VL

Universit
s of Glasgowy

https://theses.gla.ac.uk/

Theses Digitisation:

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/

This is a digitised version of the original print thesis.

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge

This work cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the author,
title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.qgla.ac.uk/
research-enlighten@glasgow.ac.uk



http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk

S SO

INTERNAL I'RICTION IN TRON-ALUMINIUM ALLOYS,

by

LoJo Paterson BeScoey AcRoCoB.To

Summaxy of Thesis submitted to the University of Glasgow
for the Degree of Doctor of FPhilosophye.

A geries of iron-aluminivm alloys, with aluminiuvm contents
varying from 0.015 %o 0.3%, were manufactured and their relaxation
characteristics examined after nitriding and carbuvising. The
examination was caryied out on a specially constructed torsion
pendulun which made use of specimens 0,03 inches in dismeter.

A vacuum casving unit and heatl-treatment furnaces were built to
produce specimens of this nature and subject them to the neceasary
processes of annealing, nitriding and carburisation.

Thig apparatus has allowed the author to confirm most of the
reported information to be gained from the study of the internal
friction due to stress-induced diffusion of interstitial nitrogen
in pure iron.

The iron-aluminium~nitrogen system has been investigated
and a metastable damping peak discovered. This has been atiributed
to the interaction of nitrogen atoms with distortions in the
lattice due t0 a coherent precipitate of iron-aluminium nitride.
Otherwise the observabtion of J.D. Fast (Meteaux Corr. Indus.,
1961, 36, 383 and 431), that there is no damping peak due to the
interaction of aluminium and nitrogen in fully homogenised iron

specimens at equilibrium, is confixrmed.
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The aluminium alloys were manufactured from material
containing oxygen and were reduced by carbon additions., The
subsequently formed aluminium carbide contyibuted to a lack of
succeass in calculating the solubility of aluminium nitride in
alpha~iron. The other factor in this failure was the fact
that equilibrium was not achieved. Had equilibrium been fully
achieved it ig in fact doubtful if the internal friction technique
would be sensitive enough to measure the vexy low solid
solubilities of nitrogen in this cases

In view of the interfevence of carbon in the experiments
of this work it would be advisable {0 deoxidise future alloys
with hydrogen where there is the possibility of the formation
of a stable carbide of the alloying element. However the
interaction of nitrogen and carbon discovered in this work is
of intervest since the presence of carbon and nitrogen in solid
golution are of great importance in determining the mechenical
properties and in particular the high temperature creep properties,
of steels. This interaction might usefully be sbudied using an
internal friction technique.

Computer techniques were developed to analyse the complex
damping curves found in this work. These techniques may prove
to be of dimportance in future work in the field of internal

friction studies,
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PART 1~ THTRODUCTION,
Section le.l Introdustion.

One of the most significant trénda in the steecl induetry since
the Second YWorld VWar hap been the ever inoressing demands made by the
consumer industries for mild steel sirip. Over one third of the total
tonnage of stesl produced in the United Kingdom tenﬁay goes to the
making of wide strip and strip mills have become synonomous with a
high standard of living, associated as they are with motoxr caras,
refrigovators and o vast ronge of tinned goods. Trade returns seen
to indicate that this treond will continue as mild steel has no servious
competitors for packeging end light conastruction purposes.

The majority of the industries using these large quantities of
strip ateel are highly sutomated and inveriably their products
require that the strlp should have good deep=drawing propertiocs. As
such they must necesserily have strip with uniform mechanical and
chemical properties. Chemical segregation, variations in grain size
and differences in rates of age-hordening are thyreo factors which
magt be olesrly controlled if an automated production line is to be
kept in smooth continuous operation. The onus is on the steelemaker
to furnish a product which has t0 be consistont from ingot to ingot
and from cast 10 casts

In the motor car industry ecspecially the conaistency of the staip
i of grent importance. HMenufacturers have beon introducing body
gtyles which have demanded that mild steel sheet he subjected to

P draws of difficulty. Thus maximum duetility at the time of pressing

cont'dees




[ 2@

io essential and ageshondening must be kept t0 o mindmum.

The phenomenon of egeing in steel has been well kuown if not
woll wderstood since the beginning of this @@ntuxyle With yveapect
to steel moking it mey be descrlbed as o move towards eqilibrium
Lrom an wstable condition resuliing meinly from the retention of
nitrogen in solid solution in the fexrito. M@rieag and Kﬁgﬁ@gB
in the ecarly 1930'n esteblished that this nitrogen eventually
pracipltotes and causes embritilement of the metsole It would appear
deslreable tharefore o produce & steel with no nitrogen in solid
aolution on aliernatively to neuntralise the effect of nitrogone.

It io impracticable to produce nitrogenefree stesl on o lawvge
industriel scale ut it was found that additions of aluniniwa had
the effeot of reducing or even elimineting agow-hsrdening due to
nltrogen precipitatione

Aluainiun had been used ag sn addition to steel for many yeawrs.
Originally it was usged, slmost suereptitiously as a corxyeetive fox
over-oxidised heats and was wagaw&@ﬁ an & means of compensating for
pooy furnese practices Ab that time the viow was held that any stesl
which contained sluminium was of inferior quslity. In the 1930's
reports of experimentel work appeared which indicated that aluminium
wag effective in controlling grain sise and in inhibiting egeing and
the stigme assoclated with the use of aluminiunm ss & deoxidant wos

Linally removed.

conit®dece
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It is now possible to produce stecls by the use of oxygen,
stean and the Linz-Donewitz process, t0 neme three, whose nitrogen
concentrations lie in the range 4020"3 o 841 "%%. At nitrogen
levels in this renge steels are still susceptible $0 age~hardening
80 that the grain refining end ageing inhibiting properties of
aluninium arve of impoxrtancoe.

It appears that if siuwinium inhibits ageing in steels containing
nitrogen in solid solution it must have a murked effect on the
solubility of nitrogen in fervite and on the rate of precipitation

from ferrite. Some work has been done 13+24,13,16

on the effect of
aluminiun on the asgeing, notch ductility and temper brittleness of
ateele containing nitrogen. 7The reports have often been conflioting
and olouded with mncertainties. It would appear thet the effectivencss
of sluminium depends on the stete of deoxidation of the motal and on
vhat other alloying elements are presente It was decided therelore
that this present work should be undertsken to study the interaction of
aluninivm snd nitrogen atoms in ireon in en attempt to help clarify the
situation asince these interasotions arve of obviocus theoretical and
practical importencae.

An experimentnl technique which would yé@ld an effective method
of measuring the amount of nitrogen in solid solution as distinct
from total nitrogen content is to be found in the snelastic effectis,
- oommonly knowvn as internal friction, caused by the prescnce of
interstitial solute atoms in body centre cuble latticess It has been

11

found™™ that nitrogen atoms in solid solutlon in slpha-iron produce

¥
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internal friction effects which are divectly propoxiional to the
anount of nitwogen in solid solution. Hence the measurement of
intemmel friction phenomena provides a method of ascertaining the
nitrogen in £0}lid solution as nltrogen which hasg pﬁmaipitate@ doas
not contribute towerds intexmnal friction. Further, the interaction
of alleylng eleoments and nitrogen hes been found to produce internal
friction effects distingulshable from those of nitwrogen in iron
alan@§4 and the eff@e% of alloy sdditlons on the solubility of
nitrogen in iron can also be studled by this method. A summexy of
the theoretical background of the study of internal frioction due to

golute atome will be found in Sootion l.Qe




Seabion 1.2

Review of the Theoxy of Internal Friotbion.

The clegsical theony of elasticity implies a lineoxy relationship
betwoen stress and stzaine Such a relationship does not in fact exlst
for renl metnls. A well known exomple of the dep&rtﬂxe of motals
from the olassical theory is the elapiic "wfteweoffoot"” on loading
and waleading or recoverable cxeep under constant stress. Internal
friction is another cxamples It wag Zener4 in o definitive suxvey
of these phenomens who coined the term "snclestioclty"s By his
deffinitlion anelastic phenomens exlot where strain is not a function
only of stresas. In foct where anelastic effeols arve preesent strain
lags behind stress in tino.

From the above definltion 1% 1s apparent thet any physical
change in o metel produced by an applied stress will csuse internal
friotion if the subsequent sirain is out of phase with the applied
stresse. Such stress induced phenomens include interorxsislline
thermeld currentsﬁ’é' atress induced viscous 51197 and atress
induced diffusion of stons. It is the last of thesse with respect to
interstitiel atoms i s0lid solution that makes the measurement of
internol friction such a powerful tool in this present worke.

T4 was Ricchterc?? who in 1937, firet discovered an elastio
aftere-effect in iron which had fivst exhibited a magnetic after~effect

10,11 who

or nagnetic hysteresise Hig work was conflrmed by Snock
disoovered that the elastic alter-offect was due to amell amounts of
corbon and nitrogen, but only when they were in solid solutione.

gonttdess



o fe

ihe maguetie and elastio aftor-effccts he postulated were merely
gifforent menifestations of the gome phenomenon. It followed
therefore that since only those atoma in solid solution conbributed
to lnternal frietion the metellurvglst had a wnigque method of
doternining the amount in colid scluition and of following the counse
of precipitation of the lnterstitial from eolid solubion.

Snoel further postulated that this intemnel frioction wes due
$0 stvess induced diffuslion of carbon and nitrogen atoms bhetwoon
interstitiol positlons in the bedy centre cubiec alphasizons. In
alpheeivon nitrogen tonds 0 ocoupy tho interstitial position
(ky2e0) in the unit ce11*? una produces lettice distortion along the

tetragonal axls as shown WolowWie

2-87 & 3-88%

V
2:874 | < N

® Fe atoms 275 &
N "noow

A
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In o astress froee specincn atoms will be distzibuted cqually
anong Interstices having thelwr dtetwagonal axis pewallel 40 any one
of the throe major oxen of the cell. However vhen o stress is
opplied slong the x - axio, for exemple, there will be a greator

probabllity that the solute etoms wlll move to intexstiticl positions
vhone wobvagonel symmotsy is along the B « oxig, than in the
unatrenncd condition. Mime is obviously raguired fopr the nltrogon
gtoms Ho diffuse baeck to their rondom positions after the abtross hag
been memoveds  Hewnge the otzalin lags behind the stwess giving pise
w0 dnternel friction and other anelostic offecitn.

14 becomes sppavent fxrom the above model that the procons
involves the diffusion of intowsititisl atoms over atomie distonces.
The reloxavion time fox sitomio diflvsion is given by the cxponeantial
equation,

T 'ffa &xZPe %%% seOBOORIORORNBEIRIOEREOORD (1)
vhere To is a constunty R, the gas constent, 'y the temperature in
dogreen Rolvin end diy the actlvetion cnorgy for the diffusion process.
It i in supplying the activation enecrgy for dlffusion H0 the prae
astrossed equilibriva thet enengy is diasipateds It Ao this
diasipation of enengy thet glves wise to the besit kaown phenonenon
of releration progeasesy dompings The toxms demping and intcoxnsl
£rlotion arve gynonomous. In this proseny work, the demplng of a
frooly osellloting system wes uwsed o determine the elestic aftowe
effent and hence the amount of nltnogen in solld solubion..

onb?deco



snock used tho tangent of the phase displasement betweoen
stress and strain to define the interanal friction as a function of
the relaxation time, e derived the expression,

&

o 1l (w1ﬂg

scecnscsccocsvesses (2)
where § is the sngle of displacement, w is the angulsy frequency of
teating, 4 ia an elagtle constont of the metal and 9 in
proportional to the amount of nibrogen in solid solution. The
simplest way to meesure internel Lriction is to divide the
logapithmic decremont of & frecly oscillating systea by 7. This

1

ig in faoh equal to tan  ond is reforred to as @ — by enalogy with

eleatilonl osolllations. Henee wo hove the following expressionie

] ton . W T
) & FOE oonncoo.oocuoouoooo(B)
gl % 1+ (wn)?

When it 4o vemembered thetT =To exp. &H/R? 1% con be seen
thet the internel friction is strongly temperature dependents. AL
low tempexatures the relaxeilon time is very levpe, foy asny given
valne of Toe. At these tempenatures precticelly nothing has besn
relaxed in the pevdod of the applicetion of the siress ond siress
and strain sre thevefore procticelly in phases. 48 a result Qfl is
salle At hlgh temperatures T is so small thet relaxetion will be
complete well within the period of application of the stress.
Agedn stress and strein will be virtuelly in phose and Qfl will bo
smellse Only at intewmediate tempersatures where the reloxatlion time
is compaxable with the pewxiod of the epplicabtion of sitrese will
there be relexabtion and Qfl will be largo.

cont'Ceee
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The conditions for maximum @ = velue can be determined
nathenaticslly. Qfl will be largest where the zate of chopge of
QWL with w and T 48 zexo. By diffeventiating equation {3) we find

al ,
thet @ 7 1s o maximam vhere w T = le0s FProm this we obtains

4 1
T B o e
w &Tmf

whepe £ ia the lineay frequency of osclllation.

It also follows that a plot of Qﬁl sgainst tempevature for o
congtant frequency will have o maximum at the temperature where wT
is wlty. An oxemple of o demplng curve due t0 interstitial nitrogen

in irvon is shown belowie

290 300 alo 320
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The value of Q,"l at this point, iﬁzﬁ?’ is therefore given by the

GRPTOSILOR

\ e.
O - fg*‘*‘i‘mm ° % accoxding to equation (3)
o 2

from vhich it follows thatl,

w],
ol 200 W
Q | Oﬁlid90‘00.!000OQQQQ!QQOQ.!QQ'OC.(4)

1+ (wr)?

Fyrom oguations (1) and (4) 1% is possible to celoulete a
theovetioal curve knovulng the moximun value of Q,“:!’, the value of
4 and the temperature of the moxioume Tho use of the tvo eguations
is however cumbeysome and they mey be combined as shown belovie

For a glven frequency the ratio of the maximum ﬁ:?,"l value to

the value of ({'1 at temporature K is,

=l o
Qm = i swﬁ*

#44
- 2w
L |
a {wr) o+ (wl)
2
lew sinee cosh x ™ @mx + o
)
i “1 | '
Al = cosh (In w) .
Qm

Given thatT= To oxn ‘g% Qtoo.oo.o.nnouooo:o-uoooooo(l)

then n T = 1lnTo ¢ ng*%
-l
3 :
0%e i » cosh (In wTo + %%)
Q‘ﬂ

oont'Gese



wllm

At the peak maximum, T = '%

~qf]
8XDo ‘ii"""“,l,m’
PeTo =

vhere Tm 1s the temperatuve at the meximun Q ° value

ot =l ax
T oo R+ RE)
L .;1.....}
= "0"”’}‘%11 (F - &)
Qe Q,—‘L e 'gzl} ocouooooiocoo.o(5)

L L
‘mh{n (- Tm)}

fiquation (%) allows the definition of a relexabion cusrve in
terms of ite three most dmportent pavametersy the height of the pesk,
the temperature of the occurrence of its peak and the activation enervgy

of the process of atomic movement involved. Eguation (5) was the one
used throughout this worlk.

While equation (5) allows the calculation of the heat of activation
from one single curve at one single frequency it is possible to

calculate the value of dH from the shift in the temperature at which

Qﬁ% occurs, with frequency.

At the pesks of two curves which ocour at temperatures Tl and T2

for frequencies wi and wg we have,

cont'deee
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2 i
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. o exp RT,,
To exp “fﬁ;l
44
3 il i3 3
Wy b3 o ﬁl

£ _ .
m @ o« E (- )
2

S T
2!
: e [} f
aH ) R In (fz) 12‘ 91 FO0080000OS0L (6)
D)

Bquetion (6) yields yet another method of celeulating the
activation energy of the process of atomic movoments

The location of the peak of a plot of Q,“l ageinst btemperature
in degrees Kelvin produces useful informotion about diffusion rates
and diffusion coefficientss If the movement of atoms in the
internal fziction process is regerded as o rendom walk problem in
a2 body centre cubio lattice we have D, the diffusion rate, given by
the relationship,

A2
D e g;f ecececessecescssens (7)

where )\ is the distance an stom Jumps in the anclastic process and

where f‘z’ is the average time of stoy in a given lattice sito.

gont¥daee
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&
)\iﬁ in fact holf o unit cell of 2 where o is the lattice perameters

waﬁam hag shown that ‘T’l is related $0 the relaxation time 7T

3T

1
thug-17" = e

2

2
&R ¢ Tl muéu}.’bu M
Thus equation (7) beoomes D = L n

AT the poelk wT = 1.0 and 80 D i readlly caloulated snd can
be nged for the evaluntion of Do in the clessic diffusion equation
D e Do oxp %%i vhexe D is the dlffusion coefficlent and Do & congtents

As previowsly mentloned the actuasl velue of the peak helght,
Qﬁ%, io of considersble imporiences Ieom equation (3) it cen Lo
soen that the peak value Qﬁg i@wgégm'whera @g 38 en elashic conatant
and 0y in dlwvectly propoxiional t@.%h@ amount of interstitiel atons
in 90lid solutione Therefore o direot welationship existe bedvoen
QE% and, the number of abtoms present and hence the welght percentage
of interstitial element in solid solution. Thie may be expressed in
the following wey,

H(wih) = K Qﬁ% wheve K in a constonte

In the case of nitrogen in alpha~iron the average velue of K from

2Lo@2 10 1,08,

the resuvlits of several workexrs
In summary the following infoxmation oan be obteined from o

single relaxation curve i.e. {rom a plot of Qfl ogainst temperature,

for o glven freguencys

1)  The eotivatlon encrgy of the process of dAiffusion involved in

the enolestic effect wheve the effoot is due to interstitial

solube atomse In this present work thle will be nitwogen in

cont'Gess
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in dwvon oy lronealuniniuvm alloyse
2)  fhe diffusion coefficient for the process.

3) The welight pewcentage of nitvogen in interstitial solid

solution for any glven set of conditiondg.

There is therefore considereble spplication for internel
frletion techniquoes to problems of solid solubllity and precipitation.
A review of the work previously done by the application of the
techndigue o the behaviour of nitrogen in intervstitial solid solution

in dron will be found in the following seotion.
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£9ﬁ4 investigated the demping chorecetoristios produced in
siphasicon by ndtrogen between room bemperature wnd recryeibsliisation
temperature ab o freguency of one gyele por second. Hoe found thyee
internsl riction pe&k& ab 20, 2295 and 4909$a The fdret is due bo
the dnoek effect, the sscond appearsd ofter the specinen had beon
coldeworked ond the third is csused by graineboundary volaxation,
ageording o Keo's analysis.

Uging formuln {6) of setion 1.2,

Leoed
pos
gy
§ -
§i
R
5
L]
[ omd
Far
o
2
g
i
4

L. k)
*gi ‘ﬁ

he ealouleted the acbivation encrgy for the dilfusion of nlirogen
vhose peale was ab 20°C bo he 20 Kenls/mole, to mn eccupecy of ten
per contls This velue is hirher tham the 16,4 Keals/mole assumed

by dnoek an the bosie of bis mepnetic aftere-oflect experimentso.
several vorkers hove debermined diif values wsnd bthese are susn.apised

i Table lo  dost workoers hove veporbed di velues in bthe reglon of

18 - 2 Koals/mole and hove placed the inbernal Friction peak avound
RN : :

2070 ub & freguency of one ¢ycle per setonde when using the valuss
aquoted in Yable 1 dn conjunetlion with cyuation (6] they do not produce
congisfent resulis when caloulating the positlon of thoe npealt for any
given reguency. Tho date of Faesd and er“@$§4wms sdweys closest o
the averee of bhe resulis of thoe esleulobions, ww coun be seen from
cenle Ma)e rom bhis vessons thoir dota wss used for predicting

Lhoe peuk tompersburs dn the presenl YO¥Ke

o bldeos



squation (7)) of the preceding secbion allows the caleulation
of the diffusion coefficient of the inberstitial in the metal from
sn expopinentolly determined value of the relaxstion btime. This is
found from the posiblon of the maximun damping ehere w'T is equel
Lo undiye. In this manner aﬁrif Y A3 studied the diffusion of coarbon
in slphasivon bebween 29 wnd 20070 obin dning 2 volue of Do for the
exprossion,
D= Do expe RT
e IR S " e o . . ;
He found Do = 2 x 1077 en/second with o @i value of 20.1 Xeals/mele
while Fust ond vangp*’ obtoined & value of Ho = 7 1077 an / seond
with a dli volue of 1866 Keels/mole for aitrogen. Both agree well
with velues extrapolated from the resulits of convenbional diffusion
axperinents ¢t higher temperstures.
‘The determination of the oolid aolubdlities of carbon ox nitrogen
from the peek heighis of interssl friction curves deponds on the
theories expounded in section 1.2 Once $he peak helght hos boen

obbained the alubltlﬁy can bo found if the consbtant of proportionslity

ia founde Fojdﬁfﬁ& 4 yiosk gilves s theoweilosl velue for this congtunt

36

for single cryasteles and Smdt vnd Ven dnerents™  for vpolycrysitalline

s0lide. this latbter glves the wealght perecontage nibrogen as

=

Fay g ;g :f;: i

oy ! 'aumm iR

Fugn
e

ws ¥

Yo x 10O
. PV« I ‘ X
vhiloh corpesponds to Le33 b 2070, Moot workers hove preflersed to
dotbermive this value oxperinentoelly by direch compurison of . 3§ wit

. \ A Hgd%
gaumies) aaalyels cod heve found values of 1.26 Lo 1 KQ’Q’ 75109490
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Pikstre” dn following the course of preclpitation of carbon

end nitrogon from solid seolution in alphe-ilzopn discoversd (hat

s

piltrogen preciplicted in two stages il ageing wes carried oub bolow
c}“ gy L ] = FL * 1 3 s G S DY -
30070 His suapestion of the Dovmntion of anothoer ironenliropen
phage epert Leom Fe N wes supporbed by Aeray investigations of
o o A8 . _ . N
Jeok ™ who digignated the phase k@%mg
Ailestrats resulis geve bhe hoet of golution of Fe

r

iron an 8 Keals/mole and theb of I

A

s 10 Eosls/mole. o lthough

i)

g
]

"‘%
thoos henby of solution did nob aoree with {Qﬁﬁﬁﬂ'ﬁé Pheay vere

33,

0

supportid hy later work fn exbrapolsation of Dijksdtrats dets
. X . , ;o ol
sives o mamimun 20lid solubllity for nilrogen as 0107 whe at 5907C.
. 5, .. . 3T g S *y Q‘\
and for aarbon oo 0.00687. wi. at 783 Ge
: v ‘ . + 5
Using a method of lsothexmal calopimetyy Bovelivs et ai?b
had obbained solubility {dguves for ailtrogen which diffeved from
M iksteels ™™ by o foctor of two. In abtempbing to sgeount for this
. I 1 « et . . , i,
hetrom pod Horelius”  wepeated bhe colorxinebric expoevimenita. Yhough
correchting the previous yesults they obtuined new velues which
devisted from Djstea’s to an extont Lthat led them to suyggest thob
X ml R " . 5 3 » -
in fmeb ¢ was nob directly proportionnl o the amount of dissolved
nibrogene. Thely calorimebtrle mpesults were oupporied by wolaxation
messurencabs on o pitelded spring ooll where the nibtxogen was
eelonlated by dineveasce dn welghte Thely cobeewvations were a dirvect

li}g 11 34 %

contrediction of the theoriss of Snook and Folder Support

for dnoek ond Polder was aluoest lammediately fowthooming fyom the

gonbidees
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indepandent studies of Fast and Verrijp” and Hawlings ond ?&m&iai4 9

=11 of whom vsed internsl Txiction methods.

