomely in
the internal frictien of iron @8 8 function of temperature.
Lhilst studying the effect of tempersture om the time of
decay of itool tuning forks, a distinet minicum was observed
st appromimetely 70” C (£ = 126 c¢/s). Eince the time of
decay is inversely proportional to the imtermal friction, this
correcponids to & maximwm or poak value of damping at the above
tonporature. These observations were also the first to
demonstrate thot the tesperature correspondiag to the internal
friction peak is frequency dependent, being higher the higher
the frequency, for & given process., More than thirty years
later, Euoekm) showed that & wire loaded with anitrogem produnced
an internal friction peak whose height was approximstely oqual
to the weight per cest of aitrogem, and thet the peak height

Y
decreosed uith tempering. In a secoond publioation( ). which
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followed shortly, the mathematieal trestment of internal
friction was considered end the familiar equation
-l LT P

s ; 1« (*w) 5
for o single relaxation time process derived. The exsct
physical mechanisa by which stress induced diffusion of
interstitial solutes gave rise to an intermeal frictiom peak
vas olucidated, as discussed in the previous section,

Polder (™) elaborated on Swoek's theory for b.c.c.
structures by considering & single crystal under uniasxial
stress in ap arbitrary dircotion. By postulating that the
solute atoms did not interact with each other, (t was shown
that for 0,01% C im solution, the megnitude of tho elastic
sfter-cffect, = 2/f,, should be 0,039, Simce the after-effect
ic related to the damping by the relationship

£
’lfl = 2 0"} mox (9)

this leads to & value of 0,0195 in teras of the demping peak
height., Further, given that the dissolved atoms could
nigrete directly only from one interstice to the (four)
nearest interstices, the diffusion coefficiemt of the solute

oould be ropresented by

pe _o? $ )]
36 *
The theory also mode the isportant prediction that the demping

should show strong anisotropy, being sero for & ecrystal stressed
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in a [311] direction sinco the interstitial positions are
all equivalent in reletion to the applied stress, snd there~
fore, no stress induced diffusion should ocour. Conversely,
the damping should be &t & maximum for a stress applied in
a [100] direction.

pijketre Y confirmed experimentally the saliont
features of Polder's theory. Purified single crystals, in
the form of strips 50 x § x 0,15 m.m., were nitrided or
carburised and their damping capecity measured. The amount
of solute presemt in solution wos estimeted by comparing the
electrical resistance of the spocimens with a calibration
graph relating percentagze incresse in resistance to the
solute concentration, The experimental results are susmarised
below:

iolute Urientation Lemping
0*03% C [100] 00215
0+01% C a11] 0-00125
0+01% N (el G016
0+01% N [121] 006012

These measuresents are in good agreeacut with the sbove theory.
The [111] erystals showed very slight damping due to the
presence of agbout 5L of amall orystals whose orientstion
differed from that of the basic crystal. The assuamption

that sutual intersction between the dissolved particles

ocould te neglected was also experimcntally substentiated,
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since Dijkstrs oltained s straight line plot relating the
damping to the concentration of sclute. The value of
000215 for a crystal having & [100] orientation and
containing 0.01% C compares favourably with the figure of
00195 predicted theoretically by Polder ‘..‘

A seocond theoretical treatise on the estimetion
of the damping value wos undertaken by ‘mit and Van Beurean -
who interpreted damsping as causing & change im the elastic
modulii of tho moterial, It was shown that & general
relationship existed betwoen the elastic constants of single
erystals and those of polycrystalline specimens ia cubic
netals. Using this relationship, it was estissted that,
for a polycrystalline specicen of rendom oriemtaotion having
0+01% § in solution, the demping at 17°C wes 0.0075. A
similar celoulation by Rawlings and Tesmbini (Myieldod 0.008%,
which agrees well with the previocus work and with the experie
mntally determined values of 0.0078 (“)lﬂl 0.0079 (“,.

The theoretical values of both Polder and fmit
and Van Beuren are subject to uncertaintios introduced Ly the
valuos of the elastic constants used, which are themselves
doetermined experimentally, and by approximations mado im the
course of calculation. For this resson the most reliable
mcthod of determining the proportionality factor, relating
the concentration of solute to the height of the intoraal

friction peak, is probtably an experimontal oae. Hevertholess,
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theoretical values of the proportionanlity factor and other
theoreticel predictions Lave been shown to be im substantial
agreemeont with experimental results and is striking proof of
the correctness of the theory.

The normsl texture conferred on irom by & drawing
process is [110], and much coatroversy exists in the
litersture concerning the effect of such 2 texture oa the
mpgnitude of the internal friction peak in polycry-tuli'h‘h.”:
The conclusion to be drawn, however, is that for the same
solute content, the internal friction will decresse with
increasing texture, A seocond point, arising from the theory,
which has been much debated, is the validity of the linear
relationship between the magnitude of the effect and the
solute content. The suggestion has been made that the
relationship obeys a curve ‘.‘.' lilowever, both theory and the
majority of experimental investigetions (22,30,3) favour a
lincar relationship. A study by lLagerberg and Joseffsson

of the influence of groin boundaries on the behaviour of

(26)

carbon and nitrogen in« -«irom, showed that the imternal
friction docreased with docreasing grein size for & givem
solute content. This was attributed to graim boundaries
trapping or absorbing eadjecent interstitial stoas.

The above observations, although important
thooretically, are mo less important from an experimental
point of view. £ince both texture and decreasing groin
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aiszse lower the internal friction, reproducible results
will enly be obtained if the specimens have random
arientation and large grainas, A large grain size reduced
the probability of complotely randoa orientation and a
comproalse must be achieved, Fast and Vwrijp(zs)ven able
to obtain conaistent results by recryatallising the specimens
above the x =Y trangitien (950.6) which effectively removed
any texture, The sean grain diametor aimod at was
approximately one-tenth the diameter of the wire i.e. 0,003 ,
3. Solubility lMeasurcmentas of Nitregen in Iron Below the
Eutectoid Tesperatupe,

A diagran of the iroan-nitrogen aystem is shown in
Figure B, There are twe stable selid sciutions, namely, the
face~centred cubdc ¥ -phase and the body-gentred cubic A -phasc.
From both a practical and a theoretical viewpoint, the d/d'ﬂf'
and the */ +¥ phase boundaries are extreuely impertant since
it is nitrogen in solution which causes ageing and hrittleness,
In order to understand and control the offeots of nitregen in
steel, it is imperative that the extent of the solubility of
nitrogen in A~iren be accurately knowm, Recent msasurements
have shown that the solubility of nitrogen in K«iren is auch
soaller and decreases much mere rapidly, with decrcasing

temperature, than wis previously thought to be the case,
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In performing solubility messurements, it is
important to distinguish the precipitated phase with which
the nitrogen is in equilibrium., The sta::’l,e phose is Fo ‘ll
vhich has a f.c.c. structure. DPijkstra s Whilst
studying the precipitetion of nitrogen from a supersaturatced
A=iron solution by the internal friction technique, observed
& metastable nitride phase forming below 300°C, JaeLMnoted
that the same precipitete occurred during the decomposition
of nitrogen martensite, Using X-ray techniques, the
structure of the new phase was shown to be body-centred
tetrogonal with » structurel unit comtaining eight (2x2x2)
distorted end exponded body~centrod ocubie units of the
original supersatursted solution or morteancsite structurc,
The cell ocontains at the most two nitrogen atoms at (0,C,))
and (4,4,%) and for convenience moy be designoted Pegh,
although up to one-half of the number of nitregen sites oay
be vacant. Thus below the entectoid temperature, nitrogen
in solution may be in equilibrium with either Pe ‘ﬂ ot Foss.
Sinoce l’o'l is motastable, the solubility of nitrogen in
equilidbrium with "8‘ is greater them for Po‘l.

Soveral investigations, using various techanigues,
have been mede to dotermine the solubility of mitrogen im
iren below the esuteeteoid. These results are sumsdrised in
Table I.
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Early investigetions undertaken by FPry (’.) Eisenhut
and Kaupp "’. and S;l't;rhn"’. yielded results which can no
longer be rogarded as acceptable. The first reasonably
cccurste deternination of the solubility of nitrogen in
ocquilibrium with FedN was that of xé.eu-m. who measured
electrical resistivity. It was found that a linear
relationship oxisted botween the resistivity and the
concentration of nitrogen in solution. Umfortunately
resistivity msasureasnts are not very reliable since they
are apt to de affected by other factors such as oxide filas
on the surface of the specimens, dispersions of fine
precipitate or guenching streoseos, as well as varying with
solute content., These results sust therefore be treated
with some reservation, nevertheless the agreement with more
recent values is surprisingly good.

The internal friction technique is ideal for saking
solubility messurements, since only atoms in solid solution
contribute to the damping process, precipitates havimg no
effect. Dijkstra (”J’ using this technique, obtained aitrogen
solubilities in the renge 200°C « $575°C. The experiments
enteiled quenching nitrided samples froa 590°C to form a
superssturated solution. Tempering at & given tempersture
followed until the maximum damping velue ressined constant
with incoressing time. 7This final value of damping was taken

a8 & mossure of the soclubility at that teaperature. In order




D e e T —— —————

26

to obtain a proportionality factor between damping and solute
concentrotion, resistivity messurements were used in conjumce
tion with the results of Koster ",. This showed that Q"

was equal to the weight per cent of nitrogen in solid sclutiom
to within an accurscy of ims. This foctor was assumed to
apply up to nitrogen, concentrations of the order of 0.07§5 wt,.i,
although direct cosparison with n;cur'- results was only
posaible up to 0.015 wt.%., The agreenment shown botweon
bijkstrats and ll&.tor‘s results is therefore to a large cxtent
inherent in the method of caloulation adopted.

Borelius et .15"’ noasured the solubility by an
isothernal colorimetry method. These results were mueh highes
than those obtained by Dijkstra ond cannot be considered as
reliable in view of the subsequent work by :-tm ot nl.‘",
who repested Borelius' work ond obtained rosults which were
17% lower thon those obtained in the first imvestigation.
Purther, by mossuring the elastic after-effect :\-tr;n olso
oltained results which confiracd the revised uinerh
resulta. The elaestic after-cffect experiments utilised &
relatively large spetimen imn the form of a codl. The
nitrogen content of the coil wes determined from the increcse
in its weight after nitriding. One end of the coil was
rigidly fixed whilst the other was twisted through & fixed
angle, held in that position for & sufficiently long time,

released, and the demping smossured im torms of the after-ecffect.
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The relation found between demping and nitrogea concentretion
wae not linear but curved. The devistion from linesrity,
however, was exactly of the type to be expected if sccideatel
precipitation occurred et higher teoporatures. This was
more than likely, since it is known that quenched iron-
nitrogen sclutions are cxtrescly unstable st high nitrogea
contents, and as the specimen was very cumbersome, efficiecat
quenching was not achieved, Acourding to the results, ¢
wire quoenched from the eutectoid tempersture at 585°C and
containing 0.1 wt.Z nitrogen in solution could mever show a
dasping velue grester than 0.055 at «18°C. The work of Fast
end Versrijp u”lhﬁuod that values of Q'lmax higher than 0+07 could
easily be oltainod st room temperature by quenching & wire
containing O+l wt.i nitrogen froms 580°C. 1In view of this,
the findings of Astren ave suspbod.

Parenipe ' lnvestigsted the whole of the irome
nitrogen system by o chemical ocquilibrium aethod in conjunctiom
with lepay diffraction. At any given temperature, carbonyl
iron powder was brought into equilibrium with IB,-lla mixturcs
of progressively higher ammonia potentials before quenching
into woter. Micro-kjeldahl analysos and X-pay diffraction
acasurements were made., The solubility limit was detected
by the sppearence of & second phase, Tho resultc were in
Sonsnarbis suramiinh AN Aidue 6 hisketes . alehough ssaid

discrepancies exmisted which were probably due to differonces
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in the physical nature of the specimens.

From the above work it is apparent that there is
& rcascneble measure of sgreement between investigations
using different techniques. The internmal friction method,
however, is the most gtiractive experimentally and is protally
sore accurate than other techniques. Fast and Verrijp -
wvere the first to use the internal friction technique to make
& couprehensive study of the sclubility of anitrogen in iron,
The damping of wire specimens, 10" long x 0.030" diameter,
was measurod by observing the decay of the amplitude during
free vibration in a torsional pendulum apparatus similar to
Sk deons B e ke e ATk A Aeenliih, Sl
experiments reviewed in this section, the reliability of the
solubility data depends largely on the accuracy of the factor
relating domping to concentration. Two scries of experiments
were undertalen to deteramine this fasetor. In the first series,
the wire ssmples were nitrided at 950°C in 995 X, + 1% N, for
varying times, quenched, solution treated at 570°c and quenched.
The height of the damping peak meesured af'ter the last quench
increased initially with increasing time of heating, but after
2 « 3 hours & constant value was resched. Ton peak heights
measurced after 3, 4, 8 hours were all found to lie within the

3 max = 0.021% 0+000§. Micro.kjeldahl snalyses showed

range Q"
the nitrogen content to be wt.X ¥ = 0°0265 T0-001. 1a the

second series, the wires were nitrided st 950°C, as above, and
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then st §70°C 4in Nily~il, mixtures to reise the mitrogen
content still further. These posk heights were found
to lie in the range 0'.1-: = 0.0585§ < 0+0008, ennlysece
gave wt.% N = 0.074 £ 0.001. These two series showed
that the wt.X K = 1.36 £ 0.040 " mox. ot 22°.

In general their sethod of determining soclubilitiee
consisted of tempering & superscetursted soclution of nitrogen
in iron st any given temperature in the renge 380°C - §80%C,
and observing n"lm as a function of time until no further
change occurred. The final vslue of n'lu: was teken as a
mecasure of the nitrogen solubility at that temperature.

The results ere summerised in Teble 1. At high ndtrogen
contents, the supersatursted solutions becamc extremely
unstable and reproducible results were not obtained with
nitrogen contents gbove 0+08f, With nitrogem contents
between 0+05 « 0.08% reprodueible results could oaly be
obtained by measuring very quickly a small nusber of points
on the intermal friction curve, situsted on both sides of the
peak, whilst no specisl precasutions were needed for aitrogen
contents lower than 0.03%,

Results that are too high may be obtained for the
= fo+ Fe,ii phase boundary by the presence of either finely
divided Fe4l precipitates or by l’eal forsstion. . Fast ond
Verrijp guerded against the formser by slow cooling their wires
from $80°C prior to resolution and against the latter by
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perforaing the experiments at temperatures higher than 300%.,
Their solubilities ere much higher thon those reported by
Dijkstra (33). This, however, is almost entirely due to the
difference in the proportionality constant used in the two
investigsations. If the proportiocnmality factor of Fast and
Verriip is opplied to the results of Dijkstre, this yieclds
solubility values which are greater than those obtained by
Fast and Verrijp. This in foot suggosts that their results
may be low due to sccidental presipitation.

Rawlings and Tembini oo aleo made & study of the
ofot Peqli equilibrinm in iron using intermal frictiom but
spproachod equilibrius from the opposite direction by
nityriding a wire contoining little or no aitrogen. Ammonia
ves passed through & cracking furesce ia series with the
furnece containing the wire specimens. The ammonis
potential in contact with the wires, and hemce the quantity
of nitrogen absorted, wes controlled by variotioa in the
crecking furnsce temperature, Hydrogen can alsc be absorbed
in this method of nitriding since the reaction may be
represented as

:lll, —> 22 +* 64
However, it has been shown ‘wthat the hydrogon peak, at the
frequency uscd, is st 100°K end its contpibutiom to the
nitrogen posk ies negligible. The 0" msx wos mcasured ss a

function of the ammoania potential st teaperaturcs in the
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rence .zso"c - §50°C. At sny given texmperature, the damping
first increased with increasing asmonia potentisl and then
decreased due to the formation of & case of Feyl. The
saxisum domping ottained at each temperature was taken as
the true messure of solubility et that tespersture., The
proportionslity fsctor was determined by anslytical methods
and found to be 1.28 at 17°c,

The results obtained were higher than those of
Fast and Verrijp partly due to the slightly grestes
proportiocnality foctor, but sainly due to the more efficient
quench obtained by Kawlings and Tambini, who used & smaller
and thinner specimen (2" x 0-02" diemeter). If the factor
of 1+28 is epplied to the results of nukmw, they agree
exactly with thase of Kewlings and Tambimi sbove 300°C., At
lover tesmperatures complicetioans are imtroduced due to the
possibility of the formation of Pa.l. The values gquoted by
Rewlings end Tembini for 350°C and 300°C could refer to
equilibrium with l'cal as the suthors did not offer evidence
to the contrery. Hovever, &8s they nitrided their wires and
did not measure the solubility by the presipitation technique,
the resulta probably do in fact rofesr to equilibrium with
Fe4. This suggests that the low temperature results of
Dijketro are high due to incoaplete precipitation.