Past ond Verrllp were siudylog the solubilities of altrvogen
in alphs=iron in eguilibrlum with the ivon niliriden ?@@ﬁ and F@gﬁ
and dn equilibrivm with geseous nitwopen ol one abtmosphero DIEBSUTG.

They produced the Following cxpressions foy the solubility 04

«£300

pritiadany

%{fadﬁ) o 1263 srpe( HT ) wiel
Iy L
b s:{:&s}h]m::
(s wtm) = 90Be2077 expo( T ) whef

=900

\) ? Tl T ST
#

e 3530107 exp. ( RP ) wihed

i

a{Fe,.b

Pt
o

From the Civst two equations the dissoclatlon pressuce Gf'Feﬁﬁ ig
) H

glven by,

P
o
B,

oy
i
o
ol
E
5

v fea s IR |
fi {5@ Q) e Lol 0 GEe
P Fi)
€0
which is in peasonable argrecnment with tomett et al™ who used wethods
of chemical mslyeis. Using Dijketra’s resulis in o similar celoulatbion
the solubllity dn equilibwivm with ﬁﬁéﬁ is glven by,

~J 198

To5 aupe{ HT ) whoi

25
W

Q{Feqﬁj

53 53 4

The resulis of Porvanipe ob al”” and Corney and Taxkdogan how
J3 A

an even better sgreement wiith Past and Vereijipe 'hely equabtion of

the solubility in equilibfZium with gaseous nltrogen agrees well with
s Be . . . P

the wesults of Sleverte ot sl Thedr heat of solution of Fﬁgﬁ is

10 Keols/umole and ds 2 Reals/mole highey then that obbadned b
e

Pijkstre who found both Fe N and Fe ll to have a heat of solution of

g

contideoso
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8 Koala/mole.
48

Heeldngs and Tembind cazried provious investigetions to their
logieal conelusion ond determined the alph&mirun/Fa4N phage bhovndaplaen
by indernsl friction methods and found exeellent agreement between
theilr results and previous work placing the entectodd fLomperabture ot
ﬁQDQG with a moxisum s501id solubility of 0.100 nitrogen by weighte

In sumnaey, it moy be said at this point that Snoek's theories
had been substantlated and that fthe spplicstion of him theorien o
a study of the solubilitics of eaxbon and nitwrogen in slpha-iron had
yellded resulbs which weve in good spyeement with resulis obbained for
these oystens by other experimentsl methods. From this point onwards
investigotors concentrated on the effects of alloy additions on the
golubility of nitrogen in ivon as weasurved by internzl frliotion methods.
D Jkstrs and Sladekﬁa diggovered that additions of 0.% stomic
pex cent of mangencse, chromium molyhdesun and vanadive had o mavked
effect on the chorvacteriatics of the droue-nitrogen damping cunve.
The shape of the damplng versus temperobture cnrve was modilled in the
cage of msnganose and chromiuvw and with molybdenum ond vensdivm two
digtinet peaks were ohserved. In ecach cage the curve was resolved into
two component peoks ong of which had the chavacteristics of the
nonl onoek peak for an dxeonenitrogen gysteme ‘he second peak, which
in each case was ab o higher bemperature than the ironeniteogen, wag

2

:lained hy Dijkstzo and Gladek (o e due o the presence of atoms of
the alloying clemente The Buock peak ia due to the diffusion of

nibrogea atons betweon ixone-imon intverstices and the othery, it is

cont®deso
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sugrested is-due to diffusion of witzogen atoms betweon on ivon-ivon
intersticse and on fvone-menganese intoerstice, for sxemple. They
postulated that one of the atoms of the tebrashedryon of lron atoms
suprowading the ioterstitisl nitrvogon is weplaced by a mongansse aibon
and thoet this syoten has o lowey feeo energy level foxw a nlinogen atom.
The nitrogen stom therefore fipds 1t exsier o diffuze to such sn
interstice. 'This theoxy implies that there is another relaxation
time and o different actlveblon encrgy associated with diffuesion of
this neture.

This work of Dijksivo and Sladek had been done to investigate
a report by ﬁasﬁﬁﬁ that manganese broadened the intermal friction
paak and inhibited the precipitation of nitrogen from saturetbed solid
solution. It is dmplied by Dijketre and Sladek thet guantitles of
disgolved altrogen sre essocdeted with bhe wlloylng olemonits and the
by etudyin: the posk caused, thelr presence and thedw effect on the
solubility of nltrogen cun be guelitatively and perhaps guantitatively
ageevbainedo

Gork on an iron alloy eontalndng 0.5 atomie per cont vanadium
by Fost ond mﬁi§aﬂin§§6 confirned the effects, found by Dijketes and
fladeks  They obtained the Unoslk peak b Qlﬁ§&6 and o gecond peek
in the region of 30999®g§ for & freguency of one cycle por sscond.
Un progressively increaing the time of wnitrlding the second peak wrose
higher than the nommal Snock peake 14 reached a mowimum after several
houry after which the bnoek pesk bogen 0 Tise. Fast 1&%@%5? concluded

that the second peck was dve o vanadivm solubility in gonnge-iron

contidece



sdhouch dulilslly he hed sbipibated the effeot o the mresonoa of

vanadion nibrides He Dinelly ooncluded et thoere was no posk due
o i fuoion bodbveen Lponeiron ond Lrovevonodiuvg inborobioes ab louser
foemporcburen 2o nilbeogen conbinsd proforaniflally {0 fora vanadiun

nitride anpd cauzed no deoping.

o
. q ,}%3 ) o 8 .
heako b al”” wndertosk o siudy of an droneslliconesdtoogen syobon

by dnderanl Delebion

&

A

(containiag 283 walght pey cunt silicen

taohninoues,  Thoy found two roprddueible posks, wlih he oxisbenos

of & bhind suspeoteds  ‘fhoe puall ab 2270 nnd bhe astivotion one angy valuo

of 10 Kenle/mole corvesponding bo the nowsl ivonenitrogon peake 1hoe

sesond peak which oceonerod ab 3?09 had a value of 12 roeln/moles

The diffuslon coofficiont of nitvogen sssociated with the second peok

wag ocolanlated and found to be the gamoe ng that of nitrogen in pure

avone  Ho dote wan woporybed for the problemabicsl thied poske The

gidlicon eddition wes Lound 0 have lowerad the solubiliity, o8 compnro

with that dun pare dwon by o footor of tone Holow "}fi}()@{} the auount of

niirogon nesoeiabod with puvely leon sdtos, ss dndioodcd by the helght
the Unocl peeky wian negligable, dndlcating o profovenon of nibrogon

for silicone Theln solubility sesulbs otmporea woll ulth those of

[

Cornay and Turkdogem”

Levls o ol postulated that the onergy barsier for o nitrogen abon

*

polng Trom dronesilleoon sdtos to dyonedzon sites io greator bhel fox
movencot in the opposite direetlon. In obhor words Lhey owgrest that
diffoumion feom lawnegllicon to Axoneiron voegudoes o laggow actlvetion

enovgy bhon the diffusion of nlteogen through pure ipon. The

pontldees



sebilvation energles caloulated fox the pesks due o nanganese obe.
in Dijketrads wawk§4 are of the ovder of 18 Keals/mole and their ouwn
sotivebion enevgy of 12 Keals/mole for thelr silicon peesk awe therefore,
aecording to thelr theony, incompateble with movement of nitrogon

from ironsivon sites to lronesilicon sibtes, or in Dijkstrels case

feom ivone-icon to ivone-mangancscs 4 value of 12 Keals/mole ia
compatable however with the irvon-sillcon to dvonelron process thatb

Lealt et ol oledim for the gecond pesl el 37069

Hawlings and HGbins&nﬁg examined and ivon/silicon/nitrogen systen
with silicon contents Lrom 0.5 to L.l pew cent silicon at one cyal&fﬁe@e
Thay discoversd three penlks alb Qﬁﬁg 3§Q and GE%Q in addition Lo two
athers found only when the specimens were quonched {rom the gamna
panges ‘'The fivet was the normal Snoek peoak with an setivation coergy ol
18:3 Koalae he pesk ab Bﬁﬁﬁ corvasponds to the sogond peak of Lealk

58 . . ) ap .
et al” for whieh they £ind an sctivoition enoxgy of 10 Keals/mole by

using equation (6).

% ‘
L g , 1 4,
}pYL (um::i xu} sy zgg%m ( :-i::x L ??:;)}

and o value of 30 Keals/mole, for the same peslk, Imom "the shopo of
whe eurve's The peak of 63309 for which they offercd no oxplanation
has o AU value of 8.5 Koals/mole fzom eguation {6) and 80 Keals/mole
from the "shape of the curves The vealues calovlated from the shiflé
in pesk with frequency using equation (6) corvespond with Lesk ob sl
but aeen pather low Lo the author snd thele dispexity with the values
calovlated from the shape of the curve (o method which they do nob
explain) eve very surprising. Low 4 velues ave chaxnetoristic of

cont¥dees
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very broad pesks which ave often composed of move thoan one relaxabion

process and the possibllity oxlsts that peaks with values of 8.5 and

10 Keals/mole can be further resolved into two ox more componcntss
Lexay eb a134 in an investigabion of &ggiﬂg in low corbon steels

found that the number of pealks incressed ss the aluminivm content

inoreesed from 0.04 B0 2:36 weight pewr cents Tho intemmel felciion

resulbs indicated the presence of three popks in addition to the

nozmal ivonecarbon peak ab 4GQCG These abnopmael peaks were found &t

24 67 and ﬁ?gc9 8% one gyal@/sessnﬁg and dncreosed in size ab the

expenge of the normel peal as the aluminium content incressed.  The

petivation ecnevgles fovnd wero 19, 21.8 and 23 Keals/mole for the pesks

at 24,67 and ﬁ?gﬂ respaoctively. The mechenionm escribed, by Laxan

et &1349 e the pesk ab 24ﬁﬂ is that of diffusion bvebween lroneiion

and ivonepluninium interstices on the besie thet the lowest enerpgy

Junp would be of thies noture cnd would ogcuy more easnlily than diffusion

between lroneiron and lroneivon sites. The other pealks above the normal

peak could he attwibuted to ironealuminium bo ixoneiyon diffusion orx

even 0 ivonealuvminium $o irone-sluminium diffusion where the aluminium

concentration is high enough to introduce the poseiblility of alumlnium

stoms ocoupying adjacent lottlos sites. lHowever no information is

gypilable of the yelative energy states of such sites and so there is

no sound basis fow declding which process is vesponsible for vhich peai.
By compawison 1t would sppeasy that moxve than two sbaoymal poalks

should occur in an ironesilicogenitrogen of comparable silicon composition

and thet ccbivetion enexgies of the owder of 20 Keals/mole and otk

cont'dese
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158 and Rawlings and Robilnson

the 10 Keala/mole obtained by Lesk et a
This iz what lesds tke anthor to believe that the pesks obbained in
the ironegiliconenltrogen systems couldd be further wesclvede
Certainly‘if nove pesks of a highey activation energy were discovered
in the cose of Leak et ol the objecitions of these workers Lo Uijkstra’s
mechardsm would be removad.

shen this present vork was unnderteken in 1960 it could be soid
that the busic mechandien. of the theoxy of intewnal friction in the
ironenitrogen aysben was woell undevstood. There wes good sgreement
on ouch matiters as the activation onervgy of nitrogen diffusion in
iron, the diffusion coefflolents for the process and the position of
the internal feleblon pesl for ony given freguency end the solubility
of nitvogen in alplio-izon. Investigations had been mode in 0 the
internel friction ourves of terneyy systema with ironenltrogen as the
besls and attemps had beon mode to weselve the pesulting complex curves
and sscribe mechondemg S0 theme As far ag the author was svare no
study hod been wade on the effects of aluminium on the solid solublliity
of nitrogen in ixvon apset {rom the work of Hule wnd Jaamfiﬁmgnﬁl
and Fl&m&a%ég all of whom were working on ivonecarbol-nangenesas
nitrogeneasiuminivm systens from which the effeat of aluminivm could
not be dsolabede

The work 0f Loxar et &124 in thelr investigetions on carbon hed
ghown that the lronesluminiune-nitrogen syston might slso be of intereat.
From o puwrely thermodynamic point of view the appeavance of abnozmal
peaks is rather wnexpected. Aluminiun cavrbide is a very stable
gonpound end the chemlcel affinity of aluminiun for carbon is much
loprger than thot of ixon for carbon, for exampla.

contbides
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On these gounds it might be oupposed that in o cerbonised specimen

the aluminium would be prescnt as precipitated aluminium carbide

and as such would mske no contribution to dempinge Aluniniunm nitride
being on oven more thermedynamically stable compound it migat be
expected that no demping other than the Snock effeet would be obsexved
wera it not for the fact that the aluminiumecarbon system did exhibit
abnormal dompinge TFasgst in December 1961§7 indicated thaet in previously
unpublished work he hed falled to detect any othew peak except the
noxmal nironenitrogen one in alloys containing 0.5 atomic poxr cont of
titanium and aluminiume. Now effeets that are found with carbon ave
uguelly found with nitwogon and vise versn, Gefle Colletic’s abnormal

peals in ixanamslyhﬁ@nmmwaarhon63

and bigkstr&'aﬁﬂ in lyonemolybdenune
nitrogens Lowar's woxks had shown abwnormel pesks with cavbon and it
wag surpring that Fast found no sbnommal ones with nitrogen.

Because of these confliicting views it woe considered that further

investigation mlght substéatlate or digprove those findings. This

then was the background sgalnat which this present work was

undertokens




PART 2 = DESGRIPTION AND USE OF APPARATUS.

rn L

Seetion 2.1 Vacuum Costing Unite

Since an investisation of this nature was o new depurture for the
Hetullurgy Depariment of the Royel College of Science and Technology
all of the sppavetus deseribed in the following sectiona hed t0o be
depigned, constructed and, in certain casos, callbroted before
experimental wozk could procesd.

It was dmportant that the alloys produced for this work should ba
feeo of goscous inpuritiea such as oxygen and niirogsn. Oxygen would
combine with eny aluminium added and nltrogen would give a false
impression of the quentity of nitrogen added euperimentally. The
wemoval of both these gases fron molten ivon coan be efficiontly carvried
out mder vacuum, elither hy physical or chemiesl methods.

The wolt i chown in Mga.l ond 4. Baslienlly it consisio of o
oylindzicel vespel eighteen inches high and two feet in diameter which
is evacunbed by e three stege ol diffusion pump(z) backed by &
single sbtege votany pump(s). The diffusion punp {supplied by
Voouun Industeial Appliecnces Lid.) hos o pumping capacity of 800 litves
poxr minmabe at a pressure of 1%”4 mime mexoury and the Pdwards® High
Vacuun Robtapy Pump o capocity of TGO litres per minute. The top of
the vessel is detntohable and is sealed by sowows and an Cering sesl
ahen the wald i in operation. In the top ia o six ioch diesneten
pord over vhieh en elghieen inoh high silico sleeve (b) is fitted by
a Qeplng seals Tho top of the sgleeve was closed off fyom stmosphere

by o water cooled mebal cap, the seal agein belng made offective by

aont¥deee
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Omxinges Round the outer dlameter of this slesve is the copper coil
from an induetion heaters Iuring melting of the metal the crucible
(m) conteining the chargo was wound up in the pleeve into the region
of the coll by means of a wack snd pinion arrangement (1)

The erueible containing the charge is ploced in the metal basket(K)
illustrated in Iige.l, on top of the rxatchet in its fully lowvered
positions The cylinder is then sealed off ond eveouated. Afiter the
crucible is roised into the region of the induction coil the heater
is switched one. Yhon the charge is molten the oruecible is returned to
the basket and alloy sdditions made before the basket io tilted and the
metal poured into o previously positioned mould. The cant 1s allowed
to cool under vacuum before the system is opened 40 atmosphero.

The heating power was supplied by & Radyne medium frequency
induction heater which opexated at a frequency of about five
Kilooyocles pexr seconde. This heater wes purchased after conmslderable
difficulty hed been experienced with glow discharyge when using & high
frequency (440 Kilocyolea/seﬁonﬁ) induction henters The discharge in
caused by electrical breakdown of gas by the high frequency
electromagnetic £ield of the induction colles "Yhe effect becomes
pronounced below 0.5 mems mercury and causes severe powexr losges.
nurdongg reported that the only adequate solution to the problem was
to silver plate the inner walls of the furnace water cooling systeme
In the design uged here this was not applicable and the problem was
obviated by the use of a low frequency generator. This worked
pabiofactorily and the chavge could usually be melted in approximately

fifteon minutes.
cont'dees
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The alloy additions are node by means of a smell chuie
arrongemont (B, in Fig.l)e Four small conical contalnews ere
filled prior to senling the oylindore. The contaliners arve actunlly
open &t the bottom but sinee they rested on & plote they weve
effectively closeds 'The botiom plate hes drilled dn it o hole over
the entrance 0 the chute. The contalners ave roboted by meons of
o hendle (d, in Fig.l) and vhen they awve over the entrance to the
chute thay discharge thelr loads into the lowered cwyucible.

The mould mentioned above wee drilled from & cast lron hlock
and produced Qa ingot one inch in diameter and six inches longe
The ingoty; complebe with feedor head welghed juat over two pounds.
The mouwld is alweys proheated priox to casbting by a nichrome
reglatance winding enclosed bolbwesn two sluning shesthse. 1t was
hopad to avoid the piping, end povosity to which o castlang of euch
small dimensions was undoubiably suscoptible. These defeets could
usually be avoided by heatlng the mould %o betwesn 250°C end 300°C.

HHeasurenent of prossure within the vessel is obteined by ueing
on bdwands? High Vecuum Gouge in conjunotion with e Plrani dischange
tube and a Pennlng ¢0ld enlasion gougee The Plraooni io uweaful down
to pressuren of 0,05 me.ms of mevoury and the Peming o lowexr than
lﬁmﬁ MefMe  With the mould hester on to ald degaselng, it is
poasible to reach preasures of lﬂmg MefMe NeROUEyY, withowt the aid
of 00ld traps, aspproximately thizty minutes alter szealing the vessel.

The eruclibles used szwe six inches high with en intevnsl diameter

of two inches. The soctual choloe of refractory was axyived et only

00nt?desas.
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aftor gome inltial difficultye. The refracltorviness of nagnesle scemed
$0 Indiecate that it would be a good material to use and attempis

wore made Lo slip cast crucibles of this materdals However, thexe
wore many fedlures due to the difficulty of separating cruecibles of
this size fyrom the mould and the failure rate by oxacking while
drying and fiving wes also highe

Several btrlal xruns were then made using reorysitalllsed alumins
crucibles. Any pickeup from these crucibles would be aluminium and
for that roagson and thelr good high temperature strength they were
chosene All of the erucibles tested falled soon aftor the melt out
of the dron probably due 0 thermal shool.

Crucibles woere then made with Zircosil rauwming mixture, supplied
by Associoted Lead Development. Ziycosil is a mixbture of asirconium
silicote with an smmonium phosphate bonding agent. The groy powdoy
form in which it is suppllied is simply mixed with water and pressed
into o noulds It 18 dried overnight at a tenperature of 200°¢ and
firved t0 o white heat foxr am hour wnder vacuum in the vacuun casting
unit using o carbon suscopters. This has the effect of driving off
smmonia and forming a refractoxy complex of zlwvconium silico-phosphato.
These erucibles proved very setisfactory in operation and had the
advantoge of being cheaper than any of the others previously uwsed.
They had however one serious disadvantages. Chemical enalysis of
the ceste produged im the cxucibles showed that the phosphorus
content had risen from 0.001% in the originel ivon o 0.10% probebly

due 0 partiel decomposition of the phosphate complexs Other

Ot 'Gaes
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posaibilities bad therefore 0 be exeminod.

Apgocieted Lead Developnent then produeed & high-temperature
pintered ziveconium gilicate crueible, but this was foumd to spall
very enollye A pure siveonle crucible wes then supplied by
Aspocicted Lends  These erucibles hed none of the fanlts of thoir
other products and in addition could not bo reducod by aluninium,
since zivconie has e higher negative froe onergy 0@ formation at
1600°¢ than alundinoas The solution Tinally reached was 10 uwoe
zizoonia ornuoibleos with en oubexw Jocket of rammed Zivcosile This
combination proved highly satisfactony and sll casts weleveed 10
in the nexb scotion were made in these crucibles.

It wog found necessery 0 use the onber Jockot weforreed to
above becavnse of the initial diflicully expericnced in melting the
chargae This wvag due to en wdesireble feature of the vacuumewnid
which allowed excessive heat losses fromn the oxueciblc by vadiation
throush the wvalls of the eilicse aleeves The design of the furnace
wesn less then idosd in obher respects. The vhole unit had to be
atripped down and discommeeted from the induction heater to gev the
ceat out so that the system did not lend litself to speed of openatlion.

Although the use of a mediumn Lrequonay induction heator
obviatod the problen of glow ddlschavge it creabed anobhore probloms
It appeared thalt there was a cwitical size for tho pleces of Swedish
Jron uged in thoe charges The heater appeawed inespable of melting
pleces which ddffered greatly from a stundard size of one snd half

inches squaxe by holf oo inch thloke

aontbidees
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Much helpful advico and practiocal ald in £inelly producing
ceatn came from Vacuum Industial Applisnces Lidep, of VWisghow, o

whom dne aclknowledgemnent is madee.
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Beobion 2.2
Hoat Prestment Furances.