The single selubility aeasuressat by Corney and
2‘nrkdo¢¢am, deviates less from the result s of Rewlings and
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Tarbini than from those of Fast and Verrijp. In view of
the foregoing discussion there is strosg evidenoce i favour
of the results of Rawlings and Tambini being the most
relisble, The solubility of nitrogen im o «iron in
oquilibrium with Po N, fron their dots, may be represented

by
log N = = 1649 + 07942 wt.S

T

(25
The values repocted by Fest end Verrijp ’!or

F.el are more reliasble than those of Dijkstra, and mey be
exproased by

log N = » 2160 + 2518 wt.%
T

tdmilar intermal friction experiments have been
performod on iron-carbon lnnyn“, with equally encouraging
results,

3. Precipitatioa Studies by Internal Priection Techniques.

In metallography, tie most widely studied
precipitation process is that which ocecurs in agoe-hardening
alloys. The systems which have received most attention have
been aluminium-copper, iron-carbon and irom-nitrogea.
Physical properties of alloys such as hardness cnd electrical
resistance chenge durin: precipitetion and auch clenges have
been used to follow ageing processes. liowever, these
mepsurements ore unreliesble simce the size, shepe and

distribution of the precipiteted phase imfluences their values.
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Internal friction measurcments have no such drawbbcks and
the technique has been used extensively ia the study of
precipitation from the X-iron soclid solutions of nitrogen
and carbdbon.

In studying precipitotion retes by intermal frictiom,
some importent considerations should be borne in mind, A
nitrogen atom will only contribute to the normal internel
friction pesk if its jump rate corresponds to thet for normal
intorstitiel sites. If its jumping rate changes by ¢ factor
of approximately 100, its contribution will be negligible.
ummm suggested that nitrogen atoms residing in distorted
regions of the lattice adjecent to greim boundaries or
surrounding precipitates aight not be properly measured, since
the mean time-of-gtay in susch positions would differ {rom thet
in normal sites. The graim boundary effect may be neglected
if specimens are not fine greined. The trapping of solute
atoms in the disturbed regions surrounding preecipitates will
oaly occur in the initial steges of the process whea the
precipitates are likely to be ocoherent, since bulk precipitates
do not eouse scvere lattice distortion. Atoms resoved from
sclution es precipitates will mot contribute to the damping.

The precipitation process is observed by measuring
0"lmax. s @ function of time: The decresse in 0" lmax.
occcompanying the tempering of a supersaturated solution
corresponds to the removal of sclute from solid soclution and
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the formation of a preeipitate.

Lijkstre ‘m—do a detailed study of nitrogea
precipitation in < -iron below the eutectoid teaperature.
In the first series of experiments the effect of diffesring
initial nitreogen contents on the rate of preecipitation was
exonined at & fixed temperature. Results indicated that
the rate of rejection of nitrogen froa solution was strongly
dependent on the initiasl concentration ond increased with
increasing concentration. In & second series, wires of
constant nitrogon concemtration werc tempered at temperastures
utheumo°c-§oo°cmmodma¢mnrﬁasa
function of time for each tesperature. From Dijketre's
cbservations it appesred that aitrogen was rejected froa
solid solution by two distinot mechanisms, one predominsting
at lowv temperatures and the other at high. The two proccsses
ocgcurred independently of each other, ot differecat retes, snd
had different dependencies on temperaturc. Micro-exsmination
revosled that both phases showed & Widmonstatten structure,
but wheress the first structure (Fegli) had & (001) orientation,
the second (Feyli) had an oriontation assccisted with a higher
order plane probably (210), supportimg the view that the two
precipitates cocurred independently. The obvious conclusion
was that tho nuclestion of Feyl sust be extremely difficult
at low temperetures. This is feasible since,it is known
from the loter work of Jeck S » the atoms of Foell have
the same arrengement as in A-~iroa. Therefore, the formation
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of its muclei demands & much sasller activatioa enorgy
than the formetiom of FeyN nuclei, in which the iron atoms
have the face-centred eubic arrangemont of ¥ «iron.

The observetions of Dijkstra mey therefore bLe
explainec oa follows. Vhen the temperature is relatively
low (below 250°C) and if the ireon is supersotursted with
reapect to both !o;;‘l and Poall » precipitation starts with the
forsation and growth of Pcal. After & much longer time,
the more stable FeyN mueclei appear and grow ot the expense
of the first formed precipitate. At higher temperstures,
above 300°C, thermal sgitation of the stoms in greaster and
Fe4N nuclei. form without such doley, It was slso confirmed
that the preecipitation retes st varying tcmperatures and
nitrogen comtents were in sgreesent with the standard
sucleation theory ‘”,.

\urtw also studied the precipitation of nitrogean
from supersaturated iron solutions with a view te obtaining
2 mathematicel expression which would sccursately deseribe the
ageing process. Precipitation to fore Foal end Feul wes
studied at tecperstures in the renge 25°C - 150°C and st 315°C
respectively. A preliminary attempt was made to use an
expression of the form

¥ ekt {38
where § is & conatant and } the amount of precipitate formed
in time L, to deseribe the experimental results, It was showm
that this equation was only valid up to opproximdtely 407 of
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the total preecipitation. This was attributed to inter-
ferencve bhotween adjacent particles of procipitate with the
accompanying general depletion of solute im the irom lattice
idn the later stages.

Clearly, en equatios which will oceount for
precipitation in the loter stagos sust take into scoount
the depletion of the sclute atoms from the matrix., An
altemative equation of the form

n
Ag [‘)-I-pr -(t./,) J (n)
Co
where AC(L) is the amount of seterial precipitated in time

%: L@ is the original solute content, 1 énd p are constants,
vas applied by Vert. The Fegh results plotted scourding to
this equation showed three distinct portiouns. The first
stage extended up to approximstely 205 of the total
precipitation, the second stage up to 8C - 90% and the third
stage accounted for the remainder., The g velues for the
first and sccond stages were 2.45 and 1.0. The third stage
was poorly defined and no g velue was obtained. Studies of
the precipitstion of Fejli showed only ono stage with p = 1.6,
In these experimonts there were two sein sources of crror.
Firstly, during tho carly stages of the precipitation process,
sxall errors ia the determination of (o and AC(t) were

reflected as large peorcentage errors in 1In 4C(t) .

Co
feconddly, there was difficulty in determining the exact

tompering time, especially at high temperstures, since the
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time of hesting snd quenching mey not be small compared
to the total mcasurod temperiang time. Hevertheless, the
experimontal dats fitted the adbove Lew, equation (11 )'. up
to about 80X of the totel precipitstion. More complex
equations’ 'heve been derived in sttespts to desoribe the
precipitation process over a still wider range., JNome of
these expressions, however, oppear to lead to a satisfactory
physical interpretation of the precipitetion process,

iener -~ postulated that the value of p obtained
by applying equation (11) to precipitation results could bLe
interpreted ia terms of the shepe of the precipiteted
particles, Veorking on this preamise, he showed that for
epherical growth, the volume increased ian proportioa to
(t - to) 3/2; fer cylindrical growth as (¢ - to) ‘/z and
for discoidal growth as (¢ - to) 5/2, thm $0 is the timo
required for the formation of the ncucleus. Vesrt found that
in the case of Fegl, p was approximotely s/3, thus by Zener's
reasoning, l’oaﬂ precipitated as discas and Lo was sero i.e,
there was no inocubation period. This conclusion concerning
spontaneous precipitotioa is contrary to the findings of
Dtjh-m‘”, who reported thoe existence of oa iancubstioan
period for tempering temperstures lower than 250°C. VUert
also predicted that carloa precipitated as sphoroids, but
an electron micruscepy -ucy‘” has shown that these
precipitates are discoidsl. Purther, Pitch and Lucke

obtained g values for carbide precipitation which were szaller

(52}
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(50}
than the minimum predicted by Zener. . Thus the attractive

model of VWert ond Zener, that the factor g was indicetive
of the shape of the procipitate, appeers to be unfounded.

‘”‘iu which two stages of

A theorotical treat=ment by liam
precipitation were assumed, showed thet the value of g
should be 1*5 for all particles, regardless of shape, in
the initial stage, ond 1°0 for the second stage provided
the size of the precipitated particles wos smell compared
to their distance of separation.

vert ‘™ studying the sisultaneous precipitation
of nitrogen and carbon, showed that the rete of ageing of
one type of interstitial was influemced by the presence of
the other. When bLoth solutes were present, the precipitation
rate of the slower vwas increased to egqual that of the faster
procipitating solute. This rete increase could be explained
eithicr by an incrcase in the number of nuclei available for
precipitation or by an incresse in the diffusion rete.
£4ince the shapc aml position of the individual nitrogen and
corbon interpal friction pedks vere found to Lbe unsltered by
the presence of both in solntiomn, the diffusiom rates of
these solutes are also unaltered. Vvert therefore concluded
that tho increascd rete of procipitetion sust be sccounted for
by an incresse in the number of nueclel, and suggested that
corbon or nitrogen could nucleoste massive precipitates of
each other or that 2 mixoed corbonitride could mucleate and

procipitate.
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(s3)
Fecont work on carbon preeipitation showed that

the kinetics of precipitstion changed when the ageing
tempersture was bolow about 60°C for irom-carbon alloys
containing 0.0225C. This was manifest by en incresse in
As the exponentisl im the Vert and Zemer Lew, (equatiom (11)),
ond a deocrease in the ectivation energy asscciated with
precipitation, the latter effect being attributed to a change
in the mode of nweloation. A more comprehicnsive study was
undertaken by Chollet end Crussasrd "’\vbo observed carbon
precipitation in the renge 23°C « 225°C for alleys containing
0+005 to 0+033%C. By plottimg $1/, VS 1/1, it was shown
that three temperature renges oxisted whero the kinctics of
precipitatiop was different; the limits of these reanges
incressed with increasing carbon content, These phomomensa
depended in 3 complex way on the muocleation and growtis of tihe
precipitetes. The suthors conceded that the transition Letween
the lnuand-ﬁdlom.vnm‘:,oodmmhmmod
nuclestion as preoposed by Doremus , whilst they attempted to
explain the transition between the middle and highest ranges im
teros of the growth fector. ,
4. DPetermination of Diffusion Coefficients by Internal Frictiom
Teohmiques. -

As shown earlier, the diffusion coeffiecient of :zn

intorstitial solute in iron is givem by

D = ._2, (3)
361




40

To escortain the diffusion covefficient at any tempersture,

it is sufficient to observe the relaxation time 2 at that
temperature. This value is found immediotely from the
position of maximum desoping, since at the posk wr = 27 ¢ & 1.

By varying the frequency, the coefficient of diffusion at

other temperastures can dbe determined and, Ly plottiung lm D

vs 3/1, the sctivetion emergy for diffusion cen be estimsted.
Doth cerbom snd nitrogen diffusion ecefficicnts obtained at

low temperstures by internal friction techniques agree well
with values extrapclated from results obtaimed by conventional
diffusion experiments at higher temperatures. This agrecoont
confirms the hypothesis on which equation (3) depends f.e. that
the interstitial stoms, in.l~iron, move ounly ®/2 cos. to nearest
neighbour ianterstices in esch jump. f4ince the fnoek relaxation
dopends on very small displocements, peasurcemsents of internal
friction allow the determination of diffusion coefficients
which sre very much smaller then those determined by the
conventionol method, where nsumerous juaps ore necescory to
produce & measurable difference in 8 concentration gradient.

If, for example, the diffusion coefficiont of mitroges io « ~iron
ét room temperature was o be measured by conveantional acthods,
this wuld entail anitrogen diffusing from & nitrogea rich alloy
into pure iron to @& minisum depth of Oel « 0+2 oms. This
distonce is epproximately equivalont to 10" elencutary jusmps

(59)
of & nitrogen atom, end it hes been estimated that, since the
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atoms move randomly, this would require & period of a million
years. Stuch a caloulation illustretes vividly the advantages
offered by internal friction mcthods in this flield.
u‘m"’ mbde & study of the diffusiom of corton in
o =irom, in the range «35°C to 200°C, using relsxtion phenocwmena.
In order to measure ] over this range of teaperature it was
necessary to vary the froquency up to approximately 1000 ¢/s.
A single internal friction technigue could mot be employed,
and use was mede of the clastic after-effoct for sub-sero
temperatures, the torsion peadulum for ambient temperatures
and o magneotically drivon torsion pendulum for higher
tomperatures. In sddition, a precipitation teclimique was
used to deduce the diffusion coefficicnt im the range 150°C -
200°C, since precipitation cocurred too repidly to allow
relaxstion peak mcasuremcnts to be made with certainty. The
results of S-tulcy(’”. obtained by conventional sethods at
500°C = 700°C, were taken in conjumetion with the other values
to give & plot of In b VS 1/'t. This gave & straight line,
indicating the constancy of the activotion energy for diffusion,
4il, over this wide renge of tesperature. fimiler techmiques ()
vere used in the deternination of nitrogen diffusion coefficients
but the tempersture ronge invostigatcd was much shorter, =30°C
to 50°%C., Vvert and zmw‘.)aho reportced values for Do and

the ectivetion energy for diffusion.
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In addition to determining the diffusion
coefficient of nitrogen at room tomperature from the position
of the relaxation peak, FPast and th:jp“” slso reported
volues for higher temperatures in the «£ and ¥ panges., They
utilised the fact that desorption of nitrogen from iron wires
by hydrogen is diffusion controlled m}. Iron wires loaded
wvith nitrogen were held for varying periode at different
toemperatures in & stresa of wet hydrogen to allow desorption
to occour. The wires wvere subsequently quenched, givean &
homogenising trestment amd the height of the internal friction
peak mecasured to give the pesidual nitrogen ocontent, Fast
and Verrijp showed that a plot of log S max (8) (<= ©.3)

2" max (two)
versus time gave a straight line plot from whieh the diffusion
coefficient of nitrogen at & given desorption tempereture
could be celoulated. These mcasuresents showed that the
diffusion coefficient of nitrogen inX ~iron was mueh greater
than in ¥-iron. At 540°C, the diffusion coefficient of
nitregen in «=iron hed already surpsssed the 950°C velue for
nitrogen in ¥ -iron, while at 950°C, the extrapoleted value of
diffusion coefficient in X-iron was about 50 times greater
than for ¥eiron,

The results bf the investigetions discussed above
are shown in Table Il in terms of the constants Al and DU in

(&)
the diffusion equation. The work of Dusby s Who olt ained
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TABL" 11, ACTIVATION INERGY 708 PHE DIPPUSION OF

a7

NITROGEN IN ( - IRON

Peffuston equation af the form D « Do ¢ V/ar

Pasit and (60) (63) Wert and (()) (64)
rorpigp () Vet Busdy Soatths K3
18,600 18,200 18,600 17, %00 20, 000
0+ 0068 0008 00 0012 00024
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his results by analysing specisens after nitriding for
various times; cealculating the fractional ssturation and
hence the diffusion coefficient, is included for compesrison
together with the sctivetion emergy obtsined by ke < .

In Table IIl1 sctual values for tho diffusion
cocfficient of nitrogen, according to various lanst:.g?ters,
are shown for several temperatures. Vert and Zener gave i
only & few results over a sssll tempersture range, while %ert
obtained several resunlts but only at low temperstures.

These results have been extrapolated in Table 11l to give a
comparison with those of Fest and Vﬂf&jp“' whe ﬁbedud a

few values over a very wide teapersture range. On belance,
there is little to choose botween the results of Fast and
Verrijp and those of vert, the discrepsncies in their results
can be explained by the difforence in their values of Lo.

There is also ressonasble agreement with the results of nuby(m.
S« The ftudy of Ternary fystoms by Internal Fpiction Techuniques.