The alloys produced in the vacuun costing wnit had to undergo
three $ypes of therwal tresitment before usoe dn the toreion pendulum.
Filratly the slloys requizred snnealing durdng thelr weduetlon to the
0,03 dinches diameter needed fox the pendulume It is important that
the spocimens should not suller oxlidation when the crvss-sectional
aren becomes quite smalle Secondly since it was plemmed €0 use gaybon
an o deoxidant, decsyburisation treatments with hydrogen would be
voguired to wemove eny vesidusld carbone IFlually, once the wives had
bhean decarburisedy nitrogen had o be intwoducod into solid solublon,
prasumsbly by 2 geaecus meaction. It followed thewefore that
furneces had to bho designed which could operate wnder vacuun ox with
controlled gaseous aimosphere. TFurneces were buldlt to meeb these
verioug demands and are shown in Fligg. 2 and 5.

The furnacesn wene constructed in paivs, one paly horizountal and
another paiw vertleal, %0 sconomize on pumping equipment. Raoh
vertioal furnace consiats of & threo and & half foot long glazed
gilica tube of two inches internel diamebor. Ueat la supplied by
the Joule encegy from & 22 s.wege nichrome wire winding covercd by
& loyer of alumine coment. The silica tube is housed in a Sindanyo
asbestos boapd oylindeicsl case (h) in Pig.2 which is pucked with
agbestos wool for insulatlon. Parbicular cerve was taken in spacing
the taens of the nichrome winding to esnsure that theve wap an evenly

heated sone of of least twolve dnches in the ceniral part of the
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Pomanoos A tolevonce of o 5°C weo allowed on clthew side of the
middle of the fovnnse length for st losst olx inohes dn osoh

Gireotion. Penpovabtuve monsurenend ie hy chronelbluacl themmoeouple
pleoed on the oubslde of the wnichrome winding with Lts ¢lp ot the
podnt orresponding o the niddle of the hol sunge A Shormocoupls

oo phaced vould obviounly not indiecale the tempersiure exbans in the
furneces Pach fvimace wss thevsforve aoelibrated by deborminiag the
pobonld temperstore vithin the furnese in the widdle of thoe hot sone
ond grophing that egalnst the tompezature indicated by the thamuocouple

o the winding., Tomperatures conbrol do by Belvin Hugheg Propootlonal

o
¥

¥

wabroller with o quoted scoursny of : E‘:’ﬂﬁw

The top of the faynace was sealod from the stuovaphiore by on
Goxing sendwiohed botwosn o breas ving rouwnd the ciroumfovonce of
the silica tobe and o bress oop with o gas pord ond valvse

4 deboshoble brass quesching bsok (p) io abteched to the bobiom
of the tube by o siellor Oerdug peal provision aloo belng nede fop
5 oonanaction o thoe pumpling ayobeme  Upeslnons sve suspended in
the coxpler {(m) as illusiveted in PigeRe This holder hangs fyom &
amall piece of fuse wiwve (1) plocoed sovoess two berminclo dn the oap
st the top of the DMuwnnoe. Suenching iz offected by applying s
Bieh cuvpond agponso Hhe bersinals o meld the fuse wire. The csyelew
and specimons bhen pluage indo the guenohdng banke. whan guenching wap
boelng cappied oub aftor o vacuwn hoot Lresiunsnt tho guenobing Sk
gontaling o low vapour prossure oll. The guenching medivm alber o

nibelding on carbwpising treotmont wan woloen.
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The pumping system congists of a three siage oil diffusion
pump(s) of twenty-five litres per second capacity bocked by a
single stege votaxry pump(t) of bwentyeeight litres per second pumping
copaoity. (Both were supplied by N.G.N. Blectrical Ltds)e The
apecifications of the two pumps quoted ultimote pressures 5.10“6 Metle
and Oel meme of morcury respectively. The vecuunm is indlcated by
a Geisler tube which blacks oul at a preasure of 10"3 neme &nd bathere
The system is designed so that the two furnaces ocan be used
independently or in conjunction with cach other.

Furificetion treins and metering systems were required for the
gapes used In the nitriding snd decarburising treatmenis. The
gasen used are high purity hydrogen, nitrogen, aprgon and ammonia.
51} are dvied by passing them over anhydrous magnesium pexrchlorate.
In order to avoid carbon pickeup the hydrogen is passed through
activatad granular chavcoal a$ the temperature of solid carbon
aioxide (Ciron - 70°C) to absorb hydroearbon impurities. It wes
later found that molecular sieve meteriel (aluminium caloium silionte)
wag very effeotive in wemoving hydrocarbons from hydrogen and this
replaced the activated charcoal whose efficiency fell off quite zrapidlys
In addition the hydrogen and nitrogen were deoxidlsed by pessing them
through a Deoxo tube, o platinum catelytic purifier supplied hy
Fagelhard Tndustries Lid,

Control of the flow of the gas is accomplished by calibrating
the norma) type of capillary Llowemeteor against the volume of gus
flowing. In the case of hydrogen this wes done physically by

rotory ges flowe-meter. The ammonia flow wes determined by titration.

cont'deee
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Ammonis vas passed dnto en acld soluticn of kmown stxength for o
given time ond tho exeess agld titroted sgainst a bose.

Vhen speoimnens were belng altrided by the use of hydvogen znd
amnonia nixtures precavtions were token 0 ensure thot they wero
properly mixed. They wews not led sepuretely and dizvectly into the
furnece but t0 o sexies of mixing vessels (v)e Since the ammonia
used was never mowe than 6 of the total volume ab any one time the
nozzle which fed 4t to the fivst vensel was much navyover than thoi
for hydrogene The wvesulbing incwveese in prossupre of the ammonio
enbering the vessel ensurced that this ges could mixm more efficiently
with the greatew volume of hydrogen, The geses were then led dnto
& lavge vessel o allow furthey wizing before belng paosed throngh
v bed of glass beads and then to the fumacc, This combinatlion wasg
found by titeetion methods to mix the gases thoroughly.

Where spesimeng were o be cavburised this was done by pooolng
the previcusly drlied hydvogen thwoush o vessel conbtoinihg toluene
wh room temperature to allow it to entrain some of the hydrocarbon
vapour and corry it to tho furnmoces

In sddition to the dwo verbiosnl fumaces described sbove two
horlzontel furmeces of very similar design wewve constimcted. ‘They
were inbended Tox vacuunm onnealing and decavburisstion treatmenis
vherse subsequent guenching to xetaln nitrogen in scllid solution
was unnecessarye The howvlzontal srrengement was used on it permitied
aasier insertion and renovel of specimens then in She verticsl

fumaces.  The only difference in design o thet thene fummoces are

P O S
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at right angles to the pumping systen and a0t directly above ss

1 the cage with the vertical furnooes.
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Saobion 263

Intermnal Feiction Apparaiug - raion Pendulume
dInternsld Ppiction A \7 Toraion Pendulu

Jince the internal friction peak crused by nitrogon in
interatitial golld solution in alphee-lvon ococurs at wvoom btemperature
for a linecar frequency of one oycle per necond it was declded to vse
a torsion pendulum for tho measurement of internal Lziction.

Thig declolon was taken fox sevexal reasons, Fristly the
apparatus is simple 0 construct and frequency of one aycle per
second le oblainable within the worklng renge of this type of
apparatuse The oylindrioal shape of the specimen used in thig type
of apparatus means that frictional losges bebweon the surfece of the
specinen and air ave very small,

The spparatus iteelf is shown in Fige. 3 and 6 and iz o
modification of thet weed by Ke 23& The asctual pondulum coneists
of o steel freme to which the top grip (d) for the wire spoeimen
was attacheds The inpriie member congists of o steel girlp braszed
40 a brass vod and a czoss-ncmbor of {thin stecl rod on which ave two
bragss welghtse The frequency of testing can be vawvied by altering the
dletance of these welghts {rom the centre of the orogs-maembere. The
frequency ranges with the welghts (j) used, is one to four oyeles per
soaonle

Alao attached $0 the inertia member is a smell square mizror(h)
whioch reflecte the beam from a light souroe to o dnum with o

photographic paper on which the couvse of damping io reconded as
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showvn in Fige 3¢ To faeillitgte the placing of the light spot on
the drum, the pondulum is consbiucted so thot theve ave thwree methods
of adjueting the mizror with respsot to the light zource and drune
Plratly the top grip cen be moved vertlcally by means of o sowvow snd
spwing cxvangement (i and v) through the top of the frame. The top
grip ean also bo zotated through o asmieclpele in the plane of the
drun by o ratohet snd ascvew mechanisme Finally the miywor itselfl can
be Hilbted through a small anglo by meons of sewews Lixed top and botiom,
The bottom of the lnewitic menber ig immexsod in a deshpot of oldl
(m and k) to demp oub loteral movemens 0 ensure thobt it moves only
in torsional vibration. The bowgional foree dlo applied o the wire
specinon by soblveting twe small elootromagneto {p)e These are
positioned fecing incoposite dirvections to opply o forgue. The
plue of this toxgue s of considerable imponlounce with wregerd to
the olasbio and enelestic effeots 1t can produce. Thin wlll be dedld
with loter in Seeblon Je

Thae optical system is o simple one. The experiments are conducted
in noymal dark zoom sefebyelight conditions. The 1ight source {2)
ia a twelve volt, bwenty-Lfour watt bulb shirdne through e rectungulaw
idt 10 mems 3 1 melle The image of thin alit is focusaed on to the
mizror of tho dnewrbla wmember. This in tvon is roflecied through &
convex lens {x) of one diepitre to a plane foocuvssing lons which
prodused a vexy shagp highly Intense and nerrow apot fouy mem, in
longth whon the Llght was focupsed on tho papes on & doume the
doum (y) is a oylinder fon inches long end siz dnches in dlemetey

which 1s driven by o small synchronous electric mobtor (8) at a
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speed of one revolublon every two minubtes., Dven &t the highest
frequency of four cyeles per second where this speed gives four
hundwed and elghty oycles over a length of approximately ninetoon
inches of photographic papers each cycle do easily resolved from
its nelghbours.

The photographic paper 1o supplied in rolla of twenty five
feot by twenty dnches, ond is a herd grade of bromide pasper to
glve maxlinmm condrest. This paper was found to be sensitive to
the light spot without pre-gensitising. Severael workers 64,5456
had deponded partly or entlrely on human observebion of the damping
to caleulote the internel frictions This in the view of the suthor
ia subject o o0 meny evxors even ab low frequencies and bhecomes
well-nigh inpossible at a frequency of two cycles per scconde A
photographic twrace, although slower thon methods of visuel observation,
3391&9 a permonent, easily messured vecord of the couvae of damping
and has the advantege that deviations fwom purely torsionel movement,
3u¢h e loteral movement of the inertia membor, canm be veodily
detected by a study of the pattern produced.

Ke'ls apparatua wes deslgned primerily to study intewnel friotion
over a range of several hundred degrees and for that purpose a
carefully wound electricnl resistance furnace was construoctod.

Fox this present worl o much shorter range of testing temperatures
was indicated by the literature. The work of Laxew el &124 indicates
that in the vange of sluminivm compositions intended fop

investigation here the possibhly relevani parits of the velaxation
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gurve would lie bebween logﬁ and, TGOGe Fox this reasnon, allied o
the fach that Ke's oppareiuvs does not lend litself o ease of
mandpulation with respect 4o looding end wnloading the specimen,
an alternative method of hesting the spacimen over n shorier rauge,
was soughbe

The poasibility of hesting the specimon by passing electrieity
throvugh 1t was congldered. Ang a&d.W@rtQ5 adopted this mothod with
on daverted pendulum syoten where the specimen was heabed by the
rasistance heat of o current supplied by o low volitage source.
However since bhoy adnitted Lo en unspecified mapid falllag off of
senpervature bowerds the grips of the pendulunm and ginee thedn method
of temperatnre neasurenent (by welding o thommocouple to the spocimen)
did not wocommend itnolf becaunse of the dangers of specluen
deformation and weldianz heat on precipltstion of nitrogen, this
approosh was not adopteds

Tt was deoided to build o wooden cabinet (b) to surwound the
pendulun apparatus,; and to heat the stmospheore enclosed within, to
the desirved temperature. This is achieved by suspending fouw
verticel coile of 20 a.wegs nichwome wire (8), comeobed in series,
within the fremewoxl of the pendulum, The heating onvrent is supplied
fwom the normal two hundred and Lifty volt mains and contwvolled by
o Varlac twvenpformers Ulwounlotion of the sire within tho cabined is
produced by o emall electrically driven fan in the moof of the

gabinet. It wes found thai by heving more buras of the ovils nearew
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the base of the peandulum and by inoreusing the apeod of the fan, the
netursel tendency of hot 2l to rise to the top of the cobinet could
be eoprrected to control the temperature grodient over the length

of the wire fron the coldest bobtom to the hottest top. The
gradient sohioved is 398 and con in fect bhe lmproved wpon by
further incrensing the spoed of the fan. However the subsbeguent
adr turhalence 4o such that the free decsy of the vibzations of the
oscillaling cvoggenenber ig intecfoved withe A temporatuve gradient
of & 1Q§QG aboad s meen temperabure neaw the middle of the wize
gpacimen ig dlfficuld o dmprove upon wnder the cizeuwsatances
denoribad aboves It i ot considered that thies gredient is excessive
snd the memt temperature b the middle of the spoolmen is thab
guoted throuvghout this woxk,

The conteol of the btoupersiure within the chember to any specific
value Lo achieved by bhe use of en adjustable besmetal thoeondstet
(Pype Tedek. ae supplicd Ly sssocisted vlectricel Industnies Libde)
in conjusction with a Swavic controllex. {Type #.102 supplied by the
pane compony ). Pogebther these instruments csn vegulate the tempersture
10 & 057 of any wvequired value. Tempexnbure meastremeats are
sobually nade with NHoP.l. grodunited wmercusy themmomebers which wene
considored o be as agcursie as ony othor method of jonpersburse

G
messyrenent In the wouge from 1070 to ?GQGQ




PART 3 « USH OF APPARATUS.

Segtion 3.1 HMenufacturs of Allovs.

Additions of aluninium to steel seldom exceed o few pounds per
ton even for fullye-killed fine grained steels, Common additions
in the semiekilled and fully killed wrenge asre three to five pounds
per ton vepresenting compositiona of the order of ZI,()"'g weight
per cent. For this reason the decision was made to aim for alloys
boetwesn 0,02 snd 042 weight por cent, beling equivalent to halfe
pound per ton and five pounds per ton respectively. Such a rvange
would moxre than account for the maximum solid solubllity of nitrogen
in alphs iron on a stoichiometric bagis and will give an indication
of the effecte of aluminium contents of the oxder of those in
commereisl steelo.

The compositions of the alloys produced arce shown in Table 2.
The ailoys were mede fxom high purlty Swedlch dwvon whioch was kindly
donated by the British Irvon and Steel Resesrch Assoclation. The
snalysio of this meterlal iz shown in Table 2 .

Fron the polnt of view of detvermining the effect of aluminium
on nitrogen it essenvial the iron be fully deoxidiseds The most
trovblesome impurity dn the ivon supplied hy BeleS.Rehs was
therefore the oxygen content of 0.15%. Unless eliminated it would
combine with the alunminivn additions to foxm alumina. The
conditiong for this mesction are favourable since alumina hap a
high negalive free encrgy of fermaﬁicnél &t the melting point of

irone The oxygen therefore had $o be removed beloxe aluminium
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additions were medo.

There are three possible methods of deoxidation (2) by carhon
(b) by bydrvogen ox (e) by on element whose oxide would not be
reduced by aluminiume. This latter was xejected on the grounds
that it would tend to leave none-metallic inclusions in the metal.
Deoxidation by caxrbon and hydrogen would proceed ageording to the
gquationgte

¢ + [0]== ¢0

1, () +[d}%; Hgo(g) where the square brackets denote that
the substance is in solution in the iron. At 2600°C the negative
free energy of the carbon vesction is 193 Koals/mole while that
of the hydrogen weagtion is 43441* Thermodynamically therefore
the carbon reaction is the move effective remover of oxygen.
There arxe twe further advantages. In o vacuun syetem whers the
carbonr monoxide evolved is belng continuounsly pumped off by the
vacuwn system the equation will fo fax to thoe »ight as weitten and
the resultent oxygen will be wvexy low indeed. On the other hand the
controlling factor in the hydrogen reaetion is to vetio of the
prrtial pressure of waber to that of hydrogen. K, the equilibriunm

gonsbant 18 given by,

Since there is no change in volume of gos produced the reaction
derives no apeoial benelfit from taking place in o low pressure

chembere There are also grester technicol diffioulties ossoclated
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wlith the introduction of hydyogen into the melt than with carboh.

There ore howover btwo disalvanteges attendant on the use of
carbon ag o deoxidante Although quicker and sefer %o uze than
hydrogen it 1o bound o leave a carbon residual in the metal,
vhich could only be wremoved by lengthy decarbupisation treatmentis.
There i elso the possibility of caxbon atitocking the rofractory
of the cruclible thus,

20 «+ %302€;;=Zr + &C0

conditions boing favourable because of the rapld removal of carbon
monoxide by the punpse DBy ond largsey however concexn for this
poaalbllity wes unjustificed oo the zivconlum enalysis In the
finishoed elloys denonstrotes in Table 2.

On wedghing the pros snd cons 1% wag deoclded that the chemleal
officlency of cexbon as a deoxidant out weighed the disadvantages
involved in 148 use.

Of majowr concern, however, was the possible losz of oluminium
due to velatilisotione The temperatnee of the molten iron is
approximatiely 1600°¢ and et this tomporeturs the vapour pressure
of alwminium, which melts at 660°¢ 1 4e0 mame Of moareury at a
preseure of one atmnspheﬂe4l, At the low pressuves involved in this
praseont work fthe vapour pressure would be much higheve IXf the
partial pressurc of alwainiuvm is reducsed by the intwvoduction of
an inert gas such ap argon thon losses will be reducede Uy the

adding the aluminium additlong just befove casting lossen will
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8lso be kept to & minimume The technique adopted therefore wes
to introduce argon to o pressure of about 20 m.me before adding
pluniolune The crucible was then returned to the heating zone for
epproximetely one minute to allow the induetion stirwing action
te mix the alloy thoroughly before cesting. The recovery of
aluninivm in elloys made in this manner was usunlly sboub seventy
per cent of that added.

The procedure followed was t0 evacnate the vessel. to 10'4
o 1&“5 meie mercury and melt the charge of 400 gms. 0f iron.
During this perlod the metal is effectively purged of hydrogen
4

and nitrogene {(Residual nitrogen and hydrogen are 4107 "% snd
2% 10”%% respectively aceording to Lagmnberng)s It was found
thet the sddition of cerbon to vemove the ozygen produced such &
violent resction at this pressure thet considereble smounts of
metal were lost due to volling and splashing. {n some isolated
ceses bridging ascross the mouth of the erucible resulitede The
preagurve wop thereforve incressed to 20 m.me of meveury by the
addition of arxgon Ilmuediately prior 1o the addition of cerbon.
The pressure wes thoen slowly reduced to 1ts formerx level and in
this way the carbon beil was moderated. The amnount of carbon added
was the stlochliometric amount celoulated from the equation,

¢+ 0 === €0
and was added in small graphite chipse. ¥From Table 2 1% csn be seen
thet the average cerbon residual is approzimately 0.0

Thermodynamic celeulations indicate that this would resuli in
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on oxygen residuel of the order of 10'%%41. 1% ia doubtful if

this level wes in fact obtained but thewe is every indication

that the final oxygen was vexy lowe VWith the precautions mentioned
above the aluwadnium additions wewe then made. The aluminiun was
supplied by the British Aluminium Coe Lid. and was quoted as

992997 puves The alloys were cast at a pressure of 20 mens of
mexcury osnd the vesswl wag again evacuated to & pressure of

oy
1077 meme merenry se the cast cooleds
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Secbion 3.2 o Freparation of Specimenge

It hag boen shown in Section 1.3 that the internal friction
peakk dvue to nitrogen interstitieslly dissolved in alphe iron ogcurs
at room temporature at a linear frequency of one cycle per seconde.
Without exception previous investigators who have adopted internal
friction bechniques for measuring nitrogen solubilities have used
the Ytorsoion pendulume This apparatus requires o specimen of amall
physical dimensions to give a frequency of one cycle pexr second
since the fvequency ot which a spoecimen ¢an be induced to vibrate
in torsion is closely related to the mize and length of the specimen.
The speoimens have usually been about one foobt in length and
0403 dinches in diemetere This hag ad&anﬁ@gea in experiments of
this neture as such wires can be readily nitrlded and homogenised
because of thelr smell crosse~seotional aven. All the specimens
used in this investigetion conformed te the type used by previous
workerse

The task was thevefore one of raeducing the twe pownd cast
produced by vacuum casting to wire 04030 inches in diamcter. The
gaste when depwived of foedey heads and dressed on the outex
guxface were s8ix inches long and Jjust under one inch in dismeters
Initial sttempts to cold roll the casts had cauvwed surface oracking
80 that eventually all casts were hoterclled to bar 0.% inches in
diameter. Cold sweaging and drawing followed until the disneter of
the wire was reduced to the requlsite 0.03 inches. The rolling mill,

swager and drawing bench are shown in Figoe 7 & Oa
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Sueh o reduotion wes not caxried out without Intevmediate anncals
and these were carvied out in veowwm ot 60000 in the fummsacesn
deagribed in Sectlon 2.2 Mo predetermined limit wos set on the
degree of cold work 40 which the wire was subnittede Avmeoling
vwas only carvied out when the reduced cvosseseclional avea of the
agwagad pard of the wire brek@g in tension during drewinge. Yhis
alloved the wire to be redudeé to the required size with a4 minimum
uumber of anneals snd obviated the problem of ghe combination of
insufficlent cold worxk and frequent annenls cauwsing the growth of
large grains. The presence of levge giraine is undealrable as they
would have lowored the teunsile sbtrength and consed freguent fracture
of tho wires at the lower diometers. Sevenal investigators have
obbained oxporimental rosults which awxe relevant vhen consideriag
the effeoct of such working and anncaling os vas carried out herce.

34

Polder; vorked out Snoek's theory in more detnll and derived

o formmlo for the elaotic affter offect in tewms of the elostic
constonts of the cublc orystal and the ealculated components of

gtrain dve to an applied otress on a oluglo eryetol. This oxpreasion
gave the same reculis as Snoek whoen the stress is applied in the £ 100 >
direction ond gave after~effect as zero vhen the stress is applied in
the<:111>'ﬁixaetion. Thig egain is ag predicted by Hnocks
xperimental covroboration wos forvtheoming in the form of work by
Dijkmtﬁalﬁ who confirned the dependence of aamping on solute

conoentration snd found thot the danping in th@(illi} direstion

ves Less than 56 of that in tha<f100)>éixestion for aingle exystalo

oont'Geee



and polyorystalline apecimens. It follows therefore thaet internal
friction iy enlsotrople and that any procedvre vhich willl canse the
torveion pendulum specimens to heve directionald properties wlill be
tronblesones The fact theat swaging and wire drawing produces
prefecred ovientation of grains in the finlshed wirve 1s well
estahlisheds In tho eane of iron it coneigte of graine having
the oxyetallogrephic dirention<(110>>parallel to the wire axia35
Mrecotional properdies of this nabure cen produce diffevent demping
rasulta fox the same guanitity of dissolved nitrogen as was found by
Pagt and V@ﬂﬂijpBBo What is pequired then is a fincerrained mebal
with grains ovientated at vandom which will pospess ddentionl
pﬁopertiaa in gll dixections and give roproduceble rosults. Smit

36

end Van Buexen™ in fact demonstwveted that greater internal friction
Lo the same nlitrogen conbent was found in wives with random

oryatal orientation thon In wires with a (110> texture. Fuvther

1% hes been weported 33 that reprodussble results could only he
obbadined with wires whewe in addition te rundom oxlentation the
grain glze was one benth of the wire dlonmetere These condlitlons
were produced by pecrystallising the eold drawn wires above the
alphoegane trenslormation point at 95000 &8 the indications were
that iron retained 1ts coldeworked temtuve on zanealing up 4o
800%”7

38 oclain that the

Cn the othex hend Logevberg and Joseffson
grain size Influvences the internsl {rictlon caused by carbon in

godubion bub not that due 4o nitrogens. ‘'his they explain by the
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foot thet cazbon foxme & grein boundeny £ilm whille altrogen does note
A smell grein gize would incvcase the praluneboundany surfoce and
henee the amounat of carbon in solid solution.

Tn the case of the wires produced for this investlgation they X
showed that aversge grain gize was omell vanying fyom 2.10"3 to
502077 dnches ccrosse. Soveral samples Crom cach cast were cxawined
for preferred oxientotion by the Laue Transmission Xenoy method.

In no case was thewe the prefewyence fow a<(110>’ﬁaxture reported
pxavi@ualyas a8 con be seen from the waifora intenslty all round
the clecunference of the Debye wings in Figey = Both the microscople
snd Xepsy examinations wvere made after the wives had undexgone long
decaxburisabion tvestments at 600°C. This is dn saracment with

38
Lagerberz end Josgseflfgon who also rveport that X=vay diffwcction
did not reveel avy preferrved orientabion in wirves reckystallised in the
alpha~panges Since the wirves used in this Investigalion were of
a unlfown gwalin size throughout it is not possible to comment on
the pelative merits of the findlogs of Fuat and Verrij%3and of
and of lLagerbery and Joseilsony cxeept 0 state thot with the grain
gizne deseriboed above, the results of intorssl fuilotion from wires
heving had the same nitriding treatunent and hence conteining the
pome quontity of nitropgen, were sinilay to within - 5.10“4 of each

othere



Secbion 3.3 Vacuum Annesling, Decorburisation, MNitriding

and Corhborisalion.

As pointed out in the previous dectlon iU wan vealised thob
intermediate snneeling after swogling and drawing would have to be
careied out in such a manner asg Lo prevent oxidation of the wire,
4 is peréiculaxly important that owldatbion should be avoided as
the wire becomes thinner since en oxide leyer oven a fev thousands
of an inch thick xepregsents an increasingly higher proportion of
the cross-gectional avoo. |

Hegording the oxidetion of the wire as the xesebion

e« 1/2 szzg;?FQO it can be seen that it doponds
ontively on the povbtial pressure of oxygen pregente Themuodynamnic
datmal’inﬁic&tﬁa thet ot 600°C oxidation will not ocouy if the
poxrtial pressure iz legs than 16“3 e Of mercury. Sueh a pressure
i within the capabilities of the punping system inedalled ano
desoribed in Seotion 2.2 end in practice 1t was discovercd that the
wires anneeled under vacuun ob GGOOU showed no trece of oxlde
afterviawdse

The proceduvre followved in intemediste annenls was to cleon
the wires of all lubrlcants uwsed in the drawing process and anneol
for half an bouyr to an howr depending on thickness. The wires were
then sofd enough to undexge congiderable reductlions of eres without
any difficuliy.

haalysis of the casts produced showed that the wive sapeoimens

could be expeeted to conbain approximately Q.01 per cont of curxbon

cont®dece
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ags o residual fyrom the deoxidation process. 4 quantity of carbon
such as this could be expected to produce an internal frelotion

peak which would intewxfeore quite markadly with a denping pealk due

to nitrogen since the w0 zre only 18°%¢ aparte This carbon had
therefore 0 be removed. Perhaps the most common method of
desarburization of ivon ds to pass web hydwogen oven it at 720969
the temperature ofmximum s0lid polubility of corbon in ixon. Thewe
sre two veactlons involved,

1)s C + HO — C0 + H

2)e ¢ o+ 2l = o

4

Al TSOQC these have negntive free enorgy values of «32 Koals/
nole and ~4.6 Kosls/mole r&ﬁp@@ti?ﬁlyéla It &3 apparvent thet the
firet reaction ls the move efficicent as a decurburiser. lowever
in alloys containing aluminiun in substitutlionel selid solution the

Pollowing reaction is possible,

3)e oAL b 31120 — Al;z% R 31{2

Agadin atb 72Q0U the negative free encrgy value is 186 Keals/mole
snd hencae reaction (3) is the most likely of the thyes 4o occurs
This oxeludes the use of wet hydrogen Lor the alloys used in this
investigation (since it will result in the loss of sluminium in
golution during the decarburisation treatment),

It only remains to be seen i conditions can be controlled
o ensure thab o duy bhydrogen treatment involving only rveactlon (1)
will decarburise the metal. Fox the reaction the gguilibrium

coastant, Ky is equal 0 the rebtio of the portial pressures of

eontidess
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hydrogen and methane thua,

RpOH

2
gﬁi?

e

K

Caloulating K from the free enexgy dats for ?EGQG yeilds
the answey thot X = 16"1‘ Assuming that the partiasl pressure of

hydrogen is wnidy (o ressonable sssumption), pCH, becomes equal to

4
1/10 of an atmosphere, In other wortls decarburisation io possible
if the partiel premsuve of methane gan be mainbained below one tenthe
If the hydrogen used flows through the furnace at e high lincan
veloeity then the system should be flushed clear of methanees
ftezetion (2) ie in fact move efficient at 600°¢ ond at this
temporature all the carbon present should be in selid solution. The
procedure adopbed therefore was 0 decarbvurige ot 6QQQG wnder hydrogen
flowing at 150 ¢€pen minuvte for ninctyesls houws.

Aecording 0 Slovextts law the solubility of o diatomic gas,
auch as nitrogen, in a meotal is porportional to the squere xoot of

the pressure. This stotement 1o expressed o,

=3

g e K( pﬁg)"ﬁ
For a solid solubility of 0.1 nitrogen in alphaeivon 600%C sievert's
Law indlcates thet this quentity of solld selution would be in
eguilibriun with nitvogen gas et o pressure of sbout ten thousand
atmospheras. SJince the negatlive [ree enovgy 16 «ll.0 Kaalm/mmlaAl
this gives a ¥ value of 10”7 and honce & (@NQ) value of 107, 1t

follows thereforve that nitriding by the uge of pure nitrogen i

ous of the questlone

oont¥lese
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Hydrogen has been showm 0 have a catalysing effect on the

33

golutlion of puve nitrogen in alphes-iron~ due to the formation of
gome intermedlate hydreides on the metel svrface but the rescotion
sppeaxrs 0 be slow below 90906 which effectively linits the amount
of nitrogen which cen bhe taken wp to the solubility limit at that
temperature.

Since none of the above methods la satisfactowy it was decided
to uge the owxacking of smmonda, which lzon cstalyses, o introduco

nitrogen into solid solution. The reschbions arete

Nl “— W + 3/2 I,

and N == [ 1]
where the sguare brackets dencte nitrogen in solution in the metal.
It in posslible thet hydrogen is taeken into solubion in the sane way
as nitrogen but it bhas been reporited thet a smooth metal surface,
puch as results {rom drawings and a large ges flow nindmise thie
f@&@ﬁiﬁﬂaﬂo

Considering, 1n the meantinme, only the wveaction foxr the cracking

of smmonie, the equilibrium constant ig,

(Pﬁ?)a/a
pﬁH%

(X

E = (pi)* =

It follows thet the pantial pressure of nascondt nitxrogen and hence
the nitrogen ovelleble for golid solution io propowtional to the
zebtio of the partlel pressures of hydrogen and ammonis.

The deta of L@hrerﬁﬁ indicabes that for equilibrium et tho

gubootoid temperature of 600°C the vatio of cmmonia to hydrogen

gonlbtdese
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ghould be one tonth on a volume bhoslae Experionce quickly showed
h@wéver that this wan oo high an ammonls potentisl ond tended to
give a substontlal nitride layer on the surface of the speeimons,

f
Eﬁ@?uogiveﬂ an example of over-nitviding in this way. A definite
triplex structuve is evidente The outer loyer is ivon nitridey
the second an ivon-lvon nltride eutectold and the inner soction i
alphaeizon with nitwogen in solid solution. This spocimen gove
rise to anomalous vesullise. Conbinuved nitelding sreatments gave
docreansing solid solubility as indicated by the internal feiction
peal instead of dncreasing solubllity, for tPeotments with o ten
pexr cont ammonda mixbtures In fact as ivon nitride wes formed there
vere fewor intorstlces for interstitial nitwrogen to ocoupy ond
contribuie to internnl frlction end so the damping peak decresseds
Thig indicated that the equillbeiuvm cnownt of nltrogen at 600%c
for ten per cent smmonia was in excess of the entectoid composition..

20433 ghow that ot

Calculotions from knawn‘diffuﬁion date
600°¢ a perlod of elght hours would clapee before wmitrogen would
diffuge to the centwe of 0403 ineh dlamclber wive speoimen. Hight
hourg niteiding with ten per cont ommonie mixture would lead to
grogg over-nltriding end so the technique developed was to nitride
for a short period, say thivty minutes or an houwr, with o six pew
gent ammonie mixture and then homogenise for eight hourse Tu this
woy 1% was possible to dissolve quantities of aitvogen up to the
subectoid limit of 0.1% without forming lron nitride.

The vsual procedure was Lo nitvide the apecimens in a six

per aenlt ammonia, hydragen/&mmoniu atmosphere and then quench the

cont¥deee
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gpecimens o retain the nitrogen in solid solutione The furnacos

wore alwoys flushed out with argon before belng opened to

stmosphere bo prevent the possivle foxmetlon of explosive mixtures.

Specimens weye then atored in liguld nitrogen wntil they wewe requircd.
A few specimens were eurburised for compoaxison with the work

ad

of lLexox ot al™ ' vhose technlque wos used for the seke of
comparisone It consisted of heating the wires in o furnsce
sontaining toluene intwoduced by possing hydrogen throvgh a vessel

conbaining that Ligulde
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Seetlon 3.4 HMeasuvement of Internal Friclion.
In the messurement of internal friction the applied stress
should be so small thet it should not cxcecd the elastic limit
‘of the waterinl boing btested and the intexnnl friction should bhe
independent of tho omplitude of vibrotion duving teaﬁing4.

I% bas been shcwnéﬁ that so long ag the maxinum strain amplitvudoe
in a dpecimen is below 10" oy 1070 domping is independent of
amplitudes The meximun smplitude of vibration usually obsexrved

‘on the four photographle trsces was 5 om at e distonce of mebres
ey
fyrom the mixvor on the pendulune With a specimen 0,030 inches in
! glameter and bten dnches in length the maximum sheay stress on the
. ‘5utem diameber &f the wire i&;é.l(‘)m5 pefiels  This is calouluted
Lrom the equation$—

Stress « %s'whare » is the vadiuvg of tho specimen, 1 the
length of the speolimen and € the angle, in radius subtended by the
ampliiude of the {trace produced on the drum fourx metres Lyom the
specinens 'This ds well below the yeild point of iron which is of
the order of iOé pedede nd is cquivalent 4o a moximum shenr strain
helow the reguired limite The total weight of the bottom gwrip,
inertiammamhem; nirror snd brass welghis 1o 65.30 gnse. This

corzosponds Lo a tenalle stress of two hundred pefesle on & apecimen

003 inches in dloameter, which agein is far below the yeild point

of iron at yoom temperature. Irom these two caloulations 1t wus
concluded that there should be no pemmanent change in the wirve

specinen during measuvement of internel frlction.

eont'dese
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To test further the iandependence of dnternal friction from
the &mpli%ade of vibrabtion a plot of the smplitude agoinst the nunber
of vibrationn wae made for soversl cosos. As can boe seen from
FimgiL & straight line welationship is alweys fomnd. This
demonstrates that wader tho conditions descwibed above the torgque
ont the wive was sufficiently small for the legarithnie deorement
ond hence the internal fLxiction to be landopendent of tho stredin
onplitudee  The dilforent groedients in Fig.21 illustrate different
rates of decoy of the fyee vibrations of the speceimen leee diffovent
retes of demping.

At leest nine diffevent unitse huve boen used 4o cxpress
intexnel) friction ow damping cupacity in o quontitative nunnere
The most common however ave the dimensionlceos vatvios independent
of the pizo of the spacimwn, They sre the logorithmic decrementy
and the resenguce-curve breasdeh facton Qﬁl. These two ave intere
reloted.

The logarithmic decrement io defined in texms of the moxinum
amplitude of sucecessive oycles of freely deceying vibrationse

G mn (g
whore fn and An + 1 exe successive anplitudes. Usually the decrease
in emplitude between two successive cycles is too emall fo be
measured with any occcureny ond so the decrense over a lerge number
of cyeles is noteds The formuls is rvowveitten thusge
Y]
§o & m(42)

whore Ao Lo the awplitude of the [iret cyeley fn the swplitude

of the (n + 1)th cycle snd n the nuuber of intervening cycles.

acond ¢ tleae
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N7 is essentially & walt woed dn clectricel terminology bub
can be applled to anclastic effects by snology and is related {o

thus
§ thus,

wl,
§ = Q"
-1 1 Ao
and henee Q7 m o (s
0 ( An )

This wvas the measure of internal Lrictlon wsed in this worke
N . . e}, .
Another nethod of detormiring? & ig 0 find the tlme or number
of eycles for the amplitude to fll $o hall an arbitrarvy intisl value.

_ . ol
Yhe egquation for Q7 then reduces o

: o N W]
{: ;;‘m"a_"‘ o3 m’}%ﬁ.‘: On (‘ m‘j‘ s m:w.z'mxl?r-ﬁir .
™n ” % 5

where £ is the lineo®: frequency nd t% 45 the time for the amplitude
to fall to half ite dnitial valuoe

These latter formuloe are generslly used by those investigotors
who crleulated the internal friction by humen obsenvation i.ee
without making o permanent vecord, cs roferred to in Scobion 263
However the obsorver con caslly make misiakes in counting ox biming
and has no meane of cohocking hils results without repeoting the
whole expeviment. In addition it ia offen the cose that no two
complete ayoles fall exectly wiithin the watio 1l52. These methods
are therefore not quite as necuraste as the methods dosoribed belowe
It wes for these neasons thet it wes decided tomeke o permenent
vecond of the damping in the forxm of & photographic trace, althongh
the method is slower, dnvolving os 1t doos developing and fixinge

Pypical photogrephic traces are shown in Migel2e. Type (a)

ig glassed 25 acoeplable as it shows none of the defecis of

conttdees
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trace (b)e Trace (b) is an example of leteval movement of the
incrtia-nenber coussd by the alw turbulence of too high o fon apeed.
This trace is obviously not sun accepbtable measure of domping as
nore then pure forvsional movemont is dnvolved.

The procedure followed was 40 measure the width in centimetres
of one of the widey amplitudes near to the top of the tvace and o
coomt domn from thet perhaps 26, 51 ox 10) oyeles az the natuve of
the troce olloweds "The amplitude of the nth eyeley be it 26,5) ox
101 wos then measurced. A small corwsction equal to the width of
the light gpot was subtracted from each mesgurenent and the equation,
was applieds

At thig point 14 18 melevant to discusn tho gquesbion of
backeround domplage Obviously any dsmping volue obtained from a
spocimen with nitvogen in solid solutlon is not abtitrlbutable solely
t0 the presence of nitrvogene Thewe will bhe conlribubions {rom
damping due 40 residual elements such ae bydrogen and cavhon
dissolved in the metal. Hametic and smiec afbtoreeiffects not to
mesbion frietion betwoen the sunfeces of the apecilmen ond the
inertio=mombor and the aly will aloo contribube o the demping os
measured. Intercryetalline demping will zlgo be present ao pard
of the neasured voluee It Ia howover possible (o »educe thene
effects o on accoptoble minimum by choosing the oxpoerimental

conditions covefullye

It dg known4 that the spectrum for reloxation offects extends
wl2 " [ .
from 10 “ 40 107 cyeles pew aeeon&d. Relaxation offects due to

aont®dee
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grain bhoundany movement occur at fyequencies of the order of

1&“10 B0 10"6 and those dve to intevcrystalline thermal ouwerents above
1043 Tt can be peen thewveforve thet In the frequengy xange of one

to fovr oyoles pew seceond used here contylbutions from these 0
effects will be vewy smalle Bvon domping due to intenstitisl solute

2

atoms s to be found over a monge of L07° to 10 eycles per scconde

Fithin this wengoe 1t hes been found 26 thot for o frequency of one
eycle per second the internal friction peak due €0 hydrogen in
alpha=ivon lies ot »l?3°ﬂ. Again the contylbution to demping at
room temporature wvhere the nitrogon pesk occurs will be negligable
from eny dissolved hydrogen iu the spociment.

i

Snock™ dn hils experinments spplied s longltudinal mognetlo
fleld of Torty oorated t0 suppress the domping caused by magneioe
nmechaniesl hysteresio effects, With the stmein nmplitudes deseribed
ghove without a mognetic £ield background damping values on puwa
irvon apecimens frecd of cavbon by prolonged hydzogen trestunent as
previcusly deseriboed were found 0 be an low as 5.10 4@ Since
thio velue included aiv losses due to frictlon 1t would appoer that
Snockts feoras would not hovo been Justifiod wader tho condiitlons
used for thip work, It wen decided therefoxe not to take the
mesanrves adopibed by Snoek. Sinee tho background danplng wags oo low
it becene mpparcent that 14 wonld in no weay obseure the demping due
1 T P gt A o . el 2?
o ndbrogen vhich wos oxpected to be of the oxder of 10 7. Fine

3 Thmye 20 , 4 : TNy £ 1 “’“4 2 A .
and Peowson  have obbained background dempings of 10 7 wivh puwre

iron by streanlining the osclllating inertio nombow; eliminating

o1l damping ond by operebing in vacuo However the additional

cont'Geee



opexotionsld complications haXdly justlfy the oxpense and
incqnveni@naa for this pregent lovestigations It wan also found
that the depth 4o which tho incxtisencmber was dipped into oil
0 domp oub leteral vibrations had a slight offoot on the baclke
geovnd danpings This wes adjusted o give menimunm suppression of
loateral movement with minimunm incresse in background damping. .
This wes Lound 0 be o depth of quarter of an inch and the inertiase
member was alwayo lmmersed to this depthe

The linear frequency of vibretion was always measured
dircetly from o photographie trasce. Yhe synchronous mobowr
driving the dron woas very sccouvetbely conatrueted o rovolve once
avery two minutbea without vibrations The number of cycles in one
complets revolution of the drum was found and sluply divided by

cna hundeed ond dwenby to give the linesr Lrequency in eycles per seconds
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veetion Je3 SGolowlebions and Compuber Tachniques.

hg elresdy indicated dn Seotion 1.2 the wsual manner in which
the heat of sobtivation, di, of the Aiffusion process is onloulated

19 by applicetlon of the forxmulaoy

£
1 dﬂ b
3‘2 1 ::;}rg—a ,,mm;»_, ( f r;}. ?:m
"2 H L
to the debe oblained fxom two complete curves obbained by plotting

Q 7 agoinet tomperatupe at diffevent freguencics. ITn the sbove

equation W, 1o the bempexature of tho peak of the ourve oblained alb

feequenay £yo The symbols T, and £, hovae o aimilor significance.
e & .