This discussion, so fer, has dealt with effects
produced by nitrogen atom movements associsted with a umique
type of mite ia the irom lettice. The introductiom of o
subatitutional stom into the iron lattice gonerslly produces
alternative sites im which the mitrogen atom can reside. This
say result in either the normal “nock peak bLeing broadened or
the tor-‘l:?oa of an additional separate peak. Fast and

Dijkstra compared the shape of the internal friction peaks
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TABLE 111, DIPPLSJION COEPPICIENTS OF NITROGIN INX = IRON

(60) (63)

Temperature Past and . Wert Busdy Wert and |
2 Verrtfp Zensy
20 122078
50 19 = Io’”
100 832207 »g 220¢
o 142 = 2077 2.8 ¢ 20™°
500 562200 2121° 4?2100 2.4 3 207
e ezl ssw10® 1321077 69 = 10~
0 vee2”? 2852107 ez’ 2447 m 10°7

950(x) 32 = 20"
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and the retes of precipitstion of nitrogen in iroa and iron
containdng 0,5 at. ¥ mengamese. They reported that menganese
shifted the nitrogen peak from 25°C to 32°C and incressed ite
half-width from 25 C° to 36 c°, clearly indicating that sore
thon one relaxation tise was operetive, This broadened peak
could be resolved inte two single relaxzation time curves, ome
of which pasced through & maximun st the same temperature os
the pure iron nitrogen alloy whilst the maximma of the other
was at a temperature sbout ten degrees higher. Therefore,
for a given temperature, the second peak had a loagesr relaxation
time than the first and consequently the mitrogen otoa had @
longer mcen tise-of-stay in the interstitial positions
associoted with this second peak, It wes natural to regard
this phenomenon in terms of the reletive affinities of
manganese ond iron for nitrogen. The heet of formation of
Fe 48 is 0,9 Kcol/mole and thst of ~3.3 N i3 « 23 Kecal/mole.
This sug ests that nitrogen stoms mey reduce their energy by
ocoupying interstitial positions where one or more of their
immediate noighbours is en atom of mEngenese, Damping
ssasurenents show that once "imprisoned® in this way, the
nitrugon atoms remained copeéble of jumping (or there would be
no peak) but st 8 reduced jump frequency. It wes noted that
panganese inhibited the precipitation of nitrogen from solutioa,

Later work, by Dijkstra and Shd.k“‘{ confirmed the

findings of Fast and Verrijp ‘.’M attempteod to explain the
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results. In order to conceive & meclianisn which could give
rise to the mangancse peak, it wvas pustuloted that the six
interstitisl positioms surrcunding a manganese atom in the
lattice had, for aitrogen, & free enorgy level lower than for
8 normal site, giving rise to & nev relaxction tise,7fo « Mn,
Thua, the manganese pesk was attributed to jumps between &
Fo « Fe interstice aml a Fe « Mm interstice. Ia order to
explain the decressed rate of nitrogen precipitation ceused by
manganese, distinction had to be made botween the two types of
equilibria which could exist due to the great difference in
the diffusion rates between substitutionul amnd interstitial
atoms, Dijkstra and Sladek imterpreted their rosults by
consideoring that, vhen conditions were such that the
substitutional atom participated im diffusiom, mitrides with
a differcnt alloy content from thet of the matrix were formed,
(ortho=precipitate ), it the substitutionsl atom did not
diffuse, the nitride precipitate imherited its alloy comtemt
from the metrix, (pars-precipitate). They suggested that
nanganese slowed pora-precipition of mitrides by reducing the
nusber of evaliiable mmoleds

More detailed studies ‘¥®lug csted that it was not
possible to explain the msrked retandstion of precipitetion
caused by mengancse simply by postulating that vhe nitrogen
Jump frequency was reduced im the presence of manganese,
Fost'¥htated that this phonomenon could only be sstisfactorily
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oxpleined by teking imto considerstion the interactiom of
nitrogen and pairs of sengenese atoms. lle suggested thet '
due to this interaction & third moxisum ia the damping ocurve
should emist at tomperatures much lower than that of the
nornal pesk, VYhilst this peak would only show as & shoulder
on the desping curve in & 0,5 ot ¥ in alloy, it should beoccas
the dominont peak in & 2 st % 'n alloy, simce 15% of all the
nénganese atoas have & ssngenese atom as & nesrest neighbour,
It uas, thorefore, postulated that the crecter part of the
nitrogon in sclution was bound Co pairs of sangenese stoms,

Investigetionl®bf iroa-carbon alloys containing
DS at & Nij 0.9 ot % Mog 0,5 at 5 Cpj 0,5 at % a) and
Ue§ ot % V, showsd that the position and shape of the carbtom
peak wos the same for eech of these slloys as for pure iroa
mmmmmmwmhmm-sfc
to 2007, It was reported that the carbon comtent os
deternined by analyocs and by peak hedghts did mot agree,
analyses gave results which were very much higher than the
dasping pesks sugoested, Although oo explenstioa was offered
it would appoer to be cobvicus that in some cases carbide
forzztion had coccurred, however in the cose of nickel and
oanganese which do not form stable carbides, the results are
rether surprising.

In iron-vonadius-aitrogen and iromsmolybdenume
nitrogen alloys no poak cempareble to the Mn = ko « Fe peak
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...M.Madtntlutpnk.t.nchhw

tempersture than the normal nitrogen pesk was oburved““ .

Fest and leijering™ made & close study of ironenitrogen
alloys containing 0,5 at * Vv, It was argued that since
manganese produced & broadencd peak, an element having e
higher chemical affinity for aitrogean would produce en
abtnormal peak &t a very much higher temperature. Vanadium
uas chosen simoce it has & much higher chemical affinity for
nitrogen than nanganese., An abnorsmal peak was obtained at
approximotely 88°C (f » 0,7 o/s.), which wes in agreement
with the provicus observetions of Dijkstre and s:l.odek’“,mopt
that the sbnormal pesk appesred to be governed by more than
ono relaxstion time, wheress the former workers considered
the abpormel peak Lo be described by s single relaxstion time,
Fast and Moijerind™eound thet the venadium acted differeatly
from manganese in two respects, Fiestly, the venadium elloy,
unlike the manganese slloy, could contein large emounts of
nitrogen (up to ome atom nitrogen/atom venadium) without
showiag say intermal friction. ITwo damping poaks were found
ocnly vhen the slloy contained freeo nitrogenm as well as
chemically coanbined nitrogen, fecondly, venadium incressed
the rate of precipitation of nitrogen, It was found that
with increesing time of nitriding et 950°C, the abmormal pesk
reached its raximunm first and then recmeined statiomary until
the moximum of the normel peak was attained, The abnormal
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peak was also shown to move towerds higher temperatures with
increasing nitrogon content. Peak heights were lower than
expected from chemical amalyses, this being due to the
formation of VN procipitates and te precipitation cccurriag
during the seasurenent of the peaks, They sugrested that the
abnoraal peak was duo to the presence of finely distributed
precipitotes of vanadium nitride creating "abnormal®
interstices in their environment, where nitrogen atoas were
more strongly bound tham in normal interstices. The low
temperature peak was at the ssme temperature &s for iron-
nitrogen alloys end was umicoubtedly due to the normal type
of intorstitial jumps.

¥“hile tho presemt work was in progress (1061),
Fast (%) in the light of work done on vemsdium solubility im
the Fe~Vell gystem by Fountain and Chipmen W altered hLis
interpretation of the mechanisa asscciatod with the abnormal
peak, lie reported previously umpublished work on tho effeect
of aluminium and titanium on demping in ircn-aitrogen alloys
wvhich failed to show abnormal peaks in the presence of AlN
and Til prescipitates. Experiments using copper additions
vere also quoted, which indiceted brosdening of the normal
peak when copper was in solid sclution but showed mo effect
vhen copper was present &s & presipitote, In view of these
results, the mechenisa proposed for the Fe-Ved abnormal peok ™
could no longer be considered valid, Eince Foumtain and
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Chipman had shown that the solubility of VE in irom at 950°C
was measurable, Fast scoepted that & mochaniam involving
vanadiue and nitrogem otoms im solutiom eould be responsible
for the abnormal peak, Ilie obtaimed evidence for this by
showing that wires contaiming venadium snd nitrogen heated at
950°C and quenched gave on abnormal pock, whereas wires held
in the X -range at 830°C, where disscoistion of Vi was
negligidble, showed caly the normal peak,
6. Theormodynamic investigations of the Fe-Vall System,
While thermodynamic data om the formetion of VN is

avuublom{ little work hes beem done on the Fe«Vell system.

Pearson and mwmm a theoretical expressioa
which allowed caleulatiom of nitrogen solubilities in the
presence of vanadium incle fron. This, however, waes based
on the assumption that the solutes Lehaved ideally, Ia view
of the strong chemical affimity betweea vanadium and unitrogen
this would appear to be uanlikely except in the cese of o.:tml;
dilute solutions,.

Turkdogon et alm,tnnctgcn.od the effect of C©,u16

and 0,037 £V on the solubility of nitrogen in iron, They
concluded that vonedium nitride did not appsar to form at
nitrogon potemtials lower than those required for the forsation
of iron nitride (Fe, N) and that lienry's Law wes obeyed for
solutions containing up te 0,05 5V, The foramer conclusion is
surprising, in view of the high nitrogen sbsorption rates




52

)
found by Fost and lMedjering 4in irom-venscium alleys using

very lov nitrogem poteatisals.

Fountain snd ChipmenPbarried out the most
comprehensive investigetion of the Fe-Vel system and determimed
sany thermodynamiec propesrties., In the context of the preseat
work, their values for the solubility product of venadium
nitride in eguilibruim with dissolved nitrogen and vanadium in
the oL and ¥ ranges is of particulsr interest.

Prom Y+ N> W 3 Ke[3g][e % K]
1t was shown that for Yeivon Kk o « 7070 , 5 a9

T

and fop o « diron ke =2830 ¢ 2.45
T

The ectivity coefficient of anitrogen im irom (i) was shown
to be strongly influenced by venadium content., At 9509C
Fountein and Chipmon give the relationship
log £y = =047 [8V]

which indicates strong negetive deviation from ideality, as
aight be expected from the high chemical affinity boetween
nitrogen and vanadium. Recent Russian work (”d“ sugzested
that the activity coefficiont of nitrogea is independent of
vanadium content, Thus oconsidereble uncesrtainty still appears
to exist on the thersodynamic properties of these alloys.
7« The Present Investigetion,

Only two previous investigotions, by Dijkstrs and

(o)
Eladek ““and by Fest and Meijering , have included work om
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the internal frictiom of FeeVell alloys. Ia bhoth cases omly

o single vanadium content was studied end Fast and Neijering
alone have attempted to discuss the nature of tho' "abnoroal®
high temperature domping peak. No attempt has Loen made to
determnino the activation energy associcted with the peak or
to explain the reported shift of the peak with verying nitrogea
content, It is also rather surprising thst no similer peak
has been reported in the Fe=VeC system since the effects of
aitrogen and cerbon are usuaslly similar ia their iaternal
friction effocts. The effect of vanadium on nitrogen
precipitation has also received little attemtion, Io view of
this situstion the preseat ianvestigatiom was undertaken im the
hope of obtaining further informstion om the hehaviour of
nitrogen in alloys containing varying amounts of veandius,
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IV. EXPERIMENTAL APPAKATUS
Akl
SPECXMEN PREPARATION.

1., VYacuum Casting Unit.

Since spoeeimens of the highest possible purity were
desired in the present work, the raw oatorials used were the
purcst obtainable and the iron-vanadium alloys were produced
in & vacuum molting and casting unit, A line diagram and
photograph of this eguipment is shown in Pigure 1. The
apparatus oconsisted of three parts, namely (1) the smelting
chamber, (2) the casting chamber, and (3) the pumping system.

The melting chamber was constsucted from a thick
silica tudbe, 18" high x 4-5" diasster, one end of which was
ceonsnted, by amsans of blagk wax, into a stecl flange which
formod an o-ring sesl with the top of the casting chamber.
The upper end of the tube carried a stoel head into wvhich was
fitted thermcouple and observation ports. Attached to the
underside of the head was a radiation shield. The steel head
and flanges at the ends of the tube were water coocled. Around
the middle of tho silica tube was wound the cupper induction
coil.

The casting chamber was a large oylindrical steel
vessel, approximately 17 high x 17° diameter, seoaled at itas
lowesr end and having & demounteable top. Set into this top,
in addition to the silica tube, was a large observation port,
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a device for making alloy additions under vacuum, and an
extension which allowed a Penning Gauge hoad to be attached
in a position unaffected by the electric field of the
induction coil. The alloy addition seschanism consisted of
four small bottomless buckets bearing on a berass plate. By
rotating the buckets, their contonts could be discharged
into the 0" x 3" dianeter crucible via a ehute. The chute
was retracted during casting by a suitable sechanism.
Positioned centrally inside the chamber was the casting
basket, The crucible could be raised from this basket, by
noans of a rack and pinion, into the induction colil. Once
the charge was molten, the erucible was lowered to its
formesr position and the metal poured into a cast iron mould.
It was found necessary to heat the sould in order to obtain
sound bars and power for this purpose was supplied to a
mould heater via two electrodes inserted into tho side of
the chasber. Approximately 2 lbs. of alloy was obtained in
oach heat and this was cast into a bar 1" diameter x 9" long.

The pumping system conaiasted of a three stage oil
diffusion pump, 30" high x 7" diameter, rated at 800 litres/
adn, at 10™%, backed by a single stage rotary pump, rated at
700 1itres/min. The valves in the pumping aystean were 80
arranged that it was possible to ifsolate the diffusion pump
both when commencing to pump and when adaitting air into the
ayatoa, A Pirani gauge-head was located on the high vacuum
aide of the diffusion pump.
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Pressurce measurements were effected by both the
Pirani gauge (range V.5 - 0°00L mm.lig) and the Penning gauge
(range § - 01 u), Pressures of the order of 0.l - 0«2 n
were realised in this unit.

Power was originally supplied by a Philips high
frequency induction unit (10 kw, 400 k ¢/s.). This unit
was not satisfactory as the gases evolved froa the charge
ionised under the combined effoct of the low pressure and
the electric field, causing a glow discharge within the silica
tube., This discharge was auto-gcatalytic and had the effect
of absorbing all the available power;, resulting in the
rescliidification of the charge, thereby giving rise to cracking
of the erucible. Various rates of heating and periods of
soaking at red heat were used in attempts to overcome this
difficulty but these measures proved inadequate. Finally, a
Kadyne medium frequency heater (2@ Kw, 1-10 K ¢/s) was obtained
which obviated this difficulty.
3. Production of Alloys.

pifficulty was experienced in obtaining a crucible
which would not erode, nor crack nor contaminate the metal by
chemical reaction. Theoretical choice, from the point of
viow of stability of the oxide, favoured magrnesia as a crucible
material. Magnesia had the added advantage that any
decompositior which did occur would not comtamirate the melt
with magnesius astal since magnesium is insoluble ir iron and
would volatilise undesr vacuum.
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Attempts were made to manufacture slip cast
magnesia orucibles, the rav material being pure magnesia
which was carefully washed and dried before grinding in a
ball-nill for several days to ensure a fine particle sise.
Magresia crucibles were slip caat from a colloidal dispersion
of magnesia in absolute aloohel using tapered plaster-of-paris
moulds. Contrary to expectations, the shrinkege of the
crucibles was so amall that oven with tapered swulds stripping
of the erucibles could orly be achieved by breaking away the
mould, Several crucibles were thus obtained but they all
oracked elther wvhilst drying or during firing. This technique
was abandoned.

At 1600°C alumina is as stable as magnesia and, as
an alternative, high purity recrystalliised alumina crucibles
were obtained in the knowledge that there was a poasibility of
the decomposition of alumina occurring, resulting in contamin-
ation of the melt. An eatimation of the possible extent of
the reactior may be made as follows.

The reactios concerned is Aljo, -~ AL . g

At 2600°%C log K = =« 22:3 "7

oo [0 m]? . [0 0]3 ~ 10713
It is obvious that the amount of aluminium contamination will
depend on the degree of oxidation of the melt, The iron
used was very high in oxygen (0+15%) so that initially the
oquilibrium smount of alusinium is negligibly saall(~5x 1074%),
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lHovever, since the melt was deoxidised with carbon, the
final oxygen content is much less ("10'519 and, under these
circumstances, considerable aluminium pick-up would be
possible. The extent of reaction would be dependent on
kinetics, nevertheless some aluminium pick-up could be
expected if the metal was held swlten for long periods aftor
the deoxidationr by carbon had ceased.

The pure alumina crucibles used were extremely
unsatisfactory in that all the crucibles cracked before, or
Jjust as, melting of the charge occurred. This was puszzling
and rather difficult to explain. It was possible that this
was due to the way in which the charge meolted in the induction
coil, since it was noted that the middle melted first and this
probably led to molten metal falling onto the bottoam of the
crucible and causing spalling. Ko explanation could be
offered for the few cases vwheore cracks were observed, on the
bottom and side of the crucible, before there was any evidence
of melting having ocourred.

Attention was given, next, to ramming mixtures in
the hope that a mechanically sound crucible could be produced.
Lircosil (Associated Lead Development) ramming mix allowed
strong crucibles to be made with relative ease, The green
crucibles were oven-dried (100°C) before being fired in the
induction coil of the melting unit, under vacuum, using a
graphite susceptor to heat the orucible. Crucibles so

produced were successful in eo far that they did not crack,
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did not evolve large quantities of gas, and resisted errosion,
allowing the charge to be hsld solten for lengthy periods

(1§ = 30 mins.) to ensure homogenisation of the melt after
alloying. The mix consisted of a sirconium silicate (an
extremely stable compound) with ammonium phosphate added as

a bond. Thore was little possibility of siliocon pick-up
from the szirconiua silicate, however, the asmmonium phosphate
bond, oven after firing under vacuum, was only partly
volatilised, and the casts made in these crucibles weore
contaminated with phosphorus by as much as 6G.095P, It was
hoped to reduce the amount of phosphorus pick-up frea these
ocrucibles by masking several casts in the same crucible and,

by analysing successive casts for phosphorus, establish
whothesr the inoroase in phosphorus content could be gradually
reduced, and eventually eliminated, due to the scavenging
action of the preceding casts. This progreame was unsuccess-
ful since it was imposaible to obtain two consesutive casts
from the same crucible due to cracking. Experiments with
high temperature sintered sircon crucibles with ne bond were
unrevarding, their sechanical properties being inferior to the
bonded type. The spalling resistance was much lower than for
rammed crucibles, resulting in failure by cracking. ZIirconia
crucibles contained in larger rammed zircoasil crucibles finally
proved satisfactory. Whilst these difficulties were being
resolved, soveral casts were made by courteay of Via~Vac Ltd,
in their plant at Wishaw. The casts werc made in a 24"
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vacuun furnace using sirconria orucibles.

Initially slectrolytic iron was used as the base
material until it was discovered that the metalloid content
was higher than the preliminary analysis had indicated.
lidgh purity Swedish iron, kindly supplied by B.I.S.i.A.,
having the analysis showr in Table IV was finally used.

The oxygen content of the iron was extremsly high
neceasitating deoxidation with apectroscopically pure carbon
due to the hasards involved in the use of hydrogen as a
deoxidant. The quantity of carbon added was slightly in
excess of the steichiometric ampunt, to ensure cosmplete removal
of oxygen. It was thought that the sxcess carbon could be
resoved from the specimons, later, by treatment with hydrogen.
The deoxidation resction may be written < + 0 < CO (gas)

aC a0
(m

This equilibrius constant is given by log K = 3048 + 1+0643
T

At 1600%, K = §°55 x 10°,
Since pCy = pressure in the vacuum system ~1+¢3 x 10"7
atacspheres, the solubility product aC. a0 — 3¢5 x 1070, The
residual carbon content in the casts is approximately 0.01%,
20 that the residual oxygen content in the msetal should be
spproximately 107°%, a negligible value.