-

The eguation may be slighily wmodified and reaxpanged thus,

fl
: . apraafiie 15t 31
R 1n (f?) Loy

(‘3.‘3' o ’I‘g}

dil ==

vhen it becones a@p&r&nﬁ thot the velue of dll depends largely on

the dlfference betwagn ﬂi snd T The valucs of frequencies con be
caloulated vory acocurately from the photogvaphic tvaces end the
Cervor induced here io almost unegligeble. The accuvagy of the
temperotures however ie guite anobther matier. In the system of
contnolling en wmeasuring the tomperabture et whieh the individual
polnts on the cuxve are debtermined there is an errow of s o,sﬂc,

The poaltion of the pesk of the ourve i detexmined by inspection of
the somplebed curve on the grephe This can probably be done to en
aepuraney of % 1%. then it is considewed that withia the froguency
rangeo of the toysion pendulum l.e. one o four coyelen per seoond the

shift of the pesk o only l&aﬁ Lt cen bo seen that the epxor induced

cont¥deco
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of the order of ten pew cent at the beste WiLth peaks which ave
separated by 2 smellor tempeyatuve interval the error becomes
correspondlngly lavger.

sltermnatively the dil volue can bo calenlated Twvom dndividual
points on the curves. The theoxy indicetes that the relaxation tiwme
of & prooess should be constant fow any given fraciion of the poak
ivrespectively of the peak hoight. 7That is te ssy thot the melaxotion
tine ot 80,5 of the meximwm velue of le should be the same no
nobber whed the actuol value of the maximum le. liathematically

this foct con be siated,

W o K ({'3, (30&153{2{#.'{1'13)

i ¢13
fiow T e To GXPo %-«%?

e w To expe [T

X il
Honce 1nk » Inw o mTo 4+ &

-

N
o’e dny = ;h1%%§ th%%
06 In 2TF t:’!/';,,._ﬂ% - ;g,é,
aeo In{ = éﬁ% " g:%

From this equation 1t follows thot plotting the wzeciproesl of thek
temperature corvesponding to 80/ of the peak hoight agoinst the
natural logerithm of the frequencies at which the pesk ocours should
yelld o sbraight line whose gradient is dile The procedure con be
repeated Ffox any fraction of Gthe pewk helghte For accuracy this
method reouives at least three ceueves to estsblish the stralght

line welabionshipe. It is a more cumbersome mebhod of csleulatlion but

cont'deee
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expordence has shovn that it is posaible to determine the helght

the peak t0 & much higher dogree of acouracy thon the ascetual
peek positione The previcus statement wilth rogamd 0 the acouragy
of temperature measurement atill hold good but the accurncy of the
nethod does not depend at oll on the temperature diffevence between
poak helghis. The scouracy of this method is highex then thot of
the previous moethod.

o methods have hoen evolved fow caleulablng the di value
twom o single poeak. One i a geaphleal method and the second is
esgentially one of telal and enror which involved the use of o
éamgjn*t;@:ea

The firat method mokesn vae of the agnaiion Jdenived by 'a‘zaoeis:ll

Piroh ddsonssed dn Section 1.2 nomely,
¥

Q'n l 5 "Fafi?:'m:a ° m&'—i‘:?’ez{i:cm:t‘:'ﬁﬁrﬂw e ( 3 ) .
o 1w (e

14 wep also demonsteated that this expression could be modiilled

thats,
-1 w1 wT ol
$) e 200 *‘*‘“"L‘*‘““*"M**‘-'m;; where QW ia the
L
(wT)

a

. - ‘L'):i‘ 1 kY
velue of Q7 at the peck helighte
w4,

o o 2 2
Honoe @ & + . Zﬁw T w
or MWD - 2B TE o+ Ot e o

H

(:“':!w
205 o T v

This Zg & quadeatic inT..ad its soluticn io given
! { 2 ol 2 2
-T.- i 'ﬂ oljiéz‘i«gum :”’W%(f’ M#-’?"i&‘?’ﬂ?&,. (55?& e H}w»lﬂ\-‘nemra 23
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That is Lo ﬂa,y"r io now oxpressed in texms of a single valuo

of 0%, the frequoncy v and the peak el QT o Remombering thoet
dil

T To oxp T 4t con bo seen that if the values of the natumal
Llogaxithn of Too found ave plobtted sgainat dthe reciprocal of the
semperature of the Q“l velne used in the guadeatic the wesuld will
be a atraight line whose gradicnt is 4l

oo solutions are yielded by the guadratic and {two straleht
Lines are found which intersent st vight angles. That is to say
the two aebs of values forT give the same asmorical romualt fon
all but the algn differs. This method ig besically aimilar to the
proviovsly mentioned geaphiesl wethed bub has the ndvantoge that
only one relexation curve need bhe debornined.

The computer mothod uses the formula, also developed in

a - - “G,jn * * 3
seotion 1.2 giving 0 7 in bexms of the mayxiimum !g, = yalue Lie

bemporature ond the di thuas

c:l ..,"‘1 oy
G o - G ( ) )
"i;il if;.;} {) ﬂ.\i‘l il..l».l )}
g7
11 of the experinentsl lts found were fod lanto the computexr

which produced & cuwve in toran of the thrcoe variasblos w}“ ¢ T ond au
which was the beat wmathematical descpiption of the curve found
exporimentallyes The mothod of lesst gouores was used to determine
this "beat-Iit" curve.

A range of values of &, m oend m vag obbained Lfxom en
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inspection of the experimcnial results and it ves by testing these
in conjuncotion with each other that the combinetion 0f all three
which best doscribed tho exporimental ocurve was founde I£ the
woosults indicobted that either the lower or the vpper limit of any
of the three vaziables Lo bo the best then the wenge was extonéed
boyond that limit and the vesulis reteateds This censured theit there
vag scries of values both above and below that indlicoated oo best
which gave o pooger LAt with the experdmental resuline This is
Amportent in asscssing the asduvacy of the mothod a9 will be shown
helove

By voxking to the olghth decimal place bhe computer io able
to dlsbingguich belween meun gsguanre deviobloas of 1.37le 19“5 and
1o4230 lOﬂﬁ b0 guote two oxanples.s Pox the oleven experimental
rosulbs involved in this cuse Vhe aversge dsviation io s200"4

oy » " w o 2 i ' . “'3.- "
per wepulie Since the veproducability of values off ¢ & d8

g4

5.10"4

b is cleaw that the mathonatical dlstinetion wede by the compmtber
ie nob justified on the ground of exporimental scouracy. VWorkiag on
the hasls of en oxpoeincatnl neproducehility of o 5910m4 it ean be
onloulabed bhat bolevaices of o 25x 10°% wnere ¥ 48 the nuubey of
prperimental reosults should be appliecd in accepiiay the mean squave
deviantion gquoted by thu compuier.

several worlkers have shown thel 14 1g possible to oblaln
weloxabion posks which can be charsctorised hy no one welaxstlon
time, These have usunlly been due Lo the combined effects of two

interstitialo or of an interstitial end en nlloying elamente

conhtdeso
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It i3 possible Lo analyse these curves by making the following
agsunaptionss
1) That the peck is due to at loust two relaxation process

and the exporimental curve ia the sumne of thowo.
2) Theht these prosesses do not alter such chaxsoteriatics

as the ¢H,Tm and Qn values of each othow.
3)  Thet the oharactexistics of one process are well known.

Thus if nitrogen is introduced into an iron alloy and the
regultant relaxation peak does not heve the charactewistics of
e single reloxation process, an analysis can be made by assuming
that the normal peal due to nitrogen in iron is present. By
knowing the freguency of testing the pesk temperature con be
calenletede Hoking vese of zaswspblon (2) the cuwwve for the irone
nitrogen process can be salouleted theorsticslly and swbtracted from
the experimenteld resulis leaving one orx wmore wnexplained pealine
& conpubter prograume working on the game trisl ond exvor bosis
as that deseribed sbove was developed which gave the best
mathemabicel desoxipbion of the ewperimeatal sesults in termg of
twe o more relexebion peaks.

The compuber used won the Fepemntli Slrius nodel and degoriptions
and dotodle of tho programnes uged are glven in the Appeadiz to
Seetion 4 topether with the progranme isstructioms in Bloivs

Aatocodo.
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There wore in fact three compuber programmes used in this
inves i,:ig ablone Two wore concerned with finding the bost
mathemebical explanetion of o det of oxmperimental results end the
third wos o straight forvard eslenlation Leom an esiabliched
formulae |

As expledined in Seoblon 309 it ié possible 40 oblain & value
0f the activetlon energy of o diffunion process, 4y dn conjunction
with two other footoras from experimental resnlis. The method vesd
ig pasentially one of trial and ervor based on the method of least
aguereg, Heve the "besl=fit" of a theoretiosl curve to the
experinental one wes found by varying bthe threo paremeters of
equation (5) of Seobion 1.2, The eyvation ipie

ﬁml mkl
0 m

oo J0 (5T

& 34
where the Three peraneters sre 3V, the peal moximun which ocovrs

iy {:}r 4 £ nd
oh 8 tempereturs of Yum " and 4 1z the heat of sotivoblone Qﬁl

%

r

iu this expression iz an experimentel value found et tempersbuve
i,

fhe bealis of the programme is os follows. A sel of experimental
reanlbs, desoribing o complete cuwve g fed into the compnber
togethor with o wange of valuoes of %%%9 Tm and ¢l vhich spe
obtalned from an dnspection of swperimentol resulis. 4b the
femporadtnre af ene of the oxperimental wesults a thenrobiesl

o

volue of 0 1 ig esleulated from the lowest value each of the given

oontd YL
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values of G, Qﬁ% and Tme This theoretical value of Q"l i
subtracted from the expocimental value and the differcnce
betwecn the two is sguered and stored by the computer. The
seme prooess la pepeated fox each experimental mesull fed into
the compubor wmtll every oxpovimentinld resvlt has been so treated and
the sum of t@e sguares of s11 the deviations has boon obtained.
This thleald is stored by the computer as the meen sguare deviations
The whole cycle ig thon repeabed walng the some experimental
wesults and the same A1 and Tm but with o diffevent velue of Qﬁ%.
The mean sguare deviation is eveluatod for this cycle and compaved
with that of the fizst. T{ 4% 1o smaller then 1t is voetained by
the computer ag it veprosents a ocloger £it bebween the theoretical
cnd cxporimenbad curves than the swowious valuo which is now
nojeched. L however the second value s the bigger bthen it ie
rajecstode  Whis coyeling procoesns i wepented unbil the whole venge
of vulues of aAliy T and ﬁ%g hove boen usoed. Heuce 1f there ave
five values of dll, fﬁur of ‘fm and three of Q%%thexe would be sdxty
cycles (5 x 4 1 3) snd edxby volues of the mean square devistion
tested to Dind the susllest. Those verdables arce pgiven regular
incromoents ovoxr the rangoe of values to be tested, The progromme ie
gomploted by the computor printiung oult the combinetlon of A, Tm
snd Gm which bhave given thoe smalleost mean squere deviabicn leoe
the ¢losest {1t belween the thoeorebical and oxperimental curvesd.
The programne is given below in the fwbecode uvsed in the Hirius
eomputor.

contfdeoo



PROGRAMME Lo

JvL

v70=TAPE 3
viaTAPE 6
Vi3wv3

V745

v1Q=a i

nden0

v60=100
10)v55=100

7w =100

4 ) w0

10()

1)v5 v e 11an0)
FHLaoylvhi,
v5L=v451/1 007
vilay5l/v3
v51ev51/ v 11400 )
5 2eail K B,

v5 3e] [y 2
FHLayH2eh5 3
VHLavGl/2

¥H LG/ w51
¥53e¢( 20400 ) =15l
¥HL=vH1XvR]

V= vhHl

combidaes

t.a7 2»




nQ=00+2
—= Lynlgnd
—= 2,v7> v
—>3
2)¥ =y
oo
— 3
3)v5=vEevT2
—= f,96>v5
VHmYT4
—= 5y v35>vT
—=6
5 )v5Bevy
THGwv Y
=
-6
6 )3y 34T
— Ty vhi>v3
v 3T
PRIHNTYSS 5 3008
PRINTYL, 4100
PRIWGS0,4062
PRINTEST 4005
== 8y v60> 55
-9

8)vEO=vHH

ot oo

T 3o



v6imv),
v62myv56
v63uv 5T
—=>9
9 )Wlew v 70
—=10,ve= vl
PEXTE
It P )
PRIHG]. ; 3300
PRINTE2,4062
PRINYG3, 4008

PRIN 6L, 4000

N
RESTDUAL D EX
A=)

13)¥5 v G 20w 11400)

vHLayhlAvS L
vH1ewsl /1. 987
v51av5l/v62
Y5Lav5) v 1in0)
TH el i3l

V0 3wl ;”vﬁ 2
vHL=v524v53

v Levhl/2

v5Lav6 3/ vl

RESTDUAL
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751y (10400 )=yl
PRINTvHL, 3005
PRIFDw{ 11400 ) 4062
nQ=n04-2
—=>11,10/nl

(o)

The date fox this programme has t0 he arranged in a definite
sequence to fit the consiruction of the programme. If, for exemple,
the tost wesn belng made for di velues from 16 Kaals/mﬂl@ &0
20 Keals/mole at intovvals of 0.% Keals/mole, for Tm valuwes of
2 to BE?GK with increments of 1K and Q%}'valm@ﬁ fronm Qaﬁelﬂ"ﬁ
Lo Qg?olﬁmg of dutevvals of Qalﬂmd then the dats would be made
out ag Followste

500

3

D.0002
16000
20000
3e

387

Q,0250
90,0270

ihis wonld be lumodistely followed by the experimontal velues

o, ,
of § 7 end thelr fomperatures fthusie

contbfdoee
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00086
290
00098
293
otce otn.
Possibly one point of explanstion remsinse. The Siwius
Autocode doos not contein instructions which will allow the computer
t0 caloulate hyperholic cosines ap is required by equation (5)

The procedure followed was to caleoulate the value of the bracket,

(415 QP A .
14 i A

and vub this equal 0 xX. The cogh velue wes then fouwad by eddition
of thoe exponential valve of ¥ according bo tho expresalon,

- .
e X 27
cosh ® = @

age
e AT R T
-~

It is apprecisted that Propremme 1 does not caleulste the
"heat! volue of Al alone but the best value of A in conjuonction
with the "best" values of Tn and @{!ga Fxperience has shown however
that 14 was always on the basis of the d velue that the "bestefit"
wan decided. ‘The programme was dosigned such that nt the end of
pach ayoley it prinded out each mesan square devistion with the
value of di, Tm and @?% whleh produced 1t. Hencee the trend towards
the best combinetion could bo observed. Generslly spesking the
bost velues of Tm ocnd Qﬁ} wope phoeked within the fivast few oycloes
snd therealter the isoue wes nebtled on the haghks of the ¢l value,
Thie iz weadily wderstood when it de wealised that chonges in Tm

would produce a laboral movement in the position of the theowetical

conh 'd. ow
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curve which would rosult in lerge deviation between 1t and the
@xperiméntal curves Equally changes in Qﬁ% would produce large
vwrti@alvmbvement in the height of the curve which would be
aqually unacceptable in terms of the programmes The dH however
is more intimately connected with the shape and especially the
breadth of the cuxve end is the most importsnt factor in deciding
the "best HL" Programme 1 ¢an therefore be taoken ag & method of
amleulatihg activation enexgy values,.

in the ceses where the damping curve obtained was a combinstion
of two o more indeopendent pesks a slightly different technique
had t0 be employed.

At fivst 4t was thought posslble to design o computer
progromme vhich would solve the experimental values into the
most likely combination of peakse. JFor this purpose a reiterative
programme based on & system of successive approximations was
drawn upe The procedure followed was {0 feed in approximnte
values for the three parameters, d, Tm and Q?% for the number of
peaks thought to be present and to allow the computer to vary these
values with respect to each olhexr until the porameters mettled
down %0 constant values. In acturl fact the programme showed
numerical instability which indicoted that there was no unlque
solution of the experimental results, 40 be obtained in this
faushione. It became appavent thet ellowing the parameters of all
the penks to vary, even that whose paramebers are known, could not
produce results which fitted the experimentally derived curve. The
problem conld be solved by giving the computer specific information

with
cont'deae
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regard o one of the processes presont, dn this case the well
established lronenitrogeon domping ourve. Thatl is (o say it was
asgunaed that the nommel irvoa-niibrogen peek viog prosent and that
it could be sublrocted from the expevimental wresulis as a Lirgt
step to wesolving the exporinental curve inlo its compénentsa

4 a preliminery step the Um for the ixonenlirogen pesk was

33,

caleulated from equation (6) using Fast end Vervijpls deta
An nelivation cnerpy of 1862 Keals/mole was assigned to the procsss
end the compuber caleoulated the theorebicel curve for these two
' congtanta over o range of Q%% valuen. These theovetical curves
were bthen subtracted foon tho experinentelly esbtablished cowve and
the difference For ench gxporiienbal bempewabure was prinbed outbe
Opdginelly a programme hod been designed which ohess o value of
oo d, . . 5 . .
g From o range arvived ot by dnspection of the experimental
resulbs. It almoel alwoys chese the uppoer Lindlt off the range
becouso the progranme operoted on the''beate-{t" principle described
ahove. This meant thet this particeuler plogromee abbempted o
exploin the complex cuwve in terms of the ironendboogen curve
glone end hence al the egpeasoe of tho secondapy CULVe O CULVOS.
Pox this resson this sceond programme woas not ueed. Un the othex
hond the Dol progrunne glves o serles of deviations ol the
cxperimentold frow theorebicel iropenityogen curves of vorlous
peak helghise The initlel ecosumpilon wos then msnde thot only one
abmormal peak would be preseant so that one side of the complex
cueve ghonld DL alwost exactly with the ironenitirogen curve

theorotically caleulateds The experimental resulis were talen

GOnt ' Qees




ag the yordstick and no Qﬁ% value which produced negalive
devictions was accepted os o possible values A Qﬁ% valug wag
selected vhich geve pogitive deviabtlions of no moxve than 10"3

at one side of the edperimental curves UThe remainder on the
other side of the curve wan taken ag the abnovmal peal: and itse
values vere processed 1ln Progwamnme 1 b0 evaluate the activation
cnergy for the diffusion involved. The valuey of dH, Q@% and
T obbained in this menner were then processed in Programme 2
such that the remeinder in the oase became the ironsnltrogen
rurvas.  This curve was compaved with orlginal iron-nityrogen curve
to seg whei neasure of agrecment wos obtained, This oyeling
procedure dnvolving use of hoth Progremmes L snd 2 wos continmed
unbil the theoreobical cueves gove o good mathenaiical explanation

ol the expevimentel curve, Deosremne 2 1ls glven belowse

PROGIL 50 2o

Jvl

vl G
YA PR

K ) w60

ka0

PRIHTY 3, 3005
1L)eiiav2ev( 13e0)
vl ivhl
vE1evil/1.967
vhLavil S
vhL=vhl /v Ll )

YR Y,

conttd @ no




531 /w52

¥5Lavs/2

¥51ov3 /vl

ke (10411 )=v5l
PRINTWSL., 3005
PRINTv{324ml) 4061
Loyl Avhl
THuyhreh ],

wlenle R

~>=1, o51150

PRI NG, 4005
VAUV

==Ly 2v]

(=0}

The date Lo Propgyvamme 2 has to be 1add out ag Followsie

18200
310
000200
060250
00005
00090

IaTa) N PR L
200 etoentte

whtoh in thig caso weuld ween that a2 theorobhlical ouwve with a U

- . , G, .
value of 1862 Keolg/fnole ond o Ta off 310K wounld boe calenlated

#)
G 2 & e t:.%‘a 4. - . £
betuaen a (‘}3'1'—1“‘ wrnge of 2.107C 0d 2650107 at iutevvala of

ocont'daoso
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5010m4o The experimental value of Qfl

ot 290%K 48 941077,
he mentioned sbove the position of the pealk maximum for the
ivon-nitrogen process in a complex curvve was caleulated Lyom the

date of Fash ond Vorrijp This conaslsted of e abraighiiorwaznd

awe of equation (6),

,!!
dﬁ 1
’1! ( - ""‘ﬂ ) 254 L= vsr b ( -21; & o ei_:t{r;s

where ¥y end Yo ere the ponks for tests of frequencies of &, and £,
e » o &
»eapectivelys In the case of irvonenitrogon dil was token oo

1302 Koals /mﬂle, f3 68 Q.89 cycles pewr seeond and T1 a9 2950Ko

wn

5 >

The experimenbal fyequency fow which Lt was deasived to caleulato

£ 3

Yy g 189 The prograsna fe given bolow in Siwine Autocodo,
gk

vl= PARES
A6l v
Vel v
ValOGvT
Y=l 08 TAVY
v/ v3
Oy ey
Vel /g‘i?‘ &
Py 3022
PRINIG, 4062

vi= vl 0,05

-1, a VB ;"Vf!.

o1 'deos
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(->0)
Poxr Programme 3 the data was made out as follows,
295
089
18,200
100
4«0
That i8 o say fxom » frequency of 0489 c¢ycles per sceond
and o temporature of 29§0K (Fost and Verxdjpie dmt&gs) the
temperaturve of the peak moxinum would be ealoulated ovew o Irequency
vonge of one to four cycles per segonds The frequency was
Increcsed In stoges of 0,09 cycles per second by on inshractlon

virdtten dnto tho progromma,
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Appendix 2.,

| ) Y e - Fal ety N . . '»1 s .
Degerintion of Method %ﬁwigf&pég%%&éé}:@@i&w,,?’_afxﬂv?ﬁlf‘ioo

X
i, L

The method employed wos casenbially that leid down by British
Chemical Stendards along with Standard Hoo230.

The sample g diosolved in 5 ml. of sulphuric acld in 20 ml
of delonized wetev, Vhen the apeclmen is digaolved approximately
5 mle of 30;5 hydvogen pevoxide is added and the solution
avaporated o fuming, after which 1t is cooled, diluted and
transforred to a 250 ml. graduated floake. To this is added 40 ml.
of 20/ sodiwm hydwoiide care being token 40 keep the solution cool,
The bulk is nade up 40 250 mle, well shaken and the precipitaote
is wllowed Lo gettles It is then Lfiliered.The first f1lling of
the filier paper is wejected Ho digpose of any amnonia in the
filter papere This is preforable to acld waching vwhich would
upsct the pll and counc seme resolubion of the precipitato.

Pilty ml. of the filvrate is transfevved to o 50 ml. Hesslew
oylinder together with ono ml. of wbtondond Nesslew reagenbe

The mothod requires an addition of one ml. of & %% solution of
Gom Avoblic to be odded ot this stoge. The best Gum Azxabic
obininable conteined some ommonin vwhich would have glven o high
nitrogen resulte 'The ammonie wes yemoved by the use of & cation

exchange wesin end all the Gum Areblc used hove was g0 treated.

A blank of wll reagents trested in exectly the same mamner end
put into another 50 ml. Nessler cylindew. The depth of colouwr

in the two cylinders is compered in o Wesslerizer wilth thot of e

gbandewd swmonlio discse Thyee discs were used covering the xange

cont'dee e/




ten 40 one hundyed parts per million. The weilght of the sample
ia chosen o give a2 depth of colouw within the range of the disks.
Generally a sample welght of Ol to 0.2 gme wos usced bt 1L the
rasulting colour was outwith the cbove mentioned wange the sauaple
welght was adjusted.

The nitrogen eomtent of the semple is given hy the following

equatlonse
250

. N}_{ Ig Pt ohe s
. . Disk vending x <02 -2 2
edght 5 Nitrogon = 4SS EeRding x 02 (3 d)x6100 %50
Velght of sample 1 10

With each batoh of tesits a one gramme sample of Be.5.205
was analyscd. This low caxbon standard Ton ndtrogen (0.02070)

was used on o check on conditions and mendpulations




PABLES OF RESULTS,.

TABLE Lo

nﬂbu

Comperison of the dH end Tm values found for the diffusion

of nitrogen in alphee-iron by various workeys.

Rofs Noo %Eagz}ﬁﬁle. m %c g§§i§§2§2gg |
Leak et al 58 el 2245 140
Ke 23 207 2 30 1e6 -
Fast & Verwljp A4 1846 2P 07T
Wert A2 I RNEY : 0ed} - -
Dijketre 21 {1842 20 140
Rawlings & Rohinson 59 -”1892 LT (156 %

BABLE A(n)e
T valunes % various fequencies oelculated Lrom the date of

peveral workorse A A value of 18.2 Koalo/mole wasfuam& ag o basis

foe comparison dn conjunction with the egquaticn in §;° = '%?@%" - %{ﬂ
Yo 2 M
'5 TP Rofe ). Ioupencys cyelen/ses f
Rala&ané@ HO. Tk - 3.0 3.0
Teak ef ol 50 129545°K 302.3°K 30644
Re 23 207 37K 304°% 30842°K
Rewlings & Robinson 60 296,9K 103.77K 3078
DA Jketae 21 {293% 299.6°% | 303.8%
Faob & Veertp 44 29642°K 303%% 30741%
Average 295,6°K | 302.5%% 30646°K 1
R TR T SRR WAL TN NCRURTL AT S S8 R ¥ werd ek L

conb'Gese




Anolysis of aluminium elloys and of the pure Swoedish iron

TABLE 2o

from whioch they ave made exproessed ag welght por cent.

198619

liﬁaat ¢ Al Sl S P Iin Ni G Mo v i
Sviade
tish f
Tron | «02 40018 | «00% |+009 | 001 {40027 «0067] 40025} 4003 40004 «0003!
LIT | «006|Trace | «005 4013 | 008 - - - - - o %
118 {4011].015 | 4007 {4013 [0009 | = | = | o | = | - | - |
123 14004 (044 14009 }4011 {010 - - - - - - %
D19 | 0071068 | 4011 14011 ;.009 - - e - - - %
120 |.008].090 ;011 JOL2 1,007 | w - - - - .
L2 a.OOZ 30 o007 £¢013 012 % - « a w - - |
IABLL 3o
The emplitude independence of domping. Voluen of smplitude of
vibrotion and 10&10 of the omplitude for given numbers of ocycles as
plotted in Figell.
Lot e 2,63.207% | g7 agusa0™ ] g™t s 50302070
Hoeof Anpe Logio los0f | Ampe Laglo Noeoi Ampe Logio
Cyoles | cmse Ampe Cyoles | cnbe Atipe Cyelas | Cmnse A
5 el 0964 10 Ba4 0924 10 11.5 1,06
10 Tol «851 20 5685 | 2767 20 9435 «980
15 5655 | 744 | 30 4ol | 4613 30 Te55 878
20 de3 «634 40 29 e 462 40 6e? o792
25 Je3 oH18 50 2.0 «030 50 5el. o708
30 255 1 +407 " - w 60 442 +623
35 1e95 | 200 - " o 70 3655 530
40 1.50 { «176 - o - 80 1 3.0 i o477
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TABLE 4o

{] ':1 . ¥
Damping curves of pure ixvon § 7 wvaluos fox TMig.l3 for various

temperatures ot diffewvent frequencies (Backgrownd subtracted).

10fo
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94T
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JABLE 5o
£ .
il velues calouloted from the equation In ( f.-?" ) = mfl'
P
1 1
( ,E:o o ,})2 ) using the values of Table 4.
kN £ T T ax
1 2 1 2 y A
oycles/se oyclaa/ 0680 % O Konlo/mole
1410 Je29 297 308 18,280
Le10 1,76 297 302 16,922
176 3029 302 308 124394
;
Avorage 19,399 f

Compavison of values

LHLT Bo

e 1 m'mw.. nw.\xm Y

of di and b found by computowr for pure

iroa with and withoul ellowauces for backgrouwnd dompinge

Background

Hot bubbyached

16000

Fyaguency G it e
. . TS
ayo @f,s/ GGG Koula/nole
e T T
L&GL.{,,A,OLHIG. 3’7090 297
1.10 subtpseted o N sz
A % 3 I DUR, TR A A R SR SR VR gt )

209

oy

é Background 17400 303
1,76 e ERGCHOA ; e T
Background ;
Hat subtractod " 16000 b2
Bochgromad 16400 308
3,29 sublrasted L .
Baockground
D1 Hot, ubtzactod Meoo 4 309

contidose
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mwnme

Mffusion of nitrogen in slpha=iron. Values of D calculated

@2

Fal
X, - . "
from the equation D m «=wwso fop yaprious [rgguoncies, as plotted
G {XE) a b

in Mgelde

Froquenoy L0 3 w16
eyelen/soe Tm K 10°/tn De 10

1,10 297 3036 1050 15,00
3023 298,45 3034 1059 15080
1076 30145 3432 2053 15060
2023 307 3026 3,20 215049
3T 308 3e24 4055 #15e33

3o 29 ;‘)Oﬁ 3 [ 2,',: Ii- 5,61 mlS & 34

AN SRR N R SR T TR IR R R W OO TR A R s EE RS AT B Y §A A AT AR T A SR B o AT WA AR Tu i Ro e )

SOELE Bo
s “ o « . v I
Appronch $0 equilibrluom oolid solubility value ot 215 ¢ from
. \ e, .
both higher ond Llower bempevatures. O velues for various times og

vlobbed in PigedDe

Y L 3= 2 e z B A ] prs W
Heat ‘,L':s:'cea,’ammn’&;
wﬁ B (;{:{ig menched am} e ‘m Heal 4 3 5 7 9
wpadeivatbed from s - s S
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FIG.4.

VACUUM CASTING UNIT.
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FIG.5.

HEAT TREATMENT FURNACES.
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FIG.6.

TORSION PENDULUM.
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PIG.7.

MARSHALIL-RICHARDS ROLLING MILL.
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FIG.8.

MARSHALL-RICHARDS DRAW-BENCH AND SWAGER,



FIG. 9.
Laue Transmission Photograph of cold drawn
and annealed wire specimen. No preferred
orientation is evident as can be seen from

the complete nature of the Debye rings.
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FIG.IO.
Triplex structure of over-nltrlded pure iron specimen
nlirlded in 6~ ammonia” ammonia/hydrogen mixture

for eight-hours, (a) is Fe”N, (b) iron/Pe”N eutectoid
and (c) alpha-iron with nitrogen in solid solution.

(Etchant 2% Nital. Magnification X100).
g
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FIC.11. Independence of damping from the amplitude

‘of vibration, . : , Gy
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F1G.H4,. Variation of diffusion coefficient, D,

with absolute temperature,
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FI1G,15. Approach to equilibrium at 215°C

o Al
(a) furnuce cooled from 590°C

“126=

(v) heated from room temperature.
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FIG.16. Limits of solid solubility as a function
of absolute temperatvre (a) below 590°¢C

(b) above 590°C.
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FIG,17. Solid solubility of nitrogen in alpha-iron
as determine (a) by Dijkstra21 and (b) this

present work
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FIG,18. Solid solubility of nitrogen in alpha-iron as
48

determined (a) by Rawlings end Tambini™ and

(b) this present work.
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PIG,19. Solid solubility of nitrogen in alphr-iron as

Weight ¥ sitrogen.

=] 30~
determined (a) by Paranjpe et a1 and (b)
this present work.
\
\x ,
\\ O(,_ '%“ B
AN
A%
N
N
N\
\x
\4\
X\\
N \ .
~
~ .
N
~
~~
S~ -«
S e
- -
X L
-
. -
-~
. -
Ve
/ -
-
-’
PR
¢ | X
P
7
~ ~
/ L)
. / /
/1!
X, o+
/
/
X S
/
/
/
!
X
(a) o
;
(b) X=—x
Qs 02 G Q4 O 06 C» 0Of Qe 10




=131~

P1G.20, Danping curve for 0.095 AY,alloy nitrided at
59000 for % hr, in 6% ammonia mixture.
(a) Fxperimental curve (b) Nitrogen Snoek pesk
(¢) Subsiduary pesks, C= (a = b),
(ap—e
Frequency = 2.68 ¢/s
(o)——
(C)o=m———0

303 313 323 333

70
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FIG,21. Damping curve as for Fig.20. (a) Experimental
curve (b) Vitrogen Snoek peak (c¢) Subsiduary

peak, C = (a - b)@
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FIG,22, D&mrlng curvp for O, 9% Al alloy nitrided %t
590 K for % hr. in (%:ammon:a mixture
(a) Bxperimental curve (b) Theoretical Snoek pealk,

=} 33
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F1G.23. Damping curyg for 0.36641,a110y according to
Texar et 417, (8) Experimental
curve (b) Pheoretical farbor Unoek peak (c) Subsiduary
pesks ¢ = (A « b).
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13,21, Demping curye for 0.3% Al alloy carburised for

: L] , .

1 hr st 7207C in tolnene vapour (a) Mxperimental

corve, (kY Theeoretical Carbon Snosk peak
(¢) Subsiduary peaks C = (& -« b),

Preuency 1.0 c/s r () ¢——0
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FI(: _2_3_ Damplng curve for O 3% A nltrided at )QO C for
hr. in 6% ammonia mixture, unhomogenised

fa) Fxperimental eurve (b) Theoretical Nitrogen
Snoek peak ( ) Subqiduary peak ¢ « (& = b),

Freguencyi+= 2,% ¢/«

b} o-——~-0

C)  smm—xt
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FI1G,26. Damping curve for 0.09% AL alloy nitrided for % hr.
in 6% ammonia mixture, unhomogenised. (a) Experimental

curve

(v) Theoretical Nitrogen Snoek peak (o

=137~

Subsiduary

peak., ¢ = (a - b).
—
Frequency = 2.5 ¢/s (a)| o——="
(b)| 6~ ———
L J
e (C)] Wmmom—X
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¥1G6.27.

Damping curve for 0,068% Al alloy nitrided for
X hr. in 6% ammonia mixture, unhomogenised -

wl 3fe

a) Experimental curve (b) Thenretiocal Nitrogen

Snoek peak,
Frequency| = 3.2 o/s
1073

(c) Subciduray Peak. o = (8 = b).
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FIGL.28. Damping curve for 0,044% Al alloy nibrided for & hr.
in 6% amnonia mixture, unhomogenised (a) Experimentn]
curve (b) Theoretical Nitregsen Snoek peak. (¢) Subsiduary
peak C = (@ = b),

e s S e = e e e

'reouency + 3.2 n/s _ (a)| e g

(b} 6———-0
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Fige29. Damping curvs for 0,015% Al.alloy nitrided tor Eoar.
in F% ammonie mixture, wrhomogenised {a) Experimentsl
curve (b) Theoreticul Witrrpen Bnosk pea’c,

(o) Subsiduray penk ¢ = {a - b),

. e e S . -

Frequency = 3.2 ¢/s (a)| &——o
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FI6,30. Damping curve for 0.3 Al alloy nitrided for i hr,
st 590" C in G0 ammonia mixture and homogenised 2 hrs
at 590°C (&) Experimental curve. (b) Theoretical
Nitrogen Snnek peak. (c¢) Subsiduray peak C = (a -b)
113
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FIG,31. Damping curve for 0.09%% Al alloy nitrided for # hr. at

w]d 2=

=]

590°C in &% ammonia mixbture and homogenised 2 hrs. at 59000

¢

a) Bxperimentnl curve (b) Theoretical Nitrogen Snoek pealk,
Subsidusry peak C = (a « b).

Prequency = 3.6 ¢/a
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FIG,32. - Damping curve for 0.%% Al allqy as for Wig.25,

’ r~ (
aged and re~solulinmaed nt 59C¢ C,
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FIG433. Comparison of Figs. 25 and 32. (a), (b) and (c)
as nitrided and quenched (d) and (e) as nitrided,
guenched, aged and re-solution treated. Dotted lines
ara theoretical Snoek peaks (c) i3 the subsiduary peak
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FiG,35. Damping curves for 0,3% Al alloy nitrided for % hr,
at 590°C in &7 ammonia mixture, (a) Experimental
curve (b) Theoretical Nitrogen Snoek peak
(c) Subsiduray peak C = (a - b),

u146“

(A) As gugnched.

Prequency (= 3.6 ¢/s
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 PIG.36

4

. vDampin:g-
- .at 590

curves for 0.3% Al alloy nitrided for § hr.
C in 6% ammonie mixture, (a) x
(b) Theoretical Nitwvogen Snoek
peak C = (& « b).

~147

pc’ariniental curve,
peak (¢) Subsiduary

S ; 4) @——0
- (A) “hged 6 brs. at 0% B Om — —0
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PART Go DISCUSSION OF RESULLS.

sSection 5.l

introductions

L]

From the review in Section 1.3 of the work done on nitrogen
in iron elloys by internel fxlction methods 1t is appavent thati
no comprehensive investigotion has been made of the iron-aluminiume
nitrogen system.

The most luportent single point in question is the existence
of & seoond poak in addition to the Snoek peske Mast has reported
thet no such pesk is to be found in an alloy containing 0.5 atomioc
per cent of aluminiune On the other hend, Laxer et alzgapoxted
segondexry peaks in ironealuminiumecarbon zlloys which at least
indicates the possibility of similer pesks existing in the nitrogen
gystem since curbon and nitrogen generally produce comparable
offcets when in solid selution in the some metal,

In order to heve a basis for compaxison of the information
gathered from a atudy of the aluminium alloys it was decided, as
s fivet step in this present invesbigation,to ve-establish the
date obtained by other workers on the donping characteristics

in dyonenltrogen alloysa

cont'leee




Soction 5:2. = Tho Snodk Poslt in Tron-liitrozen Allova.

ﬁevegal pure iron specimens vere nitrided for short perlods
% 590°G quenched snd the demping measured between 1s°c and 6500
at different teating frequﬁnaiea;ﬂ Three of théae curves are
shown in Fia;13 and tho Qfl values are giveon in Toble 4; The
sctivetion cnexgy for diffusion of nitrogen wes celculated hy

using the equation,

Lo o, Yo . b
w () « ®(Zppd) . (o)
fl R il..l.g

where fl and £‘2 are linear fregquoncies of vibration ond Tl and Ta

axre the corresponding temperatures at which the maximum damping forx
these fraguencies is observed. The aversge di value was 18.19 Koals/
moie of nitrogen (Table 5) although the caloulated values varied
from 1649 to 19.39 Keals/mole. From equation (6) it can be seen

thot the dH value obtained in this manner depends oriticelly on

the temperature difference hetween the peaks, this difference

being the dlvisor in the equation,

2

. Ran (F1 ) T %
aH R
2= ™

Apsuming the exrox in placing the pesk temperature to be the vamo
foxr each pealk it becomes apporent that the amaller the difference
between T2 and Tl in the above equation the larger becomes the
pexeentoge exwor in the calenlated dH value. Thus the nost accurate

value should be that from the peaks furthest aport and this in fact

leads to & dH of 184206 which agwees well with the volue most quoted
for the diffusion of nitrogen in alpha-iron, With an oustimoted

cont'Gese




exroy of ﬁ.O.EQC in meaguring the temperature the enmﬁr for o
tomperature range of 1% 40 I 1095 at the beste The activetion
enorgy may then be gquoted as 1842 <2 Kenls/mole of nitrogone

Bach of the three curves of Mge.l) was procesded by computer
using Progxamha 2 an described in Section 35 and the reéulta aro
sunasrised in Toble 6. This alternative method of calouloting
dl depends hasiocally on the shape of the damping ocurve and

therefore tokes into account tho Qfl

values determined experimentally
over a range of tempewstures »ather then the position of the pesk
maximume The results were processed both with and without a
correciion boing made for background demping since this has o slight
effoct on the shepe of the curve. The background damplng wag
determined over the range of expevinmental temperatures oun a fully
decarburised specimen prior 4o nitriding snd was found to 5.10"4

on averages This value of ES.‘.L()"'4 ig the contribution to dampiog
due to frictional losses in the apparvetus and the other lactors
which have been discusased previously in Sectlon 3e4 and which are
agguned to he constent and unaffected by nitviding. Strictly
speaking to evaluate the damping vroduced by nitrogen alone the
bagkground damping should be subtracted from each experimental

o™ velue. Thip is bomne out by the fact that the dH velue closesh
to the generally accepted one of 18.2 is the 17.6 Kcals/mole
caloeulated from the results to which the background demping
corvection has been appliede As & method of determining the dH
value the computer technigue is probebly more cccurate than the

method of using equation (6) when the pecks are sepernted by less

conttdeee
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then 10%.  The two methods sre nevertheless in good agreenent ond

throughout this work the value of dH used is 18.2 Keals/mole.

cont'd'.-




Boogtion He3 « Diffusion of Hitrvogen in Alphaelron.

The theory of the ealeunlation of diffusion coefflicients Liom
internal friction pecks has been outlined in Section le3s ‘The
diffusion coefficient moy be siated thusie

2
& ;g L am2 8CCe

D =

where ¢ is tho latilce paremetor, 2,866°4 in the case of alphoe
ivon and £ ie the linear Lyeguenay of testings. In all siz
spotimens werce nitridod and their peoko detormined ot Alffexent
freguencicns Three of thoe wires were those referrced o in tho
gelenlation of the dl values Iu cach gago the value of D wan
celonlated (Table 7) ond this wes plothed ogeinst the weciprocsal
of the absolute temperature at whioh the pesk occurred (Figeld)e
The plot gives o straight line velationsohip. This observation is
in fact expeoted fyom the clessleal expression for the diffusion
coefficient D = Do expj%% viere Do is o congtent,dd is the
notlvation energy for diffusiong 1 the temperature in % ena R
the gas constante It io possliblo therefore o find both Do and
all from Flgelde Do was found to be 1¢341072 and @l %o he 19 Keals/
mokee Pash and Vormijp'? woport 6.64102 and 1846 wnile wert™"
gives 3.10"3 and 18.2 In fact these lange differences in Do
produce very small varxistlons in the values of 1 for a glven
temperature within the experimeninl rongse Hence the agreement
betvoen wesults obteined from this investigation and of those of

the others quoted iz gquite goods

cont'Geqe
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Bogtion Sed -~ Solid Solubllity of HNitrogen in Alphowlion.

Detormination of the limite of s0lid solubility of nitrogen
in alpha-izon has been the objeot of many investigationo both
hy internnl friction end move conventlonol methodse Rawlings

48 dotermined the phese boundaries in alpha-irzon

and Tambind
uging o damping technique « They ihoramsod the time of nityiding of
wire specimens at o glven toemperature until the amount of nitrogen
in solid aolution, as measured by o demping pesk, reached o
magimane Fowtislly oracked ammonia was wsed as o nitriding mediunm
and the assmonia potential in equilibriwa with the specimens could
be alterod by venying the temperature of the oracking furnoce.
Yhe peek oY values so obbained wore then maltiplied by a factor
of Le28 o convert them o weight pey cent nitrogen. Theso
solubility resulis arve plotted ageinst t@mperature in FigelOe

In zepenting this investigation the author enployed a
diffevent method of approeching the eguilibrium belween nitrogen
in eolid solution and F94N. With the method umsed by Rawlings aﬁd
Tambini4a it is possible to be nitriding at an smmonia potential
which eithew is not caﬁable of echieving eguilibrium ox is
gapable of ovovenitididing the specimen in the manner indicatced in
Seotion 3Je3e To be absolutely suve of achiceving cquilibriun
by tho nethod of Rawlings and Tembini it would be nccessary to
nitride with 2 considerable roange of wnmonia potentiolc. The
technlque used Ia this work wag to nitvide the speoinens ot

59660 for o short perlod at en ammonia potential which experdence

oont'0oae
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had shown wonld overenlirpide if the time wers not corofully
controlleds In this way it was ensured that enough nitrogen
was present %o give an eguilibrium betwoon interstitizl nitrogen
end Fm4ﬁ at temperatures other thon tho euteotodd.

Usnally fouwr specimens wore niirided at & time two of these
being usced to approosch the equilibrium from ebove ond two £rom
helow the tenperature In guestiones All the specimenn wexe
homogenised for eight hours ol §90°GG Two wero furnace cooled
to (say) 30000, held for o pexdod of Tiwey quenched and the Qﬁl
volue founde. .This proceduro vies followed with dncreasling periods
of time wntll & congtent velue was chteineds The other two wlres
wvope left fox aevemgl daya 4o age end wore then heoted to SODQG
and held for lnoreaslng @mﬁiﬂﬁﬁ“ﬁﬁtil agedn a congtant value was
obielneds In the firel cose the tweatment precipiteten nltrogen
from so0lid solution to establlsh eguilibrium and in Hhe ascccend the

4

godubions Agrecnent between the two methods is very good as ip

nitrogen previously precipiieted as o N is taken into solid

shown in Flg.lH and Teble 8Be The yeluos obltoined from the Lour
gpecimens vore averaged for each tompoeraturo. These &ro quoted

in Pable 9(a) over o wange of solubtion temperatures from 21§“c

0 SSOOG. In the csse of velues esteblishod fon temperaturos

shove the euteotold the appiovach 0 eguillbrium was that of
peeciplitating nitrogon from solid solublon ot the cutcetold,

Le2e by heniting the specimons fron room temporaiurve, not by cooling

them foom o higher temperature. This was nocospary bacousge tho

aont¥des s
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furnaces used could not coslly operate shove BSOOG noking the
approach to egquilibaium by beking nltrogen into solid solubion
aiflicult to achlovos
'The Qﬁl volues given in Yoble 9 are the equilibrivm values

obtalined by guenching and measuwing the damplng at room bompersture.
The testing Crequency was sdjusted such that the peak occurned
at xoon Lempersture which ls a convonlent one for vepid testing
after quenchings The logaxithm of this value is plotied cgainst
the reciprocal of the ebsolube temperature in Fig.lb. Tuo stroight
Lines wesuld, one for subouitecltodd tempovetures with o negative
gredicnt and anothewr for tempewvainres ohove the eutectold with
a positive gradionte Both awve of the form

=1 o

Q = A exp. RT ow

- di
n Q" v In A+ RT ox

=, Qi
log 7 = log A+ Bo3 R0

whexe A is o consbanty 1 the temporature,in GK, R the gas condfoqb
and G the heot of sobtivation of the wreactions involved above and
baelow the eubectold tompozature. -

The gradlents of the lines are in Lfood Eﬁfﬁ?. The wesulis
plotted dn Figedl fur the subsuteotold temperaiunes give o 4 value
fox the wenstion 4Fe‘i [H]f:;-Fe4N o = 8500 Kualm/mole of aitrogen
and Q?l w 13 cHDe = é%%%l as The expression conneoting the solubillity
vith temperatures The @ velues found by Rawlings snd T&mbiniAa,

p [
Fagt ond ?exrijij ond Foren]pe etagljl 216 T4y 8e3 and Be490

Keals/mole wospectivelye The anthor's zesult ie clocer to thab

Contidene




of thowse woxkers using internal friction techniques than {o
the velues obtained by Parvanjpe ob alﬁl baged on chemioal
analysis of nitrided carbonyl powdor which had been previously
decarburisod.