The genesral prodedure adepted in produeing the alloys
was to place the carbon in the crucible first and then place the
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TABLY IV, ANALYSES OF SWEDISH IROR

C o O.00f St = 0.008% M e 000278
S @ 00097 P = 0s001F Ft « 0-0087C
Or = 000257 Mo = 0008 : ¥ = <Oe0ld
7 = 00008 Tt = 00009f Co = 0.0085)
Al « 0wON18) Cu = 000875 Sn e <0eqlf
0, =" 0,15%

2

wunouo‘, Pe = 997851%

Fithout € and 0, fo = 9993524

The analyses af the vanadfum used feor alieying were
C o 008 08 = 0«0857

Ny » 0+ 0S5/, 1, = 0 002 8%

¥ = Ddalence
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firon charge on tep. Due to the high oxygen content, the
carbon-oxygen reaction was extremsely vigoroua, the effervescence
on mslting being such that most of the charge was thrown either
cut of the crucible or up onto the sides whore the iron beidged
and would rot melt, It was therefore nocessary to melt slowly
and to introduce an stmosphere of argon at 50 cas. pressure
into the melting chamber. Towards the end of the boil, the
pressure was slowly reduced until eventually it was less than
OsSu. Only wher the metal was quiescent was the vanadium
added. A further small release of gas usually followed,

The average charge was approximately 950 gms. of iron. Six
alloys with vanadium contents in the range 0-1%V wese cast.

The analyses of the various casts are shown in Table V.,

3. vorking of Alleys.

The cast bars were nmachined until a ssooth surface
free from blemishes was obtained. Keduotion by celd rolling
followed, in stages of 0:01" per pass, until the final diameter
of 05" was obtaired, DBefore drawing, the bars were vacuum
annealod for 1 hour at 700°C. The mechanical and thernal
history of the bars during drawing was as follows.

Drawn from 0s5" « 0+368", Vacuus annealed at 700°C for 1 hour
after every 457 reduction of areas.

Lrawn from 0:0268° « 0+047". Vacuun annealed at 700°C for

1 howr after overy 252 reduction of area.

Drawn from 0+047" « 0.,031". lNeo lutu'-.unlto anpeal. FReduotion

of area was $75
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4. Grain Sise and Grainrn Oriontation of Alloys.

It will be recalled that the internal friction is
dependent both on the orientation and grain sise. Consistent
results were obtained by having a msan grain diasetor equal
to approximately one~tenth the diamster of the wire and
randoa orientation. Sipce both these conditions were reported
te be satisfiod by recrystallising the wires at 900% - 950%,
this treatasnt was adopted in the present work,

Specimen wires from sach cast were soaled in
evacuated silica tubes and soaked at 920°C for 10 minutes
then normalised, Longitudinal soctions of wires were etched
in 3% nital and examined through a Vickers-Projection
microscope at X2300. The viewing screen had an area of
13:25 sq.ina. Approximately eight grain counts were performod
on cach wisre and the arithmetic msan talton, fractions of a
grain being counted as unity. The mean grain diameters were
found to lie in the range 0:00329" « 0+00478", coapared to
the diamoter of the wire, 0:031."

The orientation of the specimons was checked using
a flat~film camers of the hné type. The conditions used
were 30 sinute exposuros at 40 Kv, 30 maa, using a cobalt
target. Transaission photographs were taken both with the
wire spocimen stationery and rotating. In both casos, the
diffrection rings wesre of constant intensity, although rather
apotty due $0 the influence of the gFain sise ‘™), o
evidenve of preferred orientation was found.
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5. Heat Treataeut Furnaces.
(i) Horisontal Purnages.

Two horisontal furnaces were constructed for the
purpose of treating the wisres with hydroger and annealing
thea in vacuun. The ailica furnace tube, 3.5 diamster x
36" long, was wound with nichrome wire, 0+038" diamster, o
that the teaperature gradient along & 12" length in the centre
of the furnace was not greater than ' $°C froa the set
temperature. A control couple was cemented onto the surface
of the tube, at the mid-point of the hot sorme. The furnace
resistance was approximately 50 ohms. By msoans of asbestos
wool packing the furnage tube was held centrally in a
»"Sindanyo” (type of asbestos) casing 132" diameter x 24" long.

The two furnaces were connected €0 a common puspling
aystom conaisting of an okl diffusion pump (rated at 35 litres/
scu) backed by a single-stage, gas~ballast, rotary pusp (rated
at 38 litrea/min.). Valves were so asrranged that the furnaces
ocould be evacuated either Sogether or aingly, and the oil
diffusion pump could be isolated both when admitting alsy into
the systea and at commencement of evacuation. PFPressure
mssasuremsnt of the system was effected by a discharge tube
which blacked out at 10'3-.-.H¢- When the pumping systea
was not required, gas could be passed through the furnaces.
The water supply to the diffusion pump was checked by a
"Flowtrol® unit to guard against failure of the water supply.
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The tempessature in ocach furnace was controlled by
a Kelvineilughes proportional controller to within 2°C of
the set teaperature. Each controller had a broken
thermocouple aystem which automatically switched off the
power in such an eventunality. G&ince the current load was
too large to be safely handled by the instrument, a meroury
switch was incorporated into the eircuitey. The furnaces
were capable of & maximum teapersture of 950°C., Careful
calibration of the set temperature on the instrument panel
against the temperature in the smiddle of the furnaec, as
indicated by & chromel-alunel thermocouple amnd potentiomoter,
was made for each furnace.
(i1) Vertical Purnaces.

A photograph and line diagram of this apparatus
(Figure 3) is shown, Two vertical furnaces, with facilities
for gquenching, were built for nitriding the specimens. These
furnaces, apart froa being 132* longer, were identical in
congtruction, temperature ocontrol and pumping system as the
horisontal furnaces. In order to fasilitate quenching, the
specimen carrier, within the furnace, was suspended by a fine
wvire connocoted to two elcotrodes in the top flange which
sealod the furnace tube. Application of a voltage across
the electrodes caused the wire to aelt and the specimen carvier
fell inte a quenching bath which formed an extension of the
furnace tube.
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Gas linea fer hydrogen, ammonia and argon were
fitted to the furnaces. The ges systea wvas flexible in
that any combination of gases, either dry or saturated with
liquid, could be used, Description of the gas asystea ias
beast achieved by considering a flow diagram. (Figuwre C).

The varieus parts of the purification and sstering
syctom are descoribed below,

DLUXC, This is a patent platinised catalyst to remove

oxygen from hydrogen by the rosction.

IH: * 03 —— leo
DLSSICATOK (1) This contained magrnesium pesrchlorate.
DLSSICATUR (2) This contained a seolite (alumino-silicate)
molecular sieve material which is a very effective dehydrant
and absorbant for hydrocarbons.
VERTURI METERS, Calibratien of she hydrogon Venturi was
achieved by using a rotating drum gas moter. The smmonia
mster was calibrated by absorbing the assonia, for a msasured
period of time, in standard hydroahiloric acid and backtitrating
the excess acid with standard sodium carbonate, using methyl
orange as indicator. Calibration graphs, relating the rate
of flow to the pressure difference across the Venturi, were
obtained for hydrogon and amsonia.
SATURATUR. This contained eithor distilled watesr for wet
hydrogen treatasent or toluene for carburisation experiments.
COLD TKAP, This consisted of a tubs, filled with either a
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Figure C, GAS SYSTEM FOR VEKTICAL FURKACES,




72

seolite or activated charcozl, inside & Dewar flask packed
with crushed CUg4.

RESEKVOIK. The purpose of this was to damp any pressure
fluctuations iv the amwnia line, thereby ensuring a constant
assonia potential is the gas mixture.

MIXER (1) T7This was a flask containing two inlets, one for
asmonia and the other for hydrogen. Since the percentage
of hydrogen i tho gas mixture was much higher than that of
ssnonia, it was nevessary to draw the amsonia inlet tube
down 0 & fine nozzle, This ensured that the amsonia had a
high exit velocity and was unaffected by the relatively high
hydrogen baock-prossure,

MIXER (2). This was a tube containing glass beads to cause
intimate mixing of the gases.

The exit gases, froo the furnace, were paseed
theough a cracker furnace at 600°C to guard against free
ammonia polluting the atmosphere.

6. Torsicual Pendulus.

The pendulun was similar to that desoribed by Ke w.
Figure J. tssentially, the wire specimen, 11" long x C-031"
dianeter, was held at coe end in a stoel pin-vice attached to
a rigid stecl frame. Clamped to its lower end was an inertia
bar, 8 loug, with a small soveable surface mirror at the centre.
Small weights fitted ento the bar and ocould be adjusted to any
mu@umtum. This enabled the frequency to be
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varied from approximstely 0¢7 C/8 to 2+5 C/S, The tip of
the upright of the inertia bar dipped into an oil-dashpot
which damped out non-torsional vibrations. The wire was set
in torsional vibration by ensrgising a pair of strategically
placed clectronagnets. In order to facilitate rapid alignaent
of tho optical aysteam, facilities were provided for raising,
lovering and rotating the wire in addition to which the mirror
could be swivelled about & horisontal axis, The positiona of
the electromagnets were made variable to accommodate this
adjustaent.

Pour heating coils surrounding the specisen provided
msans of varying the temperature. Fower to the ocoll was
supplied from a Variac tranaferser. Incorporated into the
cirouitry was a relay operated by a himetallic thermostat, so
that it was possible to vary the temperature froms ambient ¢o
approximately 45°C. Temperatures lower than asbient could
be obtained by cooling with solid €0, The teaperature was
controlled to 2 0-5°C with a maxisum gredient along the length
of the specimen of - 3°C. The whole systea was enclosed by e
wooden cabinet, 40" high x 30* deep x 18" wide, heving a glass
door. Set fnto ths roof of the cabinet was a small fan which
alided conveotion. Care had to be exercised in setting the
fan speed, as too fast a speod caused excossive air currents
giving rise to lateral movesent of the wires.

A slit of light from a lamp (l3v, 34w), approximately
three metres distant, was projected onto the airror on the
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inertis bar. The reflected image pessed through o concave
lens, & fow inches in fromt of the pendulum, which focussed
the image cnto a plane focussing lems which, in turn, condensed
the slit into & spot on the surface of & recording drum. The
recorder consisteod of & brass drum, 10" long x 6" diameter,
driven by 8 synchronous motor at 0,§ r.p.m. A persaneat trace
was obtained by wrapping o sheet of lIlford BE3-1P Lromide paper
around the drun., All the experisents vere performed in
specially constructed darke-rooms. Cfample traces obtained are
shown 4in Figure 4.

For high tesperature work, a similar, but sassller,
pendulum was built, (See photogreph), The suspension
mechanisn was constructod into the top of a "Sindanyo" cylimder
12" diamoter x 15" high, Shorter 6" length apecimens were uscd
in this apparetus, the clamping, energising, optical aad
recording systens being es described ebove, The lower half
of the inner surface of the casing wes wound with 0,028*
dismeter nichrome wire, its current being comtrolled by a verisble
transformer. Three thersometers were inserted through holes
drilled down the side of the cesing, corresponding to positions
et the top, middle and bottom of the wire, oothit the bulbs
were no more than U,25% distant from the wire specimen surfsce.
To ensure good cireunlation, ond so ninimise temperature gredients
olomg the length of the specisen, & small fan was inserted at
the top of the container, In sdditiom a ministure rotery
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blowver supplied air at asbicat temperature iato the top of the
spparstus, Again ocare was needed in adjusting conditioms to
provont disturbance of the pemndulum., The tempeorature was
controlled menuslly and could be maintained within . 0.5%

of any desired teapersture. The maximum gradieat alomg the
leagth of the specimen wes less than . 1°C,

The shear strain oa the surfece of the wire whilst
being tested in either pendulum was not grester then § x 1073,
Conservatively estimoting the yield point of iron as 10,000 1lbs/
ins,, the stress on the wire due to the weight of the inertia
bar was less than 3% of the yield stress. These comditions
alvays ensured that the dumping wes amplitude independent,
this being verified by & plot of the logarithm of the
asplitude of vibration ageimst tho ordinal number of vibratiom.

A typicsl plot is shown, Figure §.

The amplitudes of vibration om the photographic traces
were measured by muler to withia : 0,05 cme. DBefore csloulsting
n-l.
of the light spot, Jle eamplitude greater tham 12 cms, or
smaller than 4 oms. vas msasured and the saximum estimated errop
in u"‘ was less tham 13, Clearly, it was desireble to measure
amplitudes which were as large as possible, The amplitude
ratio was ususlly coleulated on the basis of ten cycles, the
firet few cycles being discarded wherover possible, to climinste
any influence of monstorsional motion or remanent magnetisa

» csch measurement was corrected to account for the width
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affecting the damping. From each trace at least four values
of 0™} were measured, the arithoetic mesn of the results being
used. The frequency was mecsured by observing the number of
ocycles ccourring im one complete revolution of the recording
drum. All the values of 0™} guoted have been corrected for
background dampiag. This was measured on purified wires prior
to nitriding ond was genorally of the order of 1x10™3,

7. Purification Treatmeat,

Since it was necessary, during the sanmufacturing of
the alloys, to deoxidise the irom with carbon, the wires had
a small residual carbom contemt. As carbon itself gives rise
to internal frictiom it suft be removed from the wire specimens.
A conveniemt method, for carbon resoval, is to treat tho wires
in & strean of moist hydrogen for long pericds at a tomperoture
where diffusion of carbon readily oceurs., Under these conditions
carbon is removed by two resctionsi-

C + 0g—> CO3 - (1)
C + M;—> ci, (2)

the resction (1) being the more favourable,

Noist hydrogen (satureted in distilled water ot
osbicnt temperature) was passed over the wires at 700°C at a
rate of 120 ¢.0./min. (3.8 cas./min. lincar velocity) for long
periods. Pure iron wvires showed & background damping of
approximstely S x 10~% ofter treatmests lssting 30 hrs, It

was not considered desirable to purify the vanadium alloy wires
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with wet hydrogen simce it would possibly internally oxidise the
vanadiun, Dry hydrogen was used, the carbon being removed by
resoction (2). This recction is not very efficient and even
after 50«60 hours the alloy wires showed & background damping

of the order of 1,3 = 10"3, however, the sample wires tcsted

did not show any carbom peak, Since the background demping
varied from cast to cast, it wos assumed that the highep
background domping was inherent in the alloy and mot due teo
carbon, The wires were therefore considered purified after

8 trestment of at least 60 hours,




CHAPTER V,

EXPERIMENTAL.
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V EXPERIMENTAL

1, folubility lMeasurements.

Throughout the present work, aomonia wds used in
preference to nitrogen as the nitridiag medius, it is knowa
that the aitrogen/iron equilibrium is unfavourable, due to the
activation energy barrior of the surface reéction and, at
temperatures below 600°C, this rooction is extremely slow,

A moro ropid method of nitriding is to use ammonis which
decomposes on tho iron surfoce to produce highly active naczceat
nitrogen.

A series of experiments, usiag pure iron wires, was
undertaken to determino & suitable XHj = Hy gas mixture im which
to nitride the scmples, Tho ammonis potomtial desired would
just supersaturste the wires ot 590°C, if sufficicnt time for
equilibrium to bo established wes asllowed., Using the diffusiom
coefficient for nitrogen in {-iron determined by vert'® it was
caloulated that the samples would be homogenecus after 8 hours
nitriding. The work of LehrorPhugrested thet 10% Mijeil;
aixtures should be in equilibrins with saturatod A -iron at
590°c. Using deta obtained by Fast and Varrmm, a frequency
was caloulatod which csused the nitrogon peak to occur at &
temperature o fow degrees above anbient.

A nuabor of wires were aitrided at 590°C in 10%
ms-n, aixtures for times verying from 4 to 12 hours, The
gas flow of 150 c.c./nin.(4.8 cos./min,. lineor velooity)
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ensured that marked decomposition of the anmmonis did mot ocour,
After quenchiag into oil at 4°C, the damping wos measured at
23°C using & frequency of 1,34 C/8. The results obtained for
trestoents lenger than 6 hours lay withir the range Q" 'max =
3.72 2 10™% o 4,24 x 10”2, These values corresponded to
nitrogetu contents very smch lower tham the solubility of
nitrogen in« «irom at 590°C, It was comsidered thet three
fectors could scoount for the low results,

1, The Ammonia potential wes too low and saturation was
not attodned. En this case, & higher Anmonia potential
should produce higher demping values. '

2. The wires had beem overnitrided although no definite
nitride case was obsecrved microsecopically., A nitride case
would give low results since, although the mitride itself does
not causc damping, it has tho effect of roducing the volume
in which energy can be dissipsted within the wire, but does
not produoe & coprroesponding decresse in the emergy required
to cause torsiomal vibration. Thus the value of

inergy dissipsted within the wire
Enorgy imparted to the wire.

will deoresse.

3. Since & highly supersatureted solutien of nitrogea
is unstable, precipitation might have ccourred before ond
during damping meoassuresents. . However, the rcsults obtainod
were approximately half the expected value, and as only 10=1j
minuteos elapsed before the demping was neasured, it was
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considered that precipitation clome could not account for
such a lerge discrepency.