Por temporatures sbove the euteetoid the Al value is
14,100 Kealm/mple of nitrogen snd the related equation is Q-
243410"° oxpe Heal o @ valuo is that foz the chemiosl
reaction [fm«ﬂ é;;[ffgl. These reosults sgree quite closely

: i 330430

the 13,500 Keals/mole and Q" w 44641077 exp — RI ~ found by
plotting the results of Rewlings and Tambin148 in o similar
NONNEY e |

The two lines of Figelé intorsect ot 589K ond give a
Q?l value of 8.9.10-2 for that temperature. Walking the entoectoid
temperature as 59006 the resulis of Fagh ond Verrijp give the
polubility ao 0.097% nitrogen while the value is 001084 for the
oame temporeture according to Rewlings and Tawbini. Using the
conversion foctor of Fast and Verrijp (1.26)33 on the author’s
Figure of B.9+10°% the molubility would bo 0.L12%, while that
uging the factor of Nowlings end Tombini (1.28) would give O.1145.
Dijkﬂtragl using & factor of 126 veports the solubility at 590°C
29 0075 ‘The agreement shown by these various resulis is of
quite o high order, when it is pointed oul that danping values
coxresponding o the solubilities ropovted for 590“0 all lie
in the wrange (8% 1) 10°%,

¥igel( dllustrates gwaphically the difference bebween the

1 .
resulits of Dijkﬁ%rag“ and those of the suthox. (In this graph
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Dijkstrats factor of 1.26 in used on the euthon®s resulis).
Dijkatrals values sre conslatently lover above 35&96. Indeed

Dl jenteats deborninations are consliatently lower then vhose obtained
by any othey workers using domping mothodse. A direot compawison

of the alphao-phase boundaries as deberminod ia this present work
{using & factow of 1.28) and as determined by Howlings aud

48

Tanbini ™ dig to he found in Flg.ldl. There in o folr moussure of
agrecnent below the eubeotold bulb the dloceroponclesn 4o be fowad
above the cubestoid are lavgerve Thoy ane groantest at touperatuven
approachlog 59000 ond Rawliogs ond Tewbind®s vesulin ane conglsotently
highere bthroughoute In the prosent woik a spoecimen 0.03 inches in
dismotor wos used wvhile that uoned by Rawlings end Tanbinl wao only
0602 luches in dismeber. With such o thinner speclinen a noxre
effeotive quench could be obiained especially from highoz
temperadtures and it is possible that nod all of the nityogen vas
retalaed ia so0lid solubion In thia prescant work so that the
demplng peak would be covvespondingly lowors Thic is confizmed
o aone exbent by the fact that ageeement 1o bebbter betwson the
two situdies at the highest tempenatures vhere there is less nlitvogen
in solid solution and the pate of precipitoltlon wonld bho slovora

The resvlis of Paronjpe ob a151 are plotted in Fig.lg together
with the presend vesults (egain nultiplied by o fector of 1.28)
and show a considerable divemxgenco eapeeially above the cubectold
tompervstures The discrepency iso net consistent and the methods

of determination exre not compereble but it is dintoresting to note
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that the work of Pavandpe et al would ladiocate o mucﬁ gronter
soddd solubility shove the cuteotold thoau do the internel fricition
resultos U4 ds possible that Fméﬁ is present in the ceses of the
detorminations ab 65690 and 76008 wivioh would accomnt fox the
high velues obtained by chemlonl analyside
It is opprecinted that the method uged by the avthor to

detormine the eauiliﬁrium velues of interstitinl nitrogen cennot
be checked by chemical analysis aince FQ4N is present in all casess
Howevaer the method uscd hos heen proved ecaeplable since the Q"l
veluen found agreae well, within the llmits of oxperimentel ernor,
with the reéultﬁ of other vorkewrs., The velue of gl found for the
solution of F@QN ig waffected by this factor and also sgroco
closcly with previously dotermined valuese Smit and Van Bueren36
have ccionlated theowveticelly thetl in a specimen of radomnly
orientated cxystals the proportionality constant is 1.33e 1%
is congidoved howevesr that the factow of 120 found by Raviings
and Tamhini4a 18 the most relleble and the author's rosulis
woing this egree well with the established solubility values,

- Consequently it has been adopted in the prosent work 4o
caloulate the wolght per cent nitrogene

These rasults obialned with niitnogen in pure iron vives wewe

very cncourvaging since they showed thet tho nitriding tochnique
wnd the methods of recording end messuring the internel friction
were fully ascceepliable and that the appsratus Huilt was capable
of producing sccuvate resulis. The wesults also helped confirm
the work done previously as well as providing the authow with

useiul experience in maenipulating the apperatus before proceeding
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Seation 59  « Damplpe in Tron=AluniniumsHitrosen Allovee

Having established the Snoek peal in dvonenitrogen system
steps were loken to study the iron-pluminiume-niirogen systeme
o this ond three specimens from the elloy containing 0.097%
aluniniun by weight were nitrided and the denping curve
determmined between 150 and 6500. In cach cese the curve
establishoed was considerably broasder than the Snoek peck and
the mazimam was less sharply defined ag is Lllustrated by the
example given in Fig.20. Here the expevimental curve is compared

with the theoretical Snosk pesk caleulated from equation (5).

ﬁ‘i‘
ot el
A sosh 5&!?, (& )
e @ Tn

with & Un of 4206 and with o A value of 16.2 Koalﬁfmoie_fom the
aume helpht of peak weximvm ws the oxperisental curve. The
axperimental peak ia very much hrooder dndicating the proseence
of one or more damping peska in eddition bto tho Sncel peali.

By esawning that the theovebical peshk corresponds exscbtly to the
experinental peok in height and temperature and by subtrecting it
from the experimentol ocuwrve thore is an indication thot there wre
poesibly three pesks present (Fige20)e The eorlicst atbempts at
reosolving this peak inte 1ts comnponents therefore were bhased on

’ the assamption that there were ia fact threse peoks presonts

It won hoped to compile & compuber progromme which by &
relterative process of continuous spproximetions would doftine

the peaks present in tewms of theiw penk heights (Q%%)g theip
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peek temperatures (Im) snd the asctivation encrgy (dil)s In ovder
to accomplish this approximate dH values had to be assigned to the
secondary pesks on oeither side of the arbitrarily placed Snock
poake. Thig waa done by the graphicel methods outlined in Seeﬁion oo
Tt was not possible to caleulate the dil value fxom equation (6)
aince 1t wos only in the cnse of one frequency (Table 10) that
hoth the secondory peaks were completely defined since the three
peaks stretch over a longer temperature range thon it was possible
to test with the apparetus of this lnvestigetions The A values
were ¢oloulated from the individnmal Qfl values of these sccondony
peake uaing the method of pldtiing the noturel logarithm of the
eelaxation tine againat the reciprocal of the femperaturve. In
this way tho dll value for the lower pesk atb 2790 (Fige20) was
seleulated as 15.5 Keols/mole and thet foy the uppor peak at 60°¢
18 1902 Keale/moles

rroliminexy calewletions with theao velues indicated that
the computer programme wight well produce results in the menner
expoecteds Phe programne wes desdgned to teke the values of Qj%g
T end dil fed dnto it for each curve and voxy them with veapect
to each other wntil e constant velue was reached for cuch ones
although {he f.fﬁz} y tm ond A were known for the Snoek pesk
inaccurate values wvorve deldberately fed into the computer so that
if the computer evenbually produced the ostablished values forx
this peck then the programme wonld have proved iisalle The
computer progremme wes designed to provide a Q?%g Ty and Al value

. . ol \
for evach pesk by using the experimental. values of § "¢ Unfortunate
p 1
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the values produced were unaccepteble in terms of the experimental
curve 23, instead of converging on certain values for the required
oonstents successive oycles produced inereasingly divergent results
and eventually gave Q}% values many times higher than the highest
exporinentel er. It became apperent that not enough precise
information had been given to the computer and thet with so many-
variobles no single mathematical solution ;ould be found which
oxplained the experimental curve in terms of three Q?l'a, Tm'a and
Ao,

A change of opprosch 0 the problem was necessarye It wan
deolded 0 reduce the number of varicbles by speclfying all the
known informstion about the Snoek peske The flroat step wes to
estoblish the exwel position of the Snoek peak for the testing
freguoncy useds This was done by welng the date of Fust and Verrd]p
in conjunction with equation (6). For the frequency used in
deaving up Fige20, dece 2.7 cycles/ﬂec. and for a di value of
18,2 Keals/mole it was found that Snock peolt was al 330‘,an&
nok 4296. On.calculating a theoretical pesk with its Im at
33QC and subitracting it fyxom the expeorimentel ovrve it beocome
appearent that thore wes only one othew peck (Fige2L snd Table 11)
and not two as had been previously surnisede This elimination of
one of the secondoxy peaks is hased on the aﬂsuﬁption that the
lornenitrogen Bnoek peak is oample%wly waffected by the prescence
of another relaxetion process. It remsined then to determine the
chavacteriobtlcns of this other pealk which ccours ot 52“0 for

2.7 eycles/poce
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Using equation 6 on the secondeny peak so obtained foyr the
three apeoimens dH velues wenging from 14 to 23 Kcalm/mole wore
found which had an average value of 19,7 Keals/mole. On processing
the resultsn, obteined by the subtraction of the Snoek psuk fronm
the experimentnl oney in Progromme 2 in the computer sn average
value of dH fox ﬁhe three secondoxy peaks was found to be 1945
Keals/mole (Pable 12(a).

The &l values obtoined for the secondoxry cumve are very close
to thet veported by many workers fox the damping cauvsed by
intexstitial carbon in alphawivone The suspicion that this pesk
wag in fact due to carbon was sitrengthoned by the fagt that the
Tm value of Sloﬂ glven by the compubor progronme for the posk
phown in Mig.21 is only 1GG higher thoan thet which would he
expocied from cavbon ot the some frequency (Taking a all volve of
20 Keslo/molo and a im of 4000 for a frequeney of one cyele o
sesond the Tm fov carbon st o frequenoy of 2.7 nyal&ﬂ/sac ig 5060)¢
The pesk temperatuees given by the compuler fov the othor two
frequencles agyee well with the theorvetlownl values Lor carbon st
these froguencles. On the basis of this ovidence it wes concluded
thet the meaondary peale was not due to nitrogen intevecting with
eluminiun but was the Snock penlt for caxbon in alpheslron.

Two Featurcen of imporbance emonge from this conclusion.
Fiwably it appoored thot the deecorburisstlon of the specinens
vas nodt complete in the 72 houes treotment glven o thome It had

becen appreciosted envlier thet the dry hydrogon process unged to

prevent oxldation of sluminium was not s vory efTiclent decsryrburising
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agont with which to effect the wremoval of soluble carbon. Yot
tests oonducted to determine the background damping before
nitriding had given no indication of the prescence of a carbon
peak of the oxder of 6.10'3 an fouﬁd in these threc speclmens,
Bxplavetion is to be found in the formation of aluminium carbide.
The rveaobion fox the foraation of Al4 03 has & high negative
free ecnergy and it is even less reodily removed by hydrogen than
interastitial carbon. The prescence of carbon as precipitated
corbide would aot produce a damping peek and this would sccount -
for the low background damping found in the femperaturs range
where a carbon peak wonld have been axpectods Althougn A14 03
is a stable compound eluninium nitride is even move stable. %he
negetive free energles of foxmetion vre 37 and 55 Kcals/mole
respectively ot 600°Ce The folloving »eootion would teke place
ALy O + AN 4 43 N (@ = =185,000 Koals/uole at 600°¢ indicating
thot tho weaction would go to the vight as weiftten) and carbon
would be libereted Lo contxibube to dampinge. This would explain
the appenyvance of a garbon pesk whero none had baon found previously.
With refervence t0 the work of Laxer ot a124 it is possible that
the secondary pealt found is in foob composed of two perks; the
fmeelk due to cavbon and & subsiduory pesk some léﬂ lower in
temperaiure of rather smallew peak height. This mubmi&uéﬁy howevey
wonld be disguised by the much larger nitrogen paske

The height of the carbon penk wos 6.10“3 wiieh is egnivalent
$o approximotoly 841077 woisht per oent of oarbon and in an atbonpt
to romove it the decarburising time was doubled, A spocimen
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decarburised in this mennor and fzom the sama elloy (0.09%
pluninium) was nitrided ond the domping curve determined as shown
in Vige22e As oon be seen there is very good agreement hetwoon
the exporimental pealr and the theovotifial Snock peak for nitrogon
in irone ‘Therce is pome alight divergenco hetween BQOQK and

330 ®k vhero the carbon pealkk would be expected to fall.e Thig is
the final picoe of corxoborating evidence for the explanation
thot the second poak found dn Fige.21l ig due to the presenco of
intersiitial carbone Prolongling the trestment 4o more then aix
doys did uot generally provide much improvement in agroement
hetwesn the oxporinental and theorebidal peak and it io possible
that specimens piloked up carvbon Lrom bydeocarvbon impuritices dn the
hydrogen althowgh overy precaution woo donken 40 exelude these
(Soe section 3e03)e In gencral it wao fouwnd extremcly difficuli
to wremove the cerbon entinely and uvsually o veny smelld allovance
had to be made foxr it in enclysing experimentol curves in the
aomputors

The second point is vith regaed 0 Hhe uselulness of the

computer programnes. Although the second poak could not bo
ebtwibuted direetly to tho presence of sluminium the 4ino devoted

to developing the compuber pragrammes‘w&ﬂ not misesponte Applying
the principles outlined in Bection 3.% for Jjust such o cuse ag this
the computer hed beon successfully used to snalyse a composlte peak
contoining one complotely uanknown relozatlon preceas, Good ageeement
woun obfoined betweon the threo cxemples with respect Lo the dH value

founde Yhe very good sgremuent betweon the Y values given by the
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computer end the theoxctical Tm volues for cavbon was later
substantiated by the decarburlsing oxperiments =o boing cvidehoe
that the secondaxy pesk was due Lo carbone It 1o doubtful if the
peale wonld hoave been as convinclngly demonstnrated to be due to
aybon without the compuior progreunes which are fully vindicoted
by thia examplos

Laxar ob m124 weported as moeny an three other pesks in addition
to the Snoek in an sluminiumecarbon system conteining 2436/ aluminiume.
They 2lso give wosults for alloys containing 0.04 and 0,367 eluminium
vhich ave similoxy im composition to two of the alloys made fox the
preaent investigation.

in orxder to esiablish vhethoer or not the pecks weporied fox
20365 aluminiun were present In alloys conbaining only 0004 ox
00367 Toxexts curves for these slloyn wore subjected to the
rompubor anslysis devised for this dnvestigatione Vexy little
veplation wes found from the theoweticsl carbon pest in the cose
of the 0045 alloye With thoe 04365 2lloy however significant
difforencos wore obsorved when o theoretical caloulated Snoek
ponle was subbracted from the experimental results (Fige23) e

3

Smadl pealcs of the owder of l.5¢16m3 sl 20541077 wero Found at
spproximatiely bthe seme Lempevatures wss those reported by Laxar ed
ad foxr two of Thoilr sccondery peaks in the 2,367 slloy. 49 the
aluminivm oontent lnowveuses Laxar ot al find that the hsights of
tho secondaxy peaks wise at the expense of the dnoel pesk. Tt

would appean therefore bthat the hoight of the peak is depondent on

alloy content and thal any paok there mey be in the ironezluminivme
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nitrogen systom will bo most obvious in the alloy containing the
meximum eluminium (0.3/%) in this series and that below thig
composliion the secondaxy pealk would be too smell t0 he veadlly
deteotod.

Bofowve further nitelding eoxpemiments were widertaken,it was
deodded to caryy oud some expowiments in an abtempt to confizm
the work of Laxar ob al on the lron-aluwminiunecorbon sysbame
When 0637 oluminiwm specimens of thie prescnt sezies of alloys
vee covburdoed the presence of the o pesksy, illustrated in
Laxer ob el's work in Ilge2d, wos conlirmed (¥ "i2e24)e  lLoxor et sl
find their peaks ab 30L K and 34OQK in their higher alloys. 'The
suthor's anelysis of tholw @a&m for 0636 aluninium hine the
sgeondaxny peoks al 7}010 d 335 K while the awthor's own worlks
gives the peaks at 300 and 331 %o sgeecment is good for the lower
peak bub not quito 0 good fox the higher peak which lies ab the
upper btemperatuve limit of the upparatus used in this present woxnl,
The heightsof the pesks recond ed diffex’ agoin at the highew
temperaturve but by and lsarge the present work conlirms thot of
Laxer b alo To sseorbein 1f simller effccts could be obleinod in
the dronssluninime-nitrogon syeten three speaismors oflthe.Q.}%
agluminium 2lloy were nitreided for thirsy minutes In a 60 cumoning
&mmuni&/hy&rogen mixtwre, gquenched and. the damping curve established
as illustrated In Flgedh.

Previous calonlobions uuiug equation (6) hod established
that the Snoelk pesk fop this frequency (2.5 eycles/second) would lie
ot 305°K (32°C)e. In actual oot the experimentnl pesk Loy
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conslderably below this temperature ob 296°K (23003 indicating
that the experlmental peck wes o compound of two on more pealkds.
When the oxperimental resnulis were processed in compuber Programme
L they ylelded the Snock ond secondaexy pesk showvn in Fige.25.
Similex enalysis on the tvo othoer eoxperimental curves gave
comporeble resultse The secondary pecks, ag debtermined graphically
by subtzactim lay between T and 10° below the Snock peake By
neing equation (6) two @M velues were crlouwlated to be 21 and
30.8 Xeals/moles No great rmelimnce can be plecod on these values
ag this grophical method posltioned the cecondaxy pesk at the same
tempexetune for two different frequencies. When the values for
the secondary pesks arrived at by subtreotion were procsssed in
computer Programme 2y di velves were found vhich gove a meon value
of 24,6 Kesle/moles. The Ta values so fowad wverded Crom 8% %o
139 below the Snoek peak and the ratio of the seccondaxy peak to the
Snoelk pecl was Lo%e In summarny it ney be steted thet this 035
olloy when miteided glveo an addéitionel domping peek which lics
approxinately 900 below the bnoek peealt, 1o uswally one and o half
tinen the height of the Swoek pesk ond has o 8 velue of 24.6 Kcala/
molee

Since thisg pealk s of a reguler shape and has & 4 volue a
Little higher then thet fox the diffusion of nitrogen in iron 1t
vould appear that it arlscs from e single roloxetlon processe The
genorol characteristics of o« compound posk awe wn lvwegular shape,
sueh as those fovnd by Dijkﬁtwmelg Loxeore ef a124 and othemsand a

low 48 value. 'The activation encvrgles for the diffusion of
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interstdtisl or subgtitulbional atoms in metols cre usually of the
orvder of several tens of thonsands of calories per mole of
interstitial or substitutional atoms. oxr exemple the dlffusion
of carben in ivon hag o A value of 20 Xools/mole and that of
aluniniunm in iron is 56 Keols/mole. Peaks with dll veluos of
approximetely 10 Keals/mole or less swe, for the neason, suspected
of belng compound penka., For exemple the dH velue found by the
computer for the experimental ouwrve glven in Fig.25 1o 846 Keals/
modee Thore is no precine sclentific besls for decliding whother
or not o peak is o single reloxetion proceass or o combinstion of
tro or moree If a cuvve exhilbiis the general characteristics of
a single proooss l.e. regular shape ond high 4t velue, then 1% con

suelly be regorded as o single procesg. If on the other hand a
cupve i deregnlar and hes o low dil velue then the passibility exists
that 4t 1 o compound of sevoral processes and 1t should bo
enelysed ag suchs Generelly bhese sssunptlons sve jusblilicda
I8 could be amgued that o dH velue of 24,6 Kcalﬁ/mcla a5 found here
gould be produged by two proccesses of oven higher A o.ge the 56
Keola/mole A velue for the diffusion of aluminivm in iven. However
the regulan shape of the curve bends to discount the theoxy that
it 1o composed of two peaks an does the fach that the diffusion of
aluminium In fron is negligoble at voom Leﬁmmﬂ VENECe

A ogimilar nitrlding breatment corried out $n the other alloys

of the sewies gave the resulits tohulated in Yables 17«20 and
Pllustrated dn Ploo. 26,27,20 ond 29« In ecch cose a sceondarny

pealt was obbalned and the dl valuves ealeniated by computer wewve
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all in the rvange 24 « 2 Kmmlﬂ/mole. As can bo soen however the
pealin hedghts show no defindite dependence on aluminium contentd
and the ratio of the pesk heldghta is not conetent and in ne case
sgrees with the volve of 1.9 found in the case of the 0.3% alloy
voferred to in Pable 17.

Al of the above mentioned secondazny pealke had been found by
the examinntion of wnbomogenised wires that is to pey the specimens
hoad been nitrided quenched ond the domping curve debeonined
inmediotelye There had been no anneal at ﬁQQOﬂ 0 allow nltrogen to
diffuse theough the wirve and esbeblish equilibrium with the sluniaiun
in wolutione VWhown homogealsation won coxeled oul at 59006 foy two
hours the secondany peck digoppesyed in all but the 0.04,5 and 037
edloys whore it was considerally reduced in moend bude{ Fles. 30 and 31
end Tobles 11 ond 12e) In the cuose of the 0o2f 2lloy the socondoxy
pek fell to one sevanth of the valne of the Suoel peak whereos Lt
had been LoH btimes ps lavepe as bthe Unock peak when the wive ves
unhonogenisode With the 0097 alloy the Snoeck peek in the homogenised
specimen was approzminelely equel (o the secondaxy pesk in helght
wheress belore homogenisation 44 had been only half the height of
the sceondory peake Af%er 3 howws homogeniaotion the seoondary
poal bad disappearad dn both theso olloyse Ll of this suggests
that the mechaniom o which the pesk dg atirlbutable depends on a
metastoble cesociation of atous.