To test the possibility that the ammonia potential
was too low, new wires were treated under the same conditions
#s sbove in 20% Nt -, mixtures. For & given time of
treatnent the damping was lower for & wire treated ia 20%
Nty than for one treated in 10F NH3«li2, After 6 hours
trestsent, the damping was 3.03 x 10™° whioh decressed to
S.31 = 103 after 14 hours treatment, MNicro-examinatios
revesled & thick nitride case., It was therefore concluded
that *oth 10% m, and 20% "3 ges amixtures produced nitrogen
potentials which were too high cousing the wires to be
overnitrided., This indicates that the velues of ammonia
percentage suggested by Lehrer ML" high for a given
texperature, This is confiraed by Busby ‘?‘o noted nitride
formetion in sssples nitrided at asmomia potentials recoamended
by Lehrer.

New wires were nitrided in 3, 5.5, 8, 10% Wi, for
10, 16, 23, 280 hours total time. Imitially the damping
increased with increasing ammonia potential up to & maxisum
at 8% Nij, thereafter falling rapidly at the higher potentisls.
it appears thot samonia-hydrogem mixtures comtaining 85 Nii4
provide a potential which will ssturate the specimens at 590°C

without causing excessive nitride formetion,
It was desirable at the outset to know the capabilities

of the apparatus and in order to deteraine this, snd the
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accuracy of the technique employed in measuring the damping,
it was decided to perfors & few solubility seasurements,
The </« + ¥’ phase boundary was investigsted since this has
beon acocurately determined by Rawlings and tanblni(.n. and,
Past and Vorrtjp(‘”.

The method employed was similar to that used by
Fast and Verrijr im that procipitation was allowed to cccur
from a supersatureted solution. Four wires were nitrided
in 85 WHgeil; mixtures at 590°C for 8 hours and quemched inte
water., The practice of quenchimg into oil was obandoned since,
to ensure accurate results, it was of vital importence that no
precipitation ccourrod during queaching or messuresent of the
dampiag. Vater provided 2 much more effective quemch than oil,
The water was cooled to 4°C before quenching and the damping
was measured at 21°C using & frequency of 0,92 C/S, Two wires
wore used to determine the nitrogeam solubility at 350°C, 400°C
and 450°C and the other two wires were used at 500°C, At each
tenperature, the spocimens were held in o still atmosphere of
crecked ammonia for poriods of 0,5 hours to 3 hours, In
calculating the results use was made of the proportionality
factor obtained by Fast and Verijp. In Figure ¢ in addition
to the results obtained in this iovestigatiom alsc shoun are
thomof Rawlings and Tambini ™, snd, Past snd Verriss'™ .
Good agrecsent wes obtained betweem the present results amd

those of other investigations, It could therefore be cssumed
that the experimental technique was accurate,
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Attempts were then made to determine the effect of
vanadiua (0.155V) on the solubility of nitreogen in o -irom.

The mothod employed was similar to that deseribed sbove, Cere
was teken to ensure that precipitation wsas complete ot sach
tespercture and solubilities were mecasured st progressively
lover tomperatures so that at no stage in the experisents wos
re=solution of precipitate reoquired, The damping ccrresponding
tc cach tempercture was osasurcd at 21°C withinm 10-15 nisutes
after quenching using a frequemney of 0.9 C/S,

Figure 7 shows the solubility values obtained compared
to the solubility of nitrogen in pure iron, The rosults
indicated that vanadium spparently lowered the solubility of
nitrogen in <« iron, In am sttempt to confirm this, the
exporiment was repested using severasl different nitriding
troatments viz, 2 hrs in pure Ni,; 2 and 8 hrs. in 6% M3,
These results are 8180 included im Figure 7 and it is obvious
that certoin treatments géve solubilities very close to those
ohtained for pure iron, These results are discussed fully
later but in view of the data obtained it wes considered thet
further experisents would pot be fruitful,

2, The Activetion Energy for the Diffusien of Nitrogen in {<Iron,

The activetion energy of & process is an important
function as, in addition to allowing caloulationm of other date,
it cen be used to distinguish different processes. To determine
All, duplicate wires of pure iron, 0,1574V and 0,695V, were loeded
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with nitrogen at 590°C ( 8 hours im 85 My, mixtures),
Quenching was followed by a re=solutiom trostment at 300°C
to 400°C for 0.5 hours to 3.5 hours, After quemehing imto
water st 4°C, the demping was neasured over a range of
teuperature of approximately 10 c’ at frequencies of 0,91 C/s
to 2,34 C/S. Each set of wires wes tested at two frequencies,
one wire being used at each frequenoy. PFPigures 8 and 9 show
the results obtained for pure irom and 0,157% V respentiwvely,
and the relevant data is susmarised in Table Vi, The curves
shown are the best fit curves caloulated by equatiom (8) using
computer facilities, Unreliable results were obtained for
the 0,695 V alloyy 4t aged spprecisbly in the time required
for the determination of the poek (45«80 mimutes). The levels
of confidence were calculated for esch set of results, The
effect of a change in A]] on the shape of the theoretical damping
curve is shown in Figure 10, in which curves D and ! of Pigures
€ and 9, (41 = 21,000 cala/ficle end 16,000 cals/mole respectively),
are showa ia relation to & theoretical curve of AH = 18,500 cole/
mole, (the velue reported by Fast and Verrijp - ), through the
same experimental points. This indicetes that a2 small change
in shape csuses am apprecisble change im 4li.

Por calemlation of jli, by the altermative peoak shift
method, the curves with the grestest difference in peak
tempereture wesre used to obtain the most reliable 4}ji; the
experimentsal error here is estimeted to be less than 107,
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3: The Abnormal Peak in the Fe-V«li Eystem,

. In the following investigations venadium alloy wire
specimons, 6" long, were used in the specially comstructed
highetemperature pendulus. Difficulty was exporienced in
adjusting conditions s0 that the temperatusre could be varied
quickly and a minimum tcmperature gradient maintained. Many
experiments were unsuocessful due to convection currents
csusing the pendulun to vibrete non-torsionally. This movemsat
vas so slight that it could not be observed by the naked eye.
Its discovery only came after the experimeont wes completed and
all the troces had been devoloped, However, if groat cautioa
was exercised it was possible to obtain sstisfactory traces,
initisl experiments rovealed that the background damping did
pot alter significemtly im the range 20°C to 100%,

Preliminary experinents revealed thet no abanormal
peak wes produced vhen the vanadium elloys were nitrided at
590°C and quenched, This was in agreememt with the results
of Fast "’m found that the abnormal peck was evident ocaly im
wires which had been quemched from & temperature ia the regiom
of 950%,

Subsequentily wires of varying alloy comtemt wore
loaded with mitrogem at 3590°C (B hours in 65 Niqeil; mixture)
and quenched. They were thea sesled in thim silica tubes
snd solution trested at approximstely 950°C for 1-2 hours.
After quenching the damping was weasured from 15°C to 110%,
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The results are shown ia Figures 11 to 13 and the relevant
dats sussurised in Teble VII,

liigh temperature pecks were obtained in some of
these experiments;,; however, one surprising featurc wes
ismodiately evident from the results. The low temperature
pesks in some cases occurred at smeh highor temperatures tham
expected from previous experimesats at similar fregquencies.
This suggested that more than one relaxstion mechanisa was
operative and that the experimental curve wés the sum of twe
or moro relaxstion pecks. VWhile this peak shift might be
attributed to V-l imteraction, mo such effect has beem reported
by previsus snvestigesers."™ ™! 14 view of ‘Posules 118 end
11C, which gave low temperature peaks ot approximstely 36°C,
cleose to the normal carbom peak, it was comsidered that a much
more likely explanstion was that the wires comtained residusl
carbom in solid solutica., From the positien of the pesk
maximun it appeared that wires 110 and 11C coanteined proctically
no nitrogen whilst wire 11A contained little carton., The
remdining wires showed peaks at toemperstures between those of
nitrogen and carbon and geve lower computed L}l values, reflcoting
broadening of the peak. Using the computer (Programme 3), it
was shown that these broadened curves could bLe explained
asccurately as the sum of two pecks, & nitrogen pook occocurring
ot 22°C and having & All = 18,000 cals/mole end a carbom pesk

having & peak tempersture of u‘c and an activatioa energy

of All = 20,500 cels/mole ™)
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It was now clear that carbon was exerting an influence
on the results and further attempts were made to eliminete
residusl corbon. New wires were trested at 700°C for 50 hours
in purified dry hydrogem and also ot 600°C, at which temperature
the methane reaction is more efficient, for (0 hours., It was
found that no carbon peak could be discerned after quenching
trom 950°C,

At this juncture, it vas considered important to
deteraine wvhether cerbon, present alone in an irom - vanadium
alleoy, would give rise to am abnormel peak similar to that
obtained with nitrogen, The litersture offers only one
investigation concerncd with cerbon in iromevenadiue slloys
and mo obnorsal pesk was preported,

Initially the wiros were carburised st 720°C ia an
atmosphere of hydrogen satureted with tolueme, The rete of

carbon pickeup appesred to be slov and therefore the tcamperature
of cerburising was raiscd to 800°C, Abnormel pesks were
produced on quenching es shown by results 14B and 14D, lowever,
wvhen thess wires were sealed in silice tubes and homegenised at
950°C for 12 hours both the normal and sboormel peaks
disoppeared, These results are showm in FPigure 14 and the
relevant data sumserised in Taoble VIII,

Subsequent to these experiments further work wes
csrried out using wires whioh hed been given the prolonged
decarburisstion treatment described above, PFPrevicusly, the
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sttempts to produce a high tempersture nitrogem peak had
involved nitriding the semples st $90°C ond them soaking
above 900°C to obtoim decomposition of vonadium nitride.

In an attempt to evoid thies reo-sclution, ¢ new serics of
nitriding experiments were porformod using 1% Mi, and 6% M,
mixtures, ot temperstures in the range 850-950°C, for
sufficiently leng times to produce & homogenecus wiroe. Aftep
quenching the damping was measurcd im the reage 15°C to 110%,
These results are shown in Pigures 15 to 20 and the relevant
data summarised in Table IX,

Resolution of these pssks by Programme 3 indicetes
that trece smounts of carbom still exist im solution., Since
the nitrogen contents in this series of oxperiments sre low,
these treces of carbon still produce considerable breadening,
a8 indicated by the very low Ajl values computed for the
experimental curves. Abnormal peaks were oanly obtained &m
those wires quonched from the Y -range, even so the peak heights
wore extresely sasll., ©Decause of these smtll sbnormel pesks,
it was felt that little relismce could be placed upon theip
activation energy values. It wes thercfore decided to revert
to the previous method of nitriding at lovw tempersture and
sosking ot high temperature to decompose the venadium nitride
end so produce an cbnormal poakes The time tokem to dotermine
& composite curve from 15°C to 110°C was epproximotely §0-80
minutes, and since it wos possible thet considersble ageing of
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94
the high temperstusre poak could ccour before measurement, it
was advantagcous to determine only the Ligh temperature peak,
This reduced the time required to approximetely 30 minutes.

To ensure that equilibrium docomposition of vanadium anitride
ococurred, much longor scaking times than previocusly used
vere ellowed,

Vires were nitrided ia 6% Nilg«ll; mixtures st $590°C
for 8 hours and quenched., They were then sealed im siliceo
tubes and reesolutioned at 950°C for up to 16 hours before
quenching into water (4°C) and storing im liquid nitrogea.
Wires of each vansdium content were used, although no abtnoraal
peak was obtained in the case of wires coataining 0,157% V,
Separate experisents showed that an aboorsal peak could not
be produced im pure iron-nitrogean alloys irrespective of the
trostaent given, These results are showm in Figures 21 and
23 and susnarised in Table X,

The abnoramal peak heights were cemerally higher tham
obtained previously., The pesk temperature however was not
constant at constant frequency, suggesting thet thesre wvas more
than one process opereting and that the pesk was byroadened,
These results are discussed fully lator,

4, Ageing in Pe«Vali Alloys,.

Ageing experiments wesre performed om both the norsal
and abnormal pesks. The wires, previously loaded with mitrogen,
were quenched from $90°C or 950°C and aged st 30°C for the




Oll 00l

Q6 o8

Qo L

ol elo]] o6 os

o9

20

VO

SI3 ot u%

SAOTIV A2

'S/OL0 = *

NI MV3d TYINHONGYV

leold

ol 'lb

€~

el

B -5




Qll

OO0l

Do L
Q6 o8 oL oll 0l 06

oL

'S/ VE] A m 'S/ 2 .ubo,\.%

SAOTIV A-24 NI Jv3d "TVINHONQV

'eeold

[O-2

- O¢

(o}

-

[ Ov

oS




TABLE X, ANVORNAL FFARS IN ISON « VANAPIUN « RITROGLN ALLOYS.

Craph

£

0o 4lS

0415

£

062

21¢ 069

2ACc 069

Do 415

0415

Oe 62

B

082

220 069

22¢ 069

Yime
»., F7 o
Seak

16

]

16

16

|

i

8.0

e 71

0 72

20

194

g

198

Ne 72

-88

O 92

Adbnermal Feak
Comptsted Results
4 max 7 pean %
el 808
020085 905
0088 &
0000  ans
0008 03
0:0088 908
0:0035 865
0.0018 92
00035 835
0035 &N
0008 81°8

AR

20, 800
30, 000

19,500

89,800

95




96
normal peak and at approximstely 83°C for the abmormal peak.
The demping wes msasured at intervals of 15 oinutes initially
and subsequently at longer intervals,

The general equation governing ageing, proposed by
(48
vert ). is of the fora

o) w1ofmp " | (11)
<]

wvhere 4C{t) is the amount preecipitated at time §, Co is the
original concentration, § seconds is the time and 7 and g
are constants, 4C(t) is the frectiom of solute precipitated

Co

and in terms of demping messurements moy be represented by
-1 -l :

X vhere W = Qo5 = Q- ¢
T2 - St e

.‘.I.e.l.n"x:" ® nlogtenlog? (12)

This is the equation of a straight line, Ia the graphs, the
left hend side of the equstiom is designated £(¥), Thus & plot
of f(W) ve, log tsess, results in a straight line of gradiemt g.
A computer piogresme 4 was designed to calculate the
best fit of a straight lime to the experimental points and
compute the value of 5, the gradient of the line, For the
ageing of the high temperature peak, the experimental results
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could be deseribed by a single streight line, Ageing of the
oormal poak was bost doaoribed by two straight lines and the
programme was altered sccordingly. DPamping valucs at zesro
time were obtained by extrapolsting a plot of Q"lmax ve. time
to sero tice. This involved some uncertainty, however a
range of 0 g'= , values, streddling the value obtained by
extrapolation, were used in the computation and the value
giving the closest fit recordod. Ia the short torm ageing
experiments (abonormal peak), n’: =oc WES gemerally taken os
oqual to the background domping velue. In the longesr term
ageing exporiments (normsl poak) tho last danping measurement
muk-ubohumuton':=m.

The results for the ageing of the atmormal poak are
showm in Pigure 23 and summirised in Teble XI, whilst those
obtained for the ageing of the naroel peck are shown in Figures
24 end 35 and summrised in Tables XII and XIIX, (In this
series of experimsnts 8 single wire of cach composition was
usod theoughout ).
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CHAPTER VI.

DISCUSSION OF RESULTS.
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VI DISCUSEION OF RESULTS

1., Sfolubility of Nitrogen im < -iron

The sclubdbilities obtained for nitrogen in «=~irom in
the early part of this work are shown grephically in Figure 6,
The results may be expressed by the equation

log B = =13590 4 0,708 where X is
T

weight percent nitrogen. This also leads to a 4l value of
6,850 cals/mole for the heat of sclutiom of nitrogen in X-irom.
The actual value of the solubility is of course dependent oa

the reliability of the value of the proportionslity constant
between demping and perceatage nitrogen. No sttempt hes been
mode to determine the value of this factor im the present
investigation,; use wos made of the velue obteined by other
investigatoras: The most reliable determinations of this

factor heve been those of Fast and Verrijp (25). (1.26), ond
Rawlings and rm,(m (1.28). Since the present cxperimental
conditions were very similar to those of Past and Verrijp, i.e.
the same specimen disensions, graim sisec ond frequencics were
used, there was justification for employing their factor of 1,20,
The prosent results are scen to lie betweeom those of Rawlings
end Tambini, and, Fast and Verrijr, sgreeing with the former ot
low tesmporaturces and tending towards the latter at high
temperatures, yet the preseant wvalues are higher than those of
Fast snd Verriji st all temperetures. This is probsbly due
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to the more officient quench (water at 4°C was used) end,

possibly, to the shorter time required to measure the damping

sfter quenching, achieved in the present seriecs of cxperisents,
Nevertheless, the results obtained in this iavestigation appesar

to be low at high temperatures probebly due to sccidental
preeipitation before or during messurement. It is considered
that the most relisble values are still those of Rawlings

snd Tembini. :

Using similer experimentsl conditiors the solubility
of mitrogen in the prosence of 0,157 vansdius wes deterained,
The results of these experimonts are shown in Figure 7.
Initislly, after nitriding the alley for 8 hours in BF Mij - Hy
smixtures, the solubilities obtained were substantially lowesr
than the values for pure irons This suggested that vansdium
decreased the solubility of nitrogea im irom and, in opder to

verify this conclusion, several other nitriding trestments
were used. At 400°C and 5009C trcstments of 8 hun in 63
Niig « Hz and 2 hours in pure ammoais both yielded solubility
values which differed negligibly from the solubility of mitrogen
in pure iron. This indicates that the rosults obtained using
8% Wiy « Hy for 8 hours are low at 8ll teampereturcs, probably
due to overnitriding. Treotmest im 05 Mig - H3 for 2 hours
on the othor hand appears to have been imsufficient to ssturate
the wire at 400°C and 500°C, The results at 300°C cbtained
for all treatments, except 8 hours in 83 Nij - H3, tend to be
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high compered to the extrepolated ~/ = + ¥  solubility line.
Vhile this may be due to incomplete proecipitation, a sore
likely explanatiom is that some Io.l precipitate has formed
at this low tempersture. The fact that wires comtaining
vanadiuas appesr to becoms overnitrided ot lower ammonia
potentials than pure irom is im sccord with tho very fast uptake
of nitrogen by these wires, The conclusiom to be drawn from
these experiments is that, under suitable nitridiag conditioss,
the alloy shows the seme solubility for nitrogen as & pure
irom wire. This, however, is mot takem to indicate that
venadium in solid solution has no effeot om nitrogen solubility.
The interpretatioa placed upom the results is that the venadium
in solutiom has been precipitsted almost completely as vanadium
nitride with the result that the alloy behaves substantially as
& pure iron wire, the messured sclubility being that of
aitrogen in ejuilibrium with Peygli und mot VE, This
interpretotion is im agrecaent with thersodymamio uu(muhtoh
givea for VE->Y *+ X

kp e [%X([enx®R] = 2.46 x 20°7 gt 590°%,
Thus at tecperatures used in the solubility experiments, the
solubility of venadium nitride is negligibly smmll,
2. Activation Energy for the Diffusion of Nitrogem im {Iroa.
The sotivation energy ves computed using & progrenas,
(Progresse 1), based on

L.:‘ » goah /g (VW i V” (8)
Q
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to obtain the theereotical curve which best described the
exporimental points. In order to cbtain an initial estimste
of the likely renge of the perameters Q" max snd T peak, a
tentative curve uas drawm through the oxperimsntal points

by hand.

The values of activaetion emergy obtained for the
diffusion of nitrogen in pure iron, Table VI, are im rcasonable
agresment with published values. The mesn wvalue of 19,800 cals/
mole is to be compared with 18,200 ocla./nh(mnd 18,0600 cals./
asle 'y She sosubeey wimily qusted being L 1 %o 3 K esle

It is intereosting to compare the velues of activatioa
energy obtained by using equatiom (8) ond those obtaimed by the

"peak shift" method using equatiem (7).
1n(!3> B “’l(........_" -!1) (7)
- T T

As mentioned earlier, the acouracy of the activation energy
obtained by usiag this equationm depends solely om the scourate
determinastion of the frequemcy end peak teapereture. The
foraser scouracy wes fairly easily sttaimed im the present work
since the vibrations were recorded photographically. liowever,
in order to minimise the error iavolved in determiming the
peak temperature, frequencies were chosem such that they caused
the peaks to eppoar at temperatures st least 10 C° apart,
Applydng this equation to the pure iron experiments performed
at the highest and lowest frequencics, and using the T peak
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values given by the computer, the velue of 18,000 cals./mole
is obtained, which is in excellest agreesent with published
values, From the pesition of peaks om the tcapereture axis
at different freguencies, it is also possible to calculete
the diffusion coefficient of nitrogem at the various pesk
temperstures and hemeoe the diffusiocn equetion, Fince the
activation enorgy and the position of the damping pock for a
given frequency in the present work is in good agreement with
roportod values, it follows that the diffusiom ocvefficieats
caleulable from the author's resulte are also similap to those
quoted im sectiom 4 of the literature survey.

The activation emergies obtained for the 0,157% V
alloy eppeared to be significently lower than for pure iron,
Verious roasons amight be sugrested to scoount for this., From
the above equation (8), it is seen that for a given poak
temperature and any other tempersture I, corresponding to 8
point 0"} on the curve, 0" 'mex/0"! decrosses with docressing All.
Therefore, for any given proccss, & peak which is sharp and
narrow will have 8 highop sctivation energy csscciated with
it than o curve which is flat and Lroad. Thus the lower
sctivation energies in the preosence of vonsdium indicote
broadening of the peak and might suggest more tham one relsxstion
process is cperative, It would be expected, however, that this
would also lead to & peak shift, compared to the pure irom
nitrogen poak. No evidence of this wes obtained, and no such
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effect has beon reported in the litercture. Since it is
known that vanadium inoresscs the rate of precipitation of
nitrogen, it is considered that ageing ccourred during
scasuresent, resulting ia distortion of the peak shape., Thus
the more sccurately the intermal frietiom curve is mpasured,
the lenger will be the time required, in all perobability the
overall curve will be more insccurete and low (li velues will
be obtained, It appesors, therefore, that the best results
shomld be ottained by ressuring & few poimts on either side
of the poak &s quickiy as possible and this techaigue was
adopted in subscquent experiments.

Applying the "peak shift" techaique to the alloy
results, acein using computed T poak values, yioclds an
asctivetion energy of 18,000 cals./mole, identical to that
obtained for pure iron. This is edditional evidence for the
interpretation given above of distortioa of the peak shape.

In view of the remoris made concerning the solubility of
nitrogen in vanadium alloys, it is not surprising that the
activation energy for the diffusion of nitrogom im those alloys
also remains unaltared, since the specimen is caseuntially @
pure irom wire containing & dispersion of venadiun niteide.

in order to cobtain relisble valucs of ectivatiom
energy, it seema desirable to use both eguatiocns (7) and (8),
Thus for o single roloxation time curve of an a2lloy which is
liable to age, it would appear that provided the penk tempersture
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is scourately known i.e, from 8 ssthematical fit of the best

theoretical curve deseribiag the experimental results, the
most relisble value of {j] is obtained by the “pesk ahifc®
wothod., If, howover, the poak temperature is estimsted by
eye from the experimontal results, then it is questionable

if the bost results would be obtaimed using equation (7) unless
the peaks wore widely separated in tempersture; & conditiom
which connot readily be achieved experimcatally,

3. The Abmormal Peak in the Fe«Val System.

The experizents performed during this investigstiom
have shown that no abnormsl peak could be produced Ly quenching
slloys from tesperatures lower than 90C°C, nor wes eny cbnormel
posk found in wires with ¢ vanadium content of less than
approximstely 0.3% V, irrespective of the heot trestment,
Abnormnl pecks were found in wires with & higher vanadium
content quoenched from higher temperatures,

The intornal frictiom curves coltained in the renge
20°C to 110°C for severcl vemedium alloys which had becm
quenched from 950°C are shown im Pigures 11,12, and 13 snd the
results sumnarised ia Table Vii, Comtrery to expectation, the
computed pesk temperature for the mormal peak (except for 11A)
waa higher tham expected for & fregquency of 0,94 C/& and am
octivetion cnergy of 18,000 eals,/#ole (the sotivetion energy
for the diffusion of mitrogem im iron), This was especially
evident in results 11D and 11C, where the computed peak
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temperature occimcided almest exaoctly with the normel carbton
peak. (According te Dijkstra (331)'.11. carbon pesk ocours at

36°C for £~ 1.0 C/S)s Undoubtedly the nowvmal peaks were

being influenced by the presence of carbon ia solution,

The ianterference by carbon is reflected in the low
values of All obtained for all the slloys showing a peak shift
except results 11P and 11C, Im these two ceses practically

no nitrogea is in solutiom and the peek is due almost solely
te carbon, The A]] valuos obtained for these two experiments
were 18,500 cals./mole and 25,000 cals./mole which are to be
compered with 20,100 ecals./mele, the value quoted by wortwe)
for the diffusion of carbom in iron,

In view of this unexpected carbom interierence, it
was desirable to resclve the experimental curves into component
nitrogen and carbon pesks ia oprder to geim an estimste of the
amount of carbon in solution, A new computer programme,
(Progrecme 3), wes compiled which computed the two single
relaxation time peaks of nitrogen (T peak = 23°C; Al = 18,000
cals./mole) end carbon (T peak = 35°C3 4jl = 20,500 cals./mole)
wvhose suz best fitted the experimsntal curve. From the
results shown in Table VII it can be seen that the carbon
content can vary from sero to as mmch as 0,01% C,

As none of these wires showed sny indication of @
certon pesk whem quenched from 590°C, it must be assumed thst
the carton im solution hes resulted from some reaction cocurpring
at higher teamperatures. The only resctiom which can explaim
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the appesrance of carbon in solution is decompositiom of
vansdium carbide, which has not boen dissocisted during the
earliier purificetion trestment by drey hydrogen. In view of
the fact that presult 1llA, vhere no scaking time has bemn
sallowed at 950°C, shows no interference from carbom it would
appear that decooposition of vanodium carbide requires 8n
opprecisble time before equilibrium is rosched.

It is evident from the results (Table ViI) that
there is slso a large veristion ia thoe normel peak heights in
the various &lloys which cannot be asoribed sinply to the
slight varistion in the quenching tempereture. liowever,
the rate of quenching is & possible veriable, siance the
quenching operation inwlved reomoving the silica tube containing
the wire sanuslly from the furnave and plunging it imto cold
water., As cach wire wes quenched imdividually, it is likely
that the guemching ratos were not identical and this is thought
to account for these variotions. This view is substantisted
by the results 13P asnd 13C, both thess results refer to the
seme wire and it would be expected that if comsiderable ageing
occurred during the determination of both peake im 13B them 2

higher pesk would be obtained by determining only the high
tompersture pesk which requires 8 much shorter time., In fect
rosult 13C, in which this wes done shows an abnorsal peak
height which is lower than thet obtained in 130 and this canm
ooly be accounted for ia terus of 2 less efficient quemoh in
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the latter caese compared to the former. These observations

(70}
are in sccord with the work of Fast and leljering who

obtained & 12,5% incresse in u"l max st 21% by lovering the
tempersture of the weter in the quenching bath from 14°C to
3°C, By combining the colder bath temperature with
measurenents of the peck height st 9°C, s 20% increase in
Q'l max was possible.

In the above experimsnts high temperature sbonormal
poaks were obtained only for alloys contaiming 0.415% V amd
0,62% V. The sbumormsl peak temperature docs not appear to
be constent at a given frequemscy, suggosting thet st least
two distinctive mechanisme are operative., The experimentally
determined curve is therefore & sus ocurve of these individual
provesses, The lsck of appesrance of sn abnormal peak ia the
other slloys could be caused either by an insufficiently repid
quench or by the timo of sosk at 950°C not Leing sufficiemtly
long to sllow decompositiom of the vanadium nitride or carbide
to occour.

Since cerbon had been showm to affeot the normal peak,
the possibility of the abnormal pesk being broademed due to
ocerbon was considered. In order to assess this effect, if any,
it was dosirable to establish whether an abncrmel pesk could be
produced in an 2lloy conteining cerdbom slome. M(G” has
stated that no abnorsal peak is produced Ly earbon in irom-

vanadium alloys containing C.5% V in the renge =35°C to 200%.
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The results of the investigsetion on carburised iron wires are
shown grephically in Pigure 14 and suasmarised in Table VIII,
Abnoroal peaks were obtained in wires containing 0,62X V which
had been carbturised in toluene =« hydrogen mixtures for 2,5

end 4§ hours at 800°C., Thus it appearod thet carbon and
vanadium oould interect in & similar way to aitrogen and
vansdium although the oxistence of this peak has not been
reported previously. It was noted that the normal carbon
peak sppesred to be broadencd ond displaced towards lower
temperatures., Very low i wlues were obtained im most cases
with & pesk tempersture approximstely 6 C° lower tham expected.
This is tekenm to be ovidence of an unstable condition associsted
with local high comceatraetion of imtesrstitiel solute in presence
of dissolved venadium, A similar effect has Leem found by
nt_orun(&o)ta the Fe-Al-ll system. Purther evidence that this
broadened normal carbon peak is setastable is shown by the fact
that on homogenising these carburised wires st $50°C for 12
hours both the normsl and abnormal carboa peaks disappeared,

It sesms likely thet this is due to carbon combiaing with
vanadiun to form a precipitate of vanadium carbide, under
conditions in whioh the equilibrium solubility of carbon was
not measurable by internal frictiom.

The eppérent contradiction that vamedium carbide

showed insufficieant dissocistion at 950°C to give pesks ia
carburised wires, while appsrontly dissocisted at the same
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tenperature to give carbon interference in nitrided wires,
may be resolved by considering the thermodynamic date aveilable
for the solubility product of vanadium nitride snd vanadium

carbide,
(71)

At 950°%C VN > Y+ R AG = 19,600 cals./mole (13)
Hemce K, = [% ¥1[ry. ¥ %)= 3.26 x 207 ) (14)
Also W —>V+C AG » 18,000 cals./mole
and cC >g 4G = 18,500 eals./mole "’

o YO > V+C LG = 36,500 cals,/mole

Zo find the froe energy of solution of vanadium in iren, we

oote that
(25)(72)

VK >V +§ AG » 30,300 cels./mole
lence from (13)V—>Y A8 = «10,700 cals./mole
e vC — x + 5 AG = ’5.80(-’ c‘l.-./-l.
snd kg = [S¥][fe. §%] = 2.51 x 2075 (1s)

in the carburising experiments, the total carbom
uptake by the wire was saell due both to the relstively low
temperature, 800°C, and to the low carburising poteatial.
Thus om soaking st 950°C, practicslly all the vansdium was ia
solution, Taking this vomadius concentretion in solution to
be approuimstely 0,6% (Table VIIX), equotiom (15)

gives 56 = 2,80 % 20" = 4,29 x 20”5
U.60

This amount of carbon is below the level of detection of the
internal Criction epparetus and this empleins why mo carboa
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peaks were obtained after homogonising the carburised vires.

On the other hand, wires nitrided at 590°C comteined practicslly
no vanadium in solution, (as shown by the solubility and
activation enorgy measuremonts of vires containing 00,1575 V),
end taking the nitrogen in solution to bLe approximstely 0,028 N
(Table V1i1), eguation (14)

gives $Y = 2,26 x30%% = 1,26 x 1072
0,028

If this concentretion of vanodium in solution is inserted in
equatioa (15), it is seem that

$C = 2,51 x39°% = 1,09 x 2073

1.26 x 102

and since this quantity of carbon is measureble, this explains
why carbon intosforence was observed in nitrided wires guemched
from 950°C, Although the heights of the carbon posks shown in
Table VII are higher than predicted by the thermodynamis
caloculation, such a2 caloculstion docs show thet measureble
dissociation of vansdium carbide can occur, under cesrtain
conditions, in tho presence of vanadium nitride. The disparity
betweon the predicted value of pesk height and the actual
cxperisentsl pesk height is not surprising in view of the
possible uncertainty of the thermedynamiec date,

Since carbon has bheen shown capable of interfering in
the domping msssurements and causing brosdening cvery attempt
vas made to remove this residual carbom froa the wires., Very
prolonged dry hydregen trestments vere perforsed and mo carbom
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peak oould be detected om quenching from 950%c, However, the
next series of nitriding experiments perforwed using 13 and 6§
Ni; - iz mixtures at 850°C to 950°C still showed carbon
interforence, These results are shown grephicslly im Pigures
1§ to 20 and susmarised in Table IX, Thus it is clear thet
the residual vansdium carbide camnot be decomposed by hydrogen
treatnent, The carbon contents were gencrally very sasll
renging from 0,00025 C ¢to 0,004 ¥ C spproximately. Yet,
because the amount of nitrogem in selution was also very small,
the effest of carbon on the shape of the intemal frictioa curve,
and hence um the value of A\ll, wos rclatively lerge., Aboormal
pesks were observed is wircs quenched from above 900%°C but
these were vory low pesks and little confidence can be placed
in these results,

In view of the very smsll abnormal pesks obtained
by nitriding st high temperature, it was decideod to study the
aboormal peak by sosking wires comtaining nitrogem end vensdium
at high temperatures for long times, In opder 0 minimise
ageing effects, only the abnormsl pecks were detersined after
quenching. These rosults are shown in Pigures 21 and 23 and
summarised in Table X,

Several conclusions may be drown froa the results
shown in Table X,

i. The teoperature of tho abnormal pesk is oot invariant.
at e given froquency, strongly suggosting that the mcesured
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abnormal peak is broadened and is the sum of at least two

single time relaxation processes.

2. At constant frequency and vanadium content, the peak
temperature tends to increase with increasing nitrogen content.
This was also found by Fast and Meijering (m{

3. Since only a single wire representing each vanadium content
was used, the results given in Table X refer to successive
periods of soaking and the final values in the table apply to
wires which have been held at 950°C for a total of 47 hours.

It is interesting to note that the abnormal peak height decreases
with the time of soaking at 950°C and that this is coupled with
an increase in AH, For example, the initial peak height for
0.415% alloy (21A) was 0,01 with a 4H of 20,500 cals./mole,
while the final peak height after 47 hours soaking at 950°C

was 0,0035 with a AH of 34,000 cals./mole (22A), Since the
wires were sealed in thin silica tubes during scaking and since
desorption of nitrogen requires the presence of hydvogenuSJ,
this reduction in peak height is not explained by removal of
nitrogen from the wire during treatment, Thus an irreversible
process appears to be occurring during soaking and this is
throught to be explainable in terms of changes in the size of
vanadium nitride particles present, As the wires were initially
nitrided at s9o°c, and as vanadium diffusion at this temperature
is extremely small, it is unlikely that a bulk precipitate of

vanadium nitride was formed but rather an extremely fine
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dispersion of venadium nitride nuolei. It is temtstively
suggested that this sssoeistion between vansdiuoc and nitrogea
effectively prevents the vanadius from exertimg any influence
on nitrogen solubility and nitrogem c¢iffusion but does not
distort the iroam lsttice sufficiemtly to cause the formation
of a different type of site capable of giving rise to 8 damping
peak in the temperature range stidied. Thus at 590°C only
the normel nitrogea peak is obtoined. On soaking at 950°%
both decomposition of vanodium nitride, to give a messurable
solubility, and the gredusl growth of vanadium nitride nuclei
will cocour. It is considered that the growth of the nuclei.
uwill first give rise to & cohorent precipitate which will
coarsen to produce a stable bulk precipitate,

This viow is substantiasted by the work of FPoumtain
and catp-la(m who found anosalous effecots due to the particle
sise of vanadium nitride during their study of the solubility
of venadium nitride im iron., They reported a higher
solubility product for venadium and nitrogen in metastable
equilibrium vith sn extremely fine dispersion of vansdium
nitride perticles (~ 10°7 cms. redins). For & given mitrogen
contont, their results indicate a vanadium solubility approximstel;
twice that existing in the presence of 2 tulk precipitete,
Their findings are ia good agreemsnt with the present rosulte
since initially a high venadium selubility will lead to & highes
abnorsal peek height associsted with Fe-V site jumps, As the
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precipitate coarsens with tise, the vanadiua solubility will
decrease and this will result in the observed decrease in
abnoraal peak,

It romains to censider the mechanisas contributing
to the abnoraal peak and the observed change in its shape
(as shown by the average Ajl) with increasing scaking tise.
At the ocutset, it is clear that this abnormal peak cannot be

(67)
explained by a siallar mechanisa to that proposed by leijering

and Fast and thjp(sa)eo acoount for the broadening of the

normsal peak in Fe~lin«N alleys which involved both Mn«lin-k aites

and Fe«lip=5E sites. The cheamical affinity of vanadium for

nitrogen is much greater than that of manganese for nitrogen,

and, as has beoen shown earlier, the solubility of vanadium at

950°C 1s of the order of ~ 10”2 wt.%, In these circusstances

it is totally unrealistic to consider VeV pair formation, thus

only Fe=V sites are considered to exist in the lattice,
Several possible mochanisas could contribute to the

abnormal peak,

1. Nitrogen atom jumps associated with Fe-V sites.

3. Nitrogen atom jumps associated with distorted sites

surrounding coherent vanadium nitride precipitates.

3¢ Jumps due to carbon in similar sites to those proposed

for nitrogen.

In addition, as considered above, ageing can cause distortion

of the peak giving a decrease in (H.
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In view of the increasing {Jl values obtained, it is
clcar that the soaking time at 950°C markedly influences the
nechanisms contributing to the abnormsl peak, In order to
obtain a clearer understanding of these mechanisms it is
necessary to assess the effect of soaking time on each of the
above four factora. It may be deduced from the thermodynamic
caloculation given earlier in this section that the equilibrium
£/k ratie should be a constant and independent of the soaking
time, Thus, while carbon could contribute teo broadening,
the relative offect should be constant and carbon therefore
cannot be held responsible for the observed changes in T peak
and 4 . The effect of ageing should decroase with peak height
but would be too amall to produce the marked change in the
character of the peak, The only conveivable change ocourring
within the wire, with increasing soaking time, is the growth
of the vanadium nitride nucled.. Thus, the observed decrcase
in the abnormal peak height must be due to (1) a decrease in
the number of distorted sites preduced by a coherent preocipitate
and (32) & decrease in the number of Fe-V sites caused by the
lower vanadium solubility in equilibrium with a bulk precipitate,
The incroase in A]li obtaired, corresponding to the decrease in
2™! max, is due te the deecreased contribution from nitrogen
atoms in distorted sites so that, with longer scaking times,
the abnoraasl peak approaches & single time relaxation peak i.e.
a peak caused by nitrogen atoa jumps solely in Fe~V interstices.
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Since the obaerved abnersal peak height deereases
with soaking time, it is clear that the mechanism occourring
at the higher teamperature is becoming less prominent and is
due thereofore to atom movements assooiated with a coherent
vanadium nitride precipitate., The mechanisa occurring at
the lowor temperature is due to nitrogen jumps associated with
feeV sites, The results obtained for wiros soaked for 46«47
hours at 950°C (the contribution from coherent precipitate
sites boing small), show that the activation energy for the
diffustor. of nitrogen in Fe-V sites is in the range 30,000
calas./mole to 40,000 cals./mole. A more exact amalysis of
the peak is not possible, since slight distertion due to
carbon is probable,

The work of Past and Meljering ', who stated that
the abnormal peak did not represent & single proocess, can
also be explained in the light of the above theory, Sinoce
none of their experiments involved scaking & wire for more
than approximately 20 hours, it is poassible that the vanadium
nitride precipitate was coherent throughout their experiments,

Using an activation energy of AH = 18,000 cals./mole
for nitrogen ond a peak temperature of 21,5°C for a frequency
of 1 C/3, it was calculated that the mean time-of-stay of a
nitrogen ateoa in the vicinity eof a vavadium atom is approximately
300 times greater than in the vicinity of iron atoms only,

Attempts wore made to caloulate the solubility of
vanadium nitride in iron using the height of the dasping peaks

7
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a8 a measure of nitrogon irn solution. This value of nitrogen

in solution was subtracted (roa the total nitrogen content of
the wire as analysed, to give a measure of the nitrogen
available to combino with tho vanadium, Since the total
vanadius analysis was known, it was possiblo to catimate the
amount of vanadium 4in solution., Many such calculations
using results obtained at temperatures in the range 850°C to
950°C indicated that no vanadium was present in solution

(i» agrosment with the fact that the solubility of varadiua
is extremely small, even at 950°C) whilst others ylelded
solubdlity products which were at least 10 times greatesr than
those nforﬁd by Peuntain and Chipman (71). The vanadium
analyses were porforsmed on a ocest basis and, due to the small
sample which had to be used, the nitrogen analyses were also
subject to uncertainty. In view of these uncsrtainties, it
is not surprising that the values of solubility product obtained
showed a large variation.

4 Ageing in Fe«VeN Alloys.

The agoing results are sumsarised im Tables XX, XII
and XIIXX, It is noticed that in spite of the fact that the
abnormal peak was aged at approximately 84°C cospared to 30°C
for the normal peak, the rate of ageing is auch slower in the
former coase. This is in acoord with the interpretation
placed on the abnormal peak, since nitrogen atoms associated
with ironevanadiuna sites will not readily diffuse to existing

precipitation sites. At the ageing temperature employed,
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vanadium does not diffuse sufficiently fast to participate

in ageing and para=precipitation cccurs i.e. the precipitate
inherits ite alloy contont from the matrix. Growth of these
para~precipitatos ooocurs by diffusion of nitsrogen, with a
corresponding decrease of the normal and to a lesser extent,
of the abnormal peaks.

iho results for ageing of the noramal peak, when
analysed in terams of Wert's equation (%J' appear to indiocate
two stages characterised by diffesent 3 values. The first
of these is conasidered tov be the most asignificant and applies
up to approximately 80% of the total precipitation as reported
by Wert, The enly case in which an incubation period was
obscrved before ageing cemmenced was in that of a pure iron
wire quenched from $90°C., The g values derived for various
wires show a considerable scatter, In general however, the
rates of ageing in ironevanadium alloys wore higher than in
pure izon, This msay be emplained by the large numbor of VN
nuclel present in those alloys prior to quenching, which can
act as sites for the precipitation of iron nitrides, As
ageing was only studied at a single toaparature, and after
quenching from only two temporatures, the data obtained is
insufficient for a dotailed discussion of the factors affecting
the ageing procosa.



CHAPTER VI1.

CORCLUSIONS.
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VI  CONRCLUSIONS

The sigrificant features of the present work are
as follows.
l, Data for the solubility and activation energy for diffusion
of nitrogen ino{=iron have been determined and shown to agree
with previous work,
3. The solubility of vanadium in presence of nitrogen has
been shown to be too small below about 900°C for any internal
friction peak to be discerned by the present technique.
3. An abnormal peak in Fe=Vel alloys has been obtained by
quenching froa 950°C, as previously reported by Fast and
Mjctu(m . Investigation of this has led to the conclusion
that it is due te nitrogen atom jumps associated with Fe-V
sites and aleo, except after prolonged socaking at 950°C, to
jump processes associated with distorted interstices in the
vicinity of vanadium nitride preeipitates. After prolenged
soaking, the peak approximates to a single relaxation time
ocurve due to the former mechanism and the activation energy
for this has been assossed at 30 to 40 K cals./mole.
4, A previously unreported abnorsal peak has been shown to
exist for Fee-V«l alloys under suitable conditiens. The faot
that this peak is only observable under equilibriua conditions
whoen beth { and Y are relatively low leads to cesrtain general
ocenclusions regarding the detecotion of interaction peaks in
iron alloys. It would appear that such "abnormal®” peaks will
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only be detectable by torsional pendulum when the solubility

product for the solute and substitutional elements is not

less than approximately 10'6 at the quenching temperature.
Purther, the concentration of either solute mmst not be less
than 10™% weight per cent. If the equilibrium interstitial
solute concentration is less than this, then there ias
insufficient solute to give mesasurable internal frioction,
Conversely, if the substitutional solute concentration is

less than 10°7, there sre insufficient "abrormal® sites in

the lattice and again no interaction peak can be detected,
These observations may explain, to some extent, the present
unsatisfactory state of knowledge on interaction damping peaks,
For example, although J and £ generally give rise to similar
internal friction characteristics, an abnermal peak had been
reported for the Fe-~V«l asystem but no coaparable peak had

been observed previously in the Fe-Ve(l systea, possibly because
the above concentration conditions were not fulfilled, Thus
eimilar peaks may exist, due to £ or [, in the Fe~Al and

Fo=Ti systems since, if sufficiently high quenching temperatures
are employed, it should be possible to satisfy the solubility
conditions outlined above,

5. Tho eomputer programmes developed and .tillsed during

the presont work are considered to fora a sound basis for

the analysis of complex internal friction peaks,




CHAPTER VIII.

RESULTS.
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x APPENDIX

COMPUTER PROGRAMMES
Programme 1.

This progranme was deaigned to select froa a range
of activation cnergies, poak temperatures and peak heights, the.
best curve fitting tho experimental points. This was perforaed
using the autocede system in a Sirius computer. The basic

equation used for computation was SLQ':%E‘ = cosh %{(I/T - 7},- )
M

Jvi instruction for using autocode
V300 = TAPE )1 read experisental run no.
V70 = TAPE 3 " pead increments of AH, T peak, 4~*
Vi = TAPE 6 read limits of AH, °%, ™ max
V73 = V3
Vi4 = V§
V1o = TaPE” read experimental values of °& and g~
NI = X0
V60 = 300
10)V5§ = 100
7)¥7 = 1060
4)V8 =0
W =20
1)V§1 = V3 « V (11+ KO)
VSk = V1 x V51
V52 = V51 /1,987
VSk = V51 /V3
V51 = v51 /v(11 + R0)
v§53 = EXP V51
V53 = 1/vsa



VSl = v§3 + V§3
VSk = VS1/2
VSl = V§/VSl1
VSl = V(10 + X0) « V51
VSl = V51 x V51
VE = V8 + V51
KO = KO + 3
1, K1l & W
>3, V7 > V8
-3
3)V7 = VB
V9 = V§
>3
3)VS = V§ *+ V72
> 4y VO > V§
V§ = V74
> 59 VS§ > V7
> 6
S)VES = V7
v§6 - V3
V§7 = V9
—>6
6)v3 - V3 + V2
27, Y4 2> V3
V3 - V73
PEKINT V300, 3063
PRINT V55, 3008
PRINT V1, 4100
PRINT V56, 4063
PRIFT VS7, 4008
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Using lowest All, T peak, 0 'max
deviations of experimental points
from theoretical caloulated for
all experimental results.
Deviation stored.

Using lowest AlH, T peak, deviation
calculated for all values of
("“max and minimum deviation and

best Q'l-u stored,

Using lowest 2, deviation
caloulated for all values of T peak
# ("max. Minisum deviation and
the best combination of T peak

and n.lm stored,

experisental run nusber
ainisum deviation
Jowest AH

best T peak

best (" max




-8, V60 > V5§

-9
8) Voo = Vv§
Vel = wvi
Vo2 = V§6
V63 = V§7
—9
9) VI = V1 + V30
—>10, V2 =2 V1
TEXT ‘
H T Q
PRINT V61, 3100
PRINT V632, 4003
PRIKT V63, 400$
PRINT V61, 4008
TEXT
RESIDUAL. g T
N e @
1) VS1 = ¥o3 - V (11 + %0)
Vil = V61l x V51
VSl = V51 /1,987
VSl =« V51 /vé3
VSl = VSl /V (11 + X0)
Vs = LXP VS)
¥53 = 1/v53
VSk = V§3 + V53
VSl = V51/3
Vi = Vv63/VS1
VSl = V (10 + X0) - V53

PRINT V51, 3005
PRINT V (11 + NO), 4003
N = NO + 3
—11, O & XN
( »>0)
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Caloulation repeated for all values
of A, Minimum deviation, best K,
T peak, {"lmax stored.

best A H
beat T peak
best " lmax

Using the best values of AH, T peak,
g~ lmax deviation of theoretical
values frem experimental values
calculated for each experimental
teaperature,



Frogramme 3
This programme is similar to the previous one, and
is deaigned to fit the best theoretical curve of known Al

T peak to the experimental values.

Jvl
ViU =
Vi o

Vi =

TAPE )
TAPE §

TaPE”

PRINT V300, 3063

vs -
4)v6 =
Kl -
1)V5 =
V5l =
VSl =
VSl =
VSl =
Vid =
V33 =
Vil =
VSl =
V51 =
Vil =
Vil =
V6 =
Kl =

200

0

0

Vi -V (112 + M)
vl x V51

V51 /1.987

vsi /va

vs1i/v (A1 + )
EXP VS

31/v53

V53 + V53

v51/3

v3/vsi

v(10 + K1) - V53
V51 x VS1

v6 + VvS1

K3 + 2

—1, 1 % X0
-3, V§> V6

-3
3) V5§ =
V7 -

vé
v3
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read oxperisental run no.

read.dH, T peak, Q.lﬂl lowes =
2 upper x e0.0003,

read exporimental values,

Using 2H, T peak and lowest § 'max
values deviation from theoretical
values for each experimental value
calculated for all experimental
results. Deviations stored,

Caloulation repeated for all values
of n’ln:. Minimum deviation and

best 0" max stored.

I O 1 o NP



—3
3) Vi= V3 + 0.0003
—~4y V4 > V3

PRINE V7, 3005
PRINT VS, 4U08
N3 - 0
S)IVS1 = V3 -« V (11 + M3)
VSl = V1 x V51
VSl = VSl /1.987
VSl = V51 /v3
VSl = VvS1/v (11 + N2)
VS3 = EXP VS1
V§3 = 1/vs3
VSl = V53 + V§3
VSl = VS1/3
VSl = V7/V51
VSl = V (10 + ¥N2) - V§)
PRINT V51, 300§
PRIKT V (11 + N3), 4002
N3 = N3 + 23
—§, N2 % ¥
(—~0)
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best u'l-nn

deviation

Using the best Qf%nl deviation

of theorctical values from
expyerimental values calculated
for each experimental teaperature.

deviation
experimental teaperature




| Programme J.
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Thies programme waa designed to resolve a broadened
noraal peak into the constituent carbon and nitregen peasks
whose sum best fitted the experimental results.

JVl

Vi = TAPE
Vi = TAPE 10

V100= TAPE
i = M
Vil = 100
X = ¢
vao

1) Vo
Vo

0

V2 -« V(01 + NO)
Vi x VO
V0/1.987
vo/v3a
vo vo/v(20) + ¥0)
Vi2= EXP VO
Vi3= 1/Vi3
VO = V13 * V13
VO = Y0o/3
vV (200 + 50) = W
5O = %O + 3
-1, Ml &% W
O = @
2) Vo= V§ « V (101 + N0)
Vo= V4x VO
VO = Vvo/1.987
VO = Wvo/V§

read the oxperimental numsber,
Ak (g)sT Pk c) s max e,/
n'l-u(” (minimum value),
u"'m(n ) (sdnimus), Q.l-u(c)/
Q'lm(” (maximum value),

Using T p.nh(.’ and M‘(I)
calculated cosh AH/R(T peak-T exp.)

T peak.T exp.
for all the experimental values

and stored the rosults,

cosh AH/R (T peak - T m, for

Tm, T exp.
all the exparimental values and

stored the resmlts,




!

Vo
Vi3

vo/vV (101 + %O)
EXP VO
Vi3 1/vis
vo Vii + VY1)
YO = vo/2
V (301 + ¥0) = WO
N = NO + 2
—>3, K1 % N0
Vig = Vo
7) 0= ¢
3) Vo = V3/V (300 + M)
Vid = V3 = V19
Vi3 = V13/v (3201 + ¥0)
VO = YO + Vi3
VW = V(100 + N0) -« VO
vV (300 + W0) =» VO
VO = VO x VU
VO = Va0 + VO
HO = KO + 3
~—>3, Nl » W
—4, Y30 > V2l
Vil = V30
KO = @
§) V(301 + No) = V(300 + %0)
= N0 +3
—§, M1 % X0
Vi = V3
Vi7 = V19
4)V30 = 0O
Vig = Vi) + VAU
-6, V19 > V8

i 4

162

Caloulated the theoretical
9'1“, and Q'l(c) for each
experinental temperature,
subtracted these froa the
axperimsntal vaiues and stored
the sum of the square of the
deviations.,

Caloulated deviations for all
values of n""m‘c )/Q'lm“)




6) V19 = V6
V3 = Viewvy
—7, V32 V7
TEXT
RUN Gy
PRINT V18, 3063
PRINT V10, 400§

PRIKT V17, 4002
PRINT V31, 4008
TEXY
NITROGEN PEAK
3 = 0
9) VO = ViI§/V (300 + W)
PRINT YO, 300S§
RO = N0 + 3
—> 9, K1 % NO
TEXT
CARBOX PEAK
NG = ¢
W) W = V17 x V16
Vo = Vv/V (201 + NO)
PRINT VO, 3005
X0 = NO + 3
—10, NI ¥ N
N0 =D
TEXT
DEVIATION
8)PRINT V(301 + %0),30083
O = KQ + 3
~>§, KX % NO
(—>0)
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Kepeated calculation with a

different value of n'lmu, )

Q‘/n‘ KESIDUAL

ﬂ:ln nuabes

g “‘. )

katio Qdm (C)/Q"xm“ )
Sum of square of deviations

2"lvalues for nitrogen peak

g"}values for carbon peak

Peviations
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Prograsmse 4

This programme was designed to calculate the gradient
of the two straight lines best fitting the expoerimental results

obtained in precipitation studiea. The equation used was

In In  =sdbee ® Inb * n Int where
1eW

ﬂl—ﬂI
) oo
The Lest fit was found by the least squares method

and the graedient was caloulated froa

se Suy  o85X

N
2 <
i' . ‘2 x)
N
JV1
V6l = TAPE 3 read n"(‘, 3 u’}, » experimental run
number .
N2 = TAPE 3 3 xno, pts. on first uh.. 4 xnro, pta.
on second line, no. of pts. to
p be tried,
VA = TAPE read experimental values of 0"F and
€ in secs.
Nl = N no., of experimental results,
w e 3]

PRINT V63, 3063
1)V64= V6L - V63

V0 = V6l - VYW
V70 = vV70/v64
V7O = 1 - VN
V7o = 1/vye
V0 = LOG VU
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VO = LOG VN The appropriate functions i.e,
V(2 +50)= L0G V(1 + X0) ,, ,, Ae  and 1n ¢ caleulated for

M = o +3 1 -W

—>1, K1 > N0 all experimental values and stored.

§) Vo= @ X

Vis = O

Vid = o

V77 = &

VesS = 0O

V87 = o©

W= ]

6) Vid = VO x V (1+80)

ViId = V(1 +K0) x V(1 + %)

Vid = V74 + V (1 + Xu)

ViIs = V75 + VKO

Vié = V76 + V73 Sxy « 5x* caleulated for

Vi? = V77 + V73 points on first live only,

W e 3O + 3

6, N3 > %0

VBl = V74 x V75

Vééb = 3

Vel = V81/V86

Vel = V8l x 2

VBl = V76 ~ V81

V83 = V34 x V4

V82 = V§3/V86

Véa = VB2 x 3

Vea = V77 - V83

Vel = vVB81/ve2

Vés = VB86/a

VB3 = V74/vb2

Véz = v75/v8a

VB3 = V81 = V83

VBl = VB2 - V83 Gradient calculated for first line

only.
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KO = ]
2) V84 = V81 x ¥V (1 + x0)
V84 = V84 x VB3
Vo4 = V84 - VU
VB4 = VB4 x V84
V8s = V85 + V84
N = N0 + 3
—> 3, ¥2> N0
PRINT V81, 3033 Gradient of first line
PRINT V85, 40406 Deviation calculated for first lime

Vid = 0
Vi§ = 0
V76 =« 0
V7?7 = 0
3) V72 = V0 x V (1 + NO)
VI3 =V (1 +50) xV (1 ¢ )N0)
V74 = V74 + V (1 + W)
V75 = V75 + ViU
V76 = V26 + V73
V77 = V77 + V73 S my « Jx® caloulated for points on
B0 = KO + 3 only second line
-3, KL> NO

VBl = V74 x V75
v86 = x3

V8l = VB1/V86
VBl = V81 x 3
V81 = V76 - V81
V82 = V74 x V74
ve2 = v82/v86
V63 = V82 x 3
V83 = V77 - V82
V8l = V81/v82
vEa = v86/2

V83 = ¥V74/V83
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V82 = v75/v8s

VE3 = V1 x V&3

V83 = V82 - V83 Caloulated gradient for secend line,

K = 3 ¢+ 1
4)Vé4 = VBl x V (1 + KO)

V84 = VB4 + V83

V84 = V84 - YO

VE4 = V84 x V84

v87 = V87 + V84

B = NO + 3

—»d, Hl> N0 Calculated deviation for secord line,
VEE = V8§ + V&7 Mided sum of deviations of both lines
PRINT V81, 30323 Gradient of second line
PRINT V87, 4040 bDoviation for second line
PRINT V88, 4046 S5um of the deviations

N2 = 3 +2

K3 = N3J -3 Fo. of pts. on first line increased

B = Nj -1 by ene, number of peints on second
~>S5, M & O 1ine decreased by one, calculation

(> 0) repeated,
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METHOR OF MITROGEN AKALYSIES

The sethod is essentially one isaued by British
Chemical Standards along with Standard no. 230, It s
attributed to W. C, Neivell, Iron and Steel Inastitute, May 1945,

The sample is dissolved in 5ml, u,ao‘ and 30 ml,
water. Vhen dissolved, approximately 5 ml, of 3J0% H,0, is
added and the solution evaporated to fuming, It is then
oocled, diluted and transferred to a 350 ml, greduated flask.
40 ml, of 20% wW/V KaOli is added while koceping the selution ocool,
The bulk is made up to 350 ml., well shaken and the precipitate
allowed to sdtle, It is thon filtered, the first filling of
the paper being rejected, 350 ml., of the filtrate is transferred
to a SO ml, locssler cylindor, 1 al, of $& solution of Gua
Arabic added followod by 1 ml, of standard lNessler reagent and
the asolution well mixed. A blank of all reoagents, treated
in the same aanuer as the sample, is put in another 50 al,
cylinder and the depth of colour compared ia & lonll.u'i.-ur wvith
that of standard asmonia discs. Throee disce were used covering
the range 10 te 1W p.p.u.lli,.

The nitrogen content of tho sample is
Nitrogen = Pisc reading x 0,82 (ll,-l’) x 100 %

e = 6

per cent,

B3

We, of sample x 10
The weight of sample is chosen to give a depth of colour within
the range of the dises. The nitrogen contents of the samples
analysod, range from under 0,03% to over (.45, Generally a
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sample weight of 0.1 to 0,3 gas., was used, but if the resulting
ocolour was outwith the range 20 = 0 p.p.m., the test was
repeated with a more suitable weight,

Along with each hatoh of tests, say 3 samples and a
blank, a 1 gn. sasple of B.C.5, 305 was run through. This is
a low carbon steel standardised for nitrogen (0.030%), This
was done as an overall check on maripulation. All the reagents
used were of ANALAK quality. De-ionised water was used
throughout. Ko ocolour was seen in any of the blank estimations.
The rejection of the first 50 ml, or so of the filtrate
effectively disposed of the anmonia of the filter papor, This
was found preforable to asid washing. The best gum arabie
obtainable contained some anwonia. To eliminate this, the
aolubin of tho gus was treated with a cation exchange resin
and finally passed through a coluan of the reasin,

With a sample of J.5 gms., the B.5. limits are as

follows,
Up to 0,035 X 2 o.001 5
with 0,1 5 N Z o0.008 %
with 0,3 5 N g o001 %

Due to the small sample weights used in the preseat investigation,

tho limits of reproducibility are probably about four timess
greater than tho B.5, limitas,




Figure 26

e

OYA,

e X O0D8 © ¥ . (»

1534°

e

0w 1% 20
L €

A

780

WEIGHT PER CENT V'A’IADWI

e

2% 30 ¥ 4 &4
B T T ) U

LAREELRL

1

REF 9

WEVER-JELLINGNAUS, REF
VOGEL-MARTIN, REF. 10
ABRAM, REF 12

FALLOT, REF. 24
MARTENS-OUWEZ REF 16 T o~ |
LUCAS - FISNEL, REF.13 >

GREENFIELD - BECK, REF 17
©
|

— 4+

‘ |
MAURER (HEAT AND COOL), REF 8

° v o

33(31), es®
1

~
L

TEMPERATURE, °C

eo e (e
.

-

e

The Irom~Vanadiua System

o

(82)

170




CHAPTER X.

REFERENCES




1.
2o

Je
4.
S.
Ce

7.

10.
12,
12,
18,
26,
15,
16,
17,
18,
19,

171
X. REPERENCES.
e APSTRIN, H.J. CUTLER, J,W. PRAME, Journal of Metale

1950, 2, 830,

C. ZERBR, Kleestioity and mzcuuu oS Metals, The
Untvereity o

Leds DIJESTRA, Philipas Resecroh Zgports, 1347, 2, 567,
Jele SNOEK. Phyetoca. 1041, 8, 711.
HodJo PETCE, JeleSsle 1043, 167, 231,

DeAe LEAK, WeRe THOMAG, GeHs LEAK, Acta Mesallurgloa,
Jm' 3. 801.

Ae Sy mm. Internal Mriotion in Netals, Mvogress in
Netal Pnyetice. (Sdited by 5., Chalmers), Volume 4
1958. London (Pergamon Mn)
o BNPWHISTLE, The lLomping g« oS Metals,.
m.d .utmuu zo a. Sed by B, cwm
and A.G, Quarrell). 1 Zondon. (Gdword Arnold Ltd.).
s&umﬂon oy Intemal Friotion Measuremonte
Gases tn Netala, The letersination
of acm tn ml. Iron and Steel Report, 1960,
TeSe “o M“‘ Sevtew J“B. 7‘. o.
TuSs K. 084, 1048, 74, 814,
T.S. x‘. ‘b‘do 1“8. ,‘. 13-
Re v PONBES, 4Aota Metallurgioa, 1058, 8, 136.
Re e POWERSE, Ms DOYLE, tDid. 1056, 4, 383.
Co ANG, 1tDid. 1219835, 1, 1338
ReW, PONERS, $btd. 1054, 2, 604,
R.V. mw. H‘ mmo ‘b‘ﬂ. :m. G. m.
Relly POWERS, My, DOYLE, 1Ivans., A«.leMaBe 1067, 9, 1288,

Co ANG, C. WERT, $bid. 12988, 8, 1082,




20.
21,
a2,
33
24,
28,
26.

26,
204

3.
a2,

wie

172

C. VOOLRUFF, Pnyetoal Review. 1008, 16, 3235,
Jole SNOEK., Pnysica. 1959, 6, 591,

D, FOLOBR, Pntlips Researoh Reporte, 1948, 1, 5.
Jo SHIT, HeCs VAN BEURLN., {bid. 1054, 9, €60,

Re RASLINGS, Dy TAMBINI. JeleSels 1086, 184, 302,
JeDo PFPASYL, MeB, VERRIJP, (btd. 1085, 180, 387.
G. LAGERIERG, As JOSEFSS5QN. Aota Netallurgioa, 1038, 38, 230.
By BAWLINGS, tbid. 1088, 4, 218,

0. LAGERBERG, £.0G. JQLPF, tbid. 1068, 6, 136,

H, ASTROM, G. BORBIIUS, 1ibid., 105¢, 2, 547,

Jeikh PAST, MB, VERRIJP, ibid. 1085, 3, 208,

Re RAVLINGS, Os TAMBINI, tdtd. 29885, 3, 212.

M. HANSEN, Conetitution of Binary Alloys. MoOraw-iitll Book
Co. New York, 1058, 671,

Led o LI KOTRA, frans, AJJ.M.E. 1049, 188, 252,

KvHy JACA. Prooeedings of the Royal Sootety of London.
1981, 208, 216,

K.li, JACK, Aotc Orystacllograephica. 10850, 8, 3023,
A, FRY, &Stahl u Bteen, 1023, 43, 1271,
0. AISENHUT, 5. LAUPP, Z. Elektrochem. 1930, 36, 292,

D, SEFERIAN, “Etude de le formotion des nitrures de
por yusion ot due systeme fer-amote,” 10385, M‘{:

We KOSTER, Aroh. Eisenhuttenw, 1029, 8, 657,

Ge %. 5. BERQLUND, 0 AVSAN, Arktv. Fysik, 1880,
L 2

VeGo PARANJPBE, M., COHEN, M.B. BEVER, C.F. FLOB, Jourmal



173

42, TuS. Ko, FPhystocl Review, 1947, 71, 538,
&5, L, CHANG, M, GENSANER, Aotc Metallurgtoa. 1953, 1, 483,
¢, B T, TURKDOGiN, No S, CURNGY, JeleS.I, 19585, 180, 844
é5. C. WERT, Journal oy Metals, 1956, 2, 1242,

46, C, WERT, Thermodynamios tn Phystoal Hetallurgy.
AS.ll, Fudltoation, 1950, 178,

&7, H, VOLMSZR, Kinettk der Phuvendbildung, Oresden, 1939,
48, C. WART, Journal of Applted Phystos, 1949, 20, 343,

49, C. WERT, C. ZENER, 1ibtd, 2950, 21, &,

50, C. ZENER, tbid., 1949, 20, 980,

§ls As TSOU, Jo RUTTING, Jo MEMPER, JoXoS.l, 1982, 172, 163
82, We PITCH, e LUCKE, Arch. Eisenhuttenw. 1958, 37, 45,
58 P. 5, HAM, J, Phye, Chem, Solide, 1908, G, 385,

54, ©C. WERT, 4ote Metellurgioa, 1954, 3, 562,

58, #Re H, DORENUS, Trans, #~elel.B. 1960, 218, 8589,

86, Po CHOLLET, C. CRUSSAID, Compte Hendus, 1882, 255,
July tesue.

57 Jo Do PAST, Metcum, Corroston, Industries. 1061, 36,
388 and 43l.

58, C. WGST, Phystoal Review, 1950, 79, 6al,

59, Jo K, SDAMIEY, Tvone, Acl.M.B. 1949, 165, 753,

60, C. WERT, Joumal of Applted Pryetos. 1950, 21, 1196,

61, C. WERT, C, ZENiR, Phystoal Review, 1949, 768, 1160,

02, Jo D, PAST, My Bs VERRIJP, JeleSel, 1986, 176, 24,

GS, P, BUSBY, D HART, C, WELLS, Journacl of Metcls. 1956, 8, 6&G,

“

6. To S, Ko, Trans i.l.M.E, 1948, 176, 448,



174

65. J. b, Lo J¢ DIJESTHRA, Phtlipe Teohntioal Review,
951-%2, 13, 172,

068, e J, DIIRSTRAs Re J, SIADEK, Journal of Netals,
‘1082, 5, 64,

67. Jo Ly NEIJERING, Metouz, Corroston, Industriee, 1061, 350,100
88. J. D. m. l. '. m’. m‘. Im. “. 1“.
690. C. WERT, Joumeal of Metals, 1053, 4, 603,

P70 Je Dy BAST, Jo Ls MELJERING, Philtpe Resecroh Rgports,
1983, 8, 1.

,1. RO H. wwdlﬂ’ JO cmm. M A.I.H.R. 1958. 8”. 7”.

73, Jo Fy ELLIOT, Me GLEISER, Thermochamfetry sfor Steelmuking.
Mn Press, London, 1960,

78. Je wm' Us BNUB, JoleSed, 1958. 175. a2,

Pde B D, TURGDOGAN, S, IGHATONICZ, Jo PEARSCN, deleSel,

78, Lo e, .&(IEOLF‘V Ae Ve RQRMOV. Izvect, Vs, Cherm, NMNet.
Jm. 9. 390 1

76, O RUBASCHEWSKI, Bes LLe BVANS, Ne®alld oal Thermochemistry.
Butterworih Springer Ltde, London, 1061,

77, Daeto Open learsh Steelmaking, AI.M.B. Pablication,
Jew r@rk. I“‘. 488,

760 Co 8, BiRRET, Struoture of Netals, MoGrow=iitll Publtehing 00. |
Ltd,, New York, 1982, &7,

79, B, LBEHRER, 2, Elektrochem, 1030, 36, 383,
80, L. J, PATERSON, Ph,D, Theote. Untvereity of Glaasgow, 1964,

81, 4o &, OARKEN, L. 5. GURRY, Phystoal Metals,
MoGraw - 11 aookco.,mm 1883, Y

82, M, HANSEN, Conatitution Alloye, MoUrew - Hill
# &ﬂ".Wu. {R M .{938’:‘%0.




CHAPTER XI.

ACKNOWLEDGEMENTS



175
iX ACKNOWLEDGIMERTS

I welcome this opportunity of expressing my gratitude
to all who assisted me in this investigation.

To Dp, Rankin Kennedy whese unfailing help and
encourageaent have proved inostimablo,

To Professor E. C. Ellwod for hias ken interest in
this rosearch and for gencrously making available the facilities
of the Departasnt of Metallurgy, Royal College of Sciemce and
Technology.

To B.l.S.ReA. for donating the high purity iren used.

Yo Neasrs. Via-Yag Ltd,, Wishaw, for placing their
vacuum casting equipment at ay disposal, and in particular te
Mr, J. Brown for the highly appreciated part he played in
this respect.

0 Mr. J. Kyle, Chief Chemist, Wm, Boardmore ¢ Co, Ltd,,
for kindly analysing the casta.

To Nr. R, Hamilton of Messrs. Colvilles Ltd,, and
Mr., J, Arnott for their willingnress in performing the nitrogen
analyses.

To the Department of Seientific and Industrial Research
without wvhose financial support this investigation would not
have beeon possible.