In ovder to investigobe this mebestolble pesk the thyee wiresn
refferred bo with rvospect 0 Mgl vero glven o vesolubion treatment

PR LN " 1 "
at 5807C¢ for one houre They wore then guenched and the damping

oot ¥dese



-]1T2=

curve debemnined as is oxemplifled dn Figel2s 14 is nusumed thot,
in the intewvening period the nitrogen hed precipltetod and thot the
vemgolution troatment would have tuken the nitrogen of Fe 41‘5 baok
into sollid solutione Compiuter analysio showed these curves to be
gnoeck pecks with no secomdexy ox abnormsl peakse AL this stoge
there wppearod 40 bo o distined relationship bebwoan the mombxned
helghis of the Snook and secondexny peaks, as found in the
wnbomogenisod specimone, ond that of the Snoek after solufbion
twaestwont (Fige33s) The suw of the heights of the two peaks of
Mlgedh 1o vexy neawly equal t0 the helght of the Snock pesk of

Fige 32 dowe 308@10m29 This close numericul welationship wae found
with the other two wires. The specimen of Pige30 fwom the same
elloy, glven the same nitziding trectment bub homogenised lon two
hoves heas o Snoek peak of 3&4010W§ and a secondaxy poak Of 4e5e10" 3
o give o very similoy totel of 3.85016”2 o8 bhe som of tho poakt.
The indicationg sye therefore, thot ogeing and pe-solubion o
homogenising incroose the Snoek peok at the oxponse of the secondary

pesk by spproximately the amount by vhich the seoonduvy peak Falls.

It is only the noneequilibriwn conditions which apply in unhomogenlaed

wilrves thoat produce the secgondawy peak and o possible mechanism moy

be apsigned 40 the peak Lrom a gtudy of these donditlonse
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Seobion 5.6 = Hechoniom for the Sccondary Peok,

W nAT LD ML A

The characteristios of the secondoxy pesk eve that it ocours
at a temperature 9% lower than +hat of the Snoek peak due to nitrogen
and it has o AH velue 6.4 Keals/mole highere These facis
inmedintely eliminate osrybon interactions as the possible cause
gince the Snoek pesk due to carhon lies some 20" higher for the
aame {raquency sand Laxar at‘alg4 »eport no secondoxny pesk foy
sluminive-carbon interactions at tho tempereture of the secondary
poak found heroe.

The fact that the segondoxry peaslk appesys at o lower bemperature

than the noek and yoi has o higher dll value wounld at firet sight
. . 1
appear to beo in conflict with the views of Vert 99 wnoe hns found

a simple atralght lince zelatlonshlp bebween the dH for o process

ond the tempewature at which 1t occurs. Intevorvetation of hio

graph dvovin from the damping of dlfferent interstitiale in verlous
body centre cubic latbloes glves o direct relationship such that

the higher the value of di the higher the temperaturve at vhich the
peak occurs for a glven {requencys It is apparent however that thig
relotlonship doom not hold for secondery pesks cmused by the presence
of oalloya. Fox cuample Dijkatra and Sladek54 found all of thelr
secondary peaks with various alloy adddtlons to have dH velues very

close to the 18 Keala/mole for the fnoek pesk except in the case

of Nolybdermm where the weported dH wag 16 Kc&lm/mm&& for a secondaxry peak

vhich loy 330 above thet of the Snoek pealc

ig dimcussed in Sectlon 1.2 the occeuwvrenco off the domping peek

cont'dece
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i due to the faet thet zt o certaln temperature the cycle of
caoillation of the Interatitisl atom is comparable to the perlod
of vibration of the pendulum vhen operating at a certain frequencye.
Thus it is probably move accurate to soy thoat the temperature atb
whioh the peal ogeuns Lov any glvon procons ig dependont on the
relozation time of the proscess wathor then the dll valus. The
a

relaxation timo is given by the equation T w To cipe RT  whovo
To 48 o conotants The exech physionl interpretotion of T o
1g not clear bubk it must be dependent on such foctors as bhe
chemicnl affinliy botween the selute and solvent atoms, on the
relotive sizges of the solute end solvent ntoms and om the olosbic
propervtios of the solvent. The cuergy »egquired Lo moke an inters
sbitiel ddffuse will dopend on the physico-chamical conditions
oyt ,jﬂ_ 3. - rTﬁ 1o g e P A L8 >
ol o embodies and o wlll be altered by the introduction of
an alloy atom vhilch will undoubtably offeet o1l of the above faotorg.
i1y g LT - - Yy . ES IS T R LA A oy qaely e .19
Mere ig no reason bo aupposs that the welationsbdp whilch Vewrd
found bebwean Tw end &l ghonld spply W the intwoduction of on
alloying element produces variotion :Z.n—r;:te

Vardous meshanlsme hove been suggested to scecount flox the
appenyonce of subsiduary pesks due to interstitisls in body centve

94558,

cuble «2lloys A1) of thesoe postulote o diffarent type of junp

procons assceciabed with dnterstitisl sites adjocent to substitutional
solube stoms in vwhich the asebivation enevpy and mean time of stey

of the intervstitial diffor from that v a noxmal site. Prefoerential
angociotion of the interstitial with suweh an interstice moy resuld

24}
. o : 315 BN
Trom o mochonion of the type suggested by Look ob 8l Loy the

i
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. . . A6,12
Tronegilicon=niteogen sysion. Jaekl ?

hag shown thoet interatitial
nitrogen in alpha-ivon csuses o disitorition of the ocubio cell
resulbing in an expension along the diad axis (Fige34(a) and 34(b) )
Aggording 1o Leok ot ﬁlﬁgg if a gilicon miom cccuples one of the
sites of the octehedwon as shown in Figeld4{e) with an interatitial
nitrogen atom at the centre then the rosulting lattice ﬁiwtorﬁiaﬁ
ghould be smallere thon in Pige34(b) vince silicon Htonds o contrack
the Llattices The onexgy for the system would be lowen and honece a
nitrogen atom would prefer (o be in an octahedron containing a
silloon atome Thio would dntroduce atom Jumps between ironeiron
and dlronesilicon intorstices with o resultont demping pesk in
addition to the tnosk peal,

such e geonetrically fevourable position however cammot beo
rogponsible For the subsiduary peall reporited in the presence of

4 04
manganese in dron by Dijkstra and Sadek”

slnce nangenese, walike
gllleon, expunds the dron lolttices. These latter suthorso postulate
that lowew cnergy interstltial sites wre produced by mongonose,
chromiwmg molybdenun sad vanoediuwm without atbeuplbivng to oxplein why
this should be tho vesee The chemicsl offinily between the
substitubtional sod inberstitial aboms however must be an dwpoxbent
factor in debernining the welative dlstribution of the intersititisl
bebtueen lrone-iTon end iron=ulloy sibes. In the present cuse where
slunivivn is the substlitulbional soluie it would be expected that the
oiremlcal offinity Tactor wonld be the dominend one mince aluminium
oxpaads the dlreon lattice snd does not create a geometrically suitable

gitoe It is probably more accurate o describo the ressons for a

contfCese
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nltrogen aion preferring irvon-mangenese, ivousgilicon ox ivone
ainminium sites to ironeirvon sitesz in terxms of Voth welative
chenlend affinity ond the zolative goometyy of the pure lron and
alloy labttices It 1n cxtwemoly difficulty to @valﬁaﬁe vhatd
conteibusions these two fectors make In the onge of aluninivm op
indeed any other slloying olomonts.

1€ an oxplenation of the secondaxy pesk io to sought in terms
of en internction belbwoen aluﬁinium and ndtxogon atoms Lhere ave
seraral possible weochanimms ag detalled helowi-
(o) Jumps bebween ivoneizon snd ivon-asluminivm sitos.
(b) Jumps between ivonealuminiwn sud ivonsoluminivm sitess
(¢} Jumps betwesn Jvon~soluninium snd slusindunenlumindum sitone
{4) Jumps Lebtween cluminiws-aluminivm ond alwelniun-elusiniun

sttt
{(e) Jumps in gbroined intersdices in tho lodtice, for example

wowmd o oohierent precipilates

Considergbion of these pogseilble mochonlona may lead to the
conclusion as bo which iz the wost lilely process. Hechoniesma (h),
(e) end (&) 211 imply the prescnee of paira of cluminium atoms ox
2% leost oluminiom etome in such closo  Juxtaposition thod drone
aluminiun o ivon-sluminium Junmps are posgibleq It 1o wnlikely
however that palrs of aluminiva atomg will ocouw Ho any greot
extent in s8lloye ns dilvbe ag thoso uveed hoves Lexar ob a124
congider palyding wnlikely in thedw sluniniun alloys oven up to
2,30 welsht por cente Murther gince th@_preseneg of aluminium

cxpondla the lotbice and increanzes the strain energy locally 1V is

contidose
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even more wnlikely thoat peirs of aluminiuvm atoms arxe the cause of
this secondary peak in the case. lechonisms (), (o) and (4) nre
thaereiore ercluded on these groundss

Thoro seen o be odequete reasons why mechanism (o) could nob
aecount foxr thoe secondaxy vpealk fouwad in alloys of thisg present worlt.
Flrestly thermodynamie dato indicates that aluminiom niteide is a
very stable compound the negoative Lfree encugy of formation of
which is 60 Keals/wole ab 660009 the nitedding temperature. In
view of the high chemical affinity bebween the two eloments
it would appeary walilely thot nitrogen snd aluniniva vould be found
together in solid solution vndern squlilibilum conditions.

Harkon et M—i*vwmemﬂhHWﬁmeHWMMMQfm:ﬁm
golubllity produot X w Esl,][ I@;ii] for the reoction E’_ﬂ] + EI’J JEZNRY
in gemmacinon, log K = «7,400/% + 1.9%. (n extrapoluting this bo
5909ﬁ {ignoxing the effcot of the phase chonge feom gemnz 5o
alphasizon) bthe K velue is of the onder of lﬁ“TB the height of +he
Snook pesle In i‘;lhea alloya conbaining O.3 ped cent aluminium i*s
approxinately 308016“2 after homogenisatione. This in eguivalont
o approximately 9 elﬁ ﬁ&i@db pur cent nitrogen in goldid solution
which would be in cguilibriwn with 2451070 goighh por cent sluninium

9 | . .
13 gives similer results

in s01lid solution. ‘The woxk of Leslie ot a.
and the [a i] lovol is so low thobt no inhovaction effecet belween

alunindiun ond niteogen stoms could bo observed by intecnal fyiction
tochndques. his is of couvse in sgreement with the fact thet the

a

peak iz not obsarved under equilibriwm condi

EN

thong since L disoppoces
on hoemogenisnlnge. Houvever it could bhe sugeested that measursble
solubilitien of Lﬂl]and LH] might ogouy wnder conditions in whioh

GOt 'Geee
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AN hed difficuldy in nveleoting at temperatures where diffuslion
of plumivium is Limited. In fact could this happen it would follow
ihat homogenisation wonld allow precipitation of aluminium nitelde
and subsequent solutlon trmeatment wonld only take the nitrogen of
F94§ into solid solution. Thus supersaturabion with.[ﬁl:]an@ [N]
could explain & tesnslent secondony peok due 0o an dntevactlion
b@tw@ﬁn[:&1] anﬂ[:ﬂjg which subsequently preclpated. lowever the
avidence Of Flgoe30,32 and 33 is thath the nitrogen sssociabed with
the secondany peck woburns o golld solutlon, when the aecondaxy
peak falle or ddsoppecrs. If mechanism (a) opplicd the secondesy

neale would dlanppear on reesolution and the Snoek peak would romedn

waelteored. The gsecondany poak cordnlnly dleappenns but the Snoek
pesk increases in heipghits On these gwounds meochonism (o) ia not
conaglderad to be the couse of the seccondaxy peck.

fechanion (e) thewefore vemaing as the other possibilily %o be
exploreds That fo o soy the pesk io eonsed by nlbtrogen Jumpse in
strained intewstices in the izon lattice. Several possible
nechendoms wight accomt for the progggnoe of interstices wvhich
producse whom junps vhich aye ddsblngeisheble from the jumps of the

Snoek nechaniom e.ge the presonce of o coheyent precipitote, o

nizt lecol concentratlon of interstltial solulbe, ox o aecond phones
Thie lotter poseibildty has heen dnvesbizated thovoughly by Fa@ﬁ)?
who concluded that bull neeclpilitates of » second pheses such as

nitriden ow cavbides did nol glve wise to domping wpeskse I{ s

2lso possible that the niteiding conditions which do not «liow Hine

for aiffunion of nitrogen to the cenbre of the wiva, produse o

eont’deeo
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high local concenbretion of nitzogen ctoms with resullblng gevera
lottice dlabortione Howeven in previous cases, Fig.l3 for cxomples
pure dlron wirves have baen subjected to Just such ndtriding
treatnonts without producing secondary pesks. Ib io only in alloy
apecinons thol these conditions produce & secondexry poeke 1h
would appear then thet the nitriding condifions alone are not
responslbles The likeliest possibility thewvelfore seems %0 be the
prasence of a coheront presipitate and 4t romeding to discuss
vhethen sueh o mechonism could account Lor the experimental
Observationse

vith wegard to the composition of the alloys there are foup
main elenents present, ivon, aluninivmenitrogen sand carbon so thob
the coherent precipitabe is most likely to be either aluminium
cza‘r’_nidag iron mibpide or aluminium nlielde., Auy aluminivm carbide
preseat would be in the fully precipiteated stote baving been fowned
in the molien 0lloye. Glnce lvon nitwdde and alunindws niteide ave
the other Htwo pemaining voseibilitles offovds were mude o
distinguish between the two by studying the xoate of deney of the
secondary pealte

Here specluens from the 0.3 alloy were aitrlded at 5‘}()0{)
gquanched oad the demping surve ascerteined. The ourve won pee
debernined ot oo hour intervels l.oe the damplog wos measured

awd. " 65°C, ol . |

babween L5 Aln such o vy thet aiber @ 7 value had been found at
' 65&(,‘ the chamber wes cooloed and exaobly two howrs alUbor the firat
rending ab 3.‘;300‘ the aecond veading atb }.533‘{1 was tokene Yhe vesulla

are grephed In Maseldd end 36 and tho 47 volues awe given in

cONt¥daee
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Table 27 These graphs show that the secondary peak ages much
more guickly at room temperature than the Hnoek peak and although
the thermal oyeling over 5000 for four oycles is bound to have an
eff'ect on the rate of precipitation of the nitrogen associated with
both peaks 1t sewves as a means of comparisone 48 can be seen
the helght of the secondary pesk drops from 6.5.10"3 in Fige35(a)
in the as quenched condition to 4.10-3 in fouwr hours 35(b) end
hago vixtﬁally disappesred in eight hours as shown in Fige36(b).
On the other hand the Snosk poel fallc only from 1.4.10“2 to
1.15.10"% in the seme periods It has only been shown that three
hours homogenisation was sufficlent to remove the secondary peak.
It hes been demonstrated hawever39 that the rate of precipitation
of sluminium nitride at 59000 i3 s0 slow that 1t is doubtful if a
secondaxry due to the presence of 2 coherent precipitate of
aluninium nitride would disappear at that temperature in three
houra. It certainly would not disappear in eight hours at room
temperature. None of these facta however are inconplstent with

the possibility of the preeipitetion of a complex ironealuminium
nitrides Since due to a high local concentration of nitrogen, the
lattice would be superseturated with both Fedﬁ ond AIN there would
be o tendency for such a phose to form during nitriding.

Conditions during precipitation in an alloy can be such that
the alloying substitutional element perticipates in diffuslon and
precipitates are formed whose composition is differenet from the
metrixe Such & case would be the precipitation of aluninium nitride
from an iron=aluminiunm nmatrdx. However in the ironesluminiumenitrogen

aystem the rates of diffusion of aluminium and nitrogen in ivon are

o annbkba .
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widely different and an the work of leslic et al39 confirms little

| diffusion of aluminium ocours ol §90°C and virtuelly none ot 2ll at
room temporatures In such 28 es where the substitutional element
does not have the opportunity to diffusc the preciplitete derives

its composition from the matrixe In the present case a complox
irvonw~gluminivma nitride would precipitote. Hulﬁgren67 designated
this type of precipltation as peree-prceoipitation. Such & paroe
precipltote would precipltate much more easily then aluminium nitwide
since it would only involve the diffusion of nitrogen atoms to the
altes of aluminium atong.

The mechaniom envisaged for the gsecondary peak con be summorised
ag follows. During nitriding a high locel surface concentration of
nitrogen is produced. (I% can be seen from Table 25 thet the presence
of a2luninium results in a much more xapid ebsorption of nitrogen
than obtained in & pure iron wire). Since the lattice io
supersaturated in this surfaco reglon with respect to Fe4N and AlR
s, coherent precipitnie of matrix composition is formed. The presence
of this produces lattice sotrain snd the secondary peok i congidered
to be due te nitrogen Jumps associated with disborted interstices
in suoch regions. If the wire is homogenised at 590°C diffusion
of nitrogen towards the centre of the wlre progressively reduces
the height of the secondaxry peok (Fige30) and increnses the height
of tho Snoek peak. Similerly ageing and subsequent re-solution
gives time for redistribution of nitrogen and memoves the secondery
peoke The ageing experiments at room tempenrature referred 1o above

indicate that the scoondary peak falls more rapidly then the Snoek
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peake In terms of the mechsnism proposed this would be due o the
greater degree of supersaturvation around the coherent precipitaies
formed at the altriding temperature wheress the Snoek pesk io due
to nitrogen in less supervatured reglons and precipitates nommally.
Diffusion of nitrogen away from the superseturated reglon will also
conbribute to the more rapid fall In the secondayy peak. These
ogelng rates sre also in good aecord with the faot that the mean
tine of stoy of nitrogen stoms in the strained interstices responsible
for the secondery peak is smellewr (0.136 secs) than thet for the
Snoek peak (04223 sees).at room temperature.

In conclusion it may be stated that the sppeavsnce of a secondexry
pesk is a condition of the noneeguilibrium nitriding btechnique
employed and that the peak is a metastable one which is not found

in fully homogenised irvoumaluminium alloyss
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Segtion 5.7  « Solubility of Aluninium Nitride in Tron,

Pxomination of the dempling charxacteristics in irvonealuminiuvine

nltrogen alloys ineuilibirum conditlons has shown that there was
no detectable internal friction peak due to the intervaction of
alominium end nityogen atoms. It was not possible thewvefore to
assess the guantity of nitwogen esaccelaled with aluwminiun in
polution directly in terms of a damplng peak. In order to situdy
the reaction between aluminium and nitrogen in alphaeliron dse.
[ﬁlj 3 [:ﬁi]ﬁ;.AlN an indirect method was adopted for cnloulating
the equilibziuvm constant or solublility product, K. K dg glven
by the expression K = [ A% 1[ Wb li.os the product of the
pereentage of aluminium and the perventoge of nitrogen in solution
at equilibriume

From the knowledge godned from the study of tvhe demping curves
of lrzonegluniniumenitrogen alloys it would appear thet eny nitrided
iron~aluminium alloy conteins the swount of aitmogen indicated by
the height of the demping peok and the amount of nitzogen oquivalent
to that necessary to form aluminiun nitride with the aluminium of
the alloy. This asoumption is made in caloulating the equilibriuvm
comstant K from tho percentage nitrogen in solld solution as
deteimined by the helght of the damping pesk and the total nitrogen
content of the wirve as delermined hy chemloal analysis., This
latter figure provides a moans of caleulating the value of ALY

The height of the damping peak multiplied by a factor of 1.20

gives the weight per cent nitrogen in solid solution. If it ie

oont'deee
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sasumed thet the rewainder vwhen this figure is subtracted frowm
the total nitrogen is nlitrogon pyescent ag sluninium nitiide, then
it 18 possible to culounlate vhe pewventage of aluminium whioh
hng combined to form aluminium niteides Thie in turn vhen
subtracted from the tofel aluminium of the specimen will give the
quentity of aluminium in solution and K cen be celoulated as
shovn beloviem
Kw [ ang ][ wtl
where [}ﬁﬁ] w  le28 x QE%
and  [Al5]  w  (Welght % AL in alloy) = -%% (Potel % N = [4])
hs dndicetod dn Seetion 1.3 no work hes been publilshed on the
vopaction of aluminium and nidrogen in alphee-iron below 800" although

AT

Dozken et 21”7’ and Leslie et a139 have done s0 above this {emperature
ond by methods involving chemlcel analysise It was decided therefors
to study the equilibeium between 300°C and 600°C. Yo this end
the following technique was employed. Vires fxom cach of the
aluniniunm alloys wore nitrided at 59000 for thirty minntes end
homogenised at thet temperatuvre in pure ﬁiﬁrbgeﬂ for sixteen hours.
Tho speecimens wore then furnace cooled to vhatever temperature was
required and held for iwo hours before gquenching ond messuring
the demping. The wires weve then snalysed for toial nitrogen
contont, by the method given in Appendix 2, and K was caloulated
in the monner shown aboves

The values so obiained are given in Teble 25 and grophed
as a plot of logloK against the weciprocal of the abaolute

tempexrsture in Fige3d7s A8 con be seen there is o veuy wide scatbbox

cont'dece
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of X values at each tempersture with o marked dependence on
oluninium contents 1If these results are averaged they give &
agtradght line velationship of the type K = A exp.'g%‘where A
13 a conabant, AU the heat of formation of aluminilum nitride from
aluminium and nitrogen in solld solution, T the absolute
tompoerature and R the gas constonts On this basis the dHi value
found from this graph is 14,700 Koals/mole and the corresponding
~3200

equotion is log K= T+ 0,786

This does not uampaw? favourably with the equatlon glven by
Dazken ef a117, log K = %L%%Q + 1,99 or that found by Leslie et
39 4 . SO . .
al”” log K= T 4+ 1,03 which corresponds well with thot of
Dayken et alse The dH value found by Darken et al is 33,800 Koals
and that by Leslie et al, 31,000 Keals. On allowing 15,000 Keala
for the solution of aluminiuom and T,200 Kewcls for the solution of
nitrvogen in iron thexmedynomie deta dndicates thet a A value of
approximately 33,000 Kosls would be expected. This ia very close
t0 the valunes found by both Darken et al and Laslie ot al,
Extrapolation ef the »esults of both these groups of workens
gives ¥ values whioh are several povers of ten amallexr then those
calonlated here s is shown in Table 26. ALl of these facts
combine to suggest that the resulis obiained in this present worlk
are sevionaly in errox. .

There are three possible reassona why the K values found are
as highe Plratly it is endirely possible that complete equilibrium
was not schieved especlally et the lower two bemperatures end that

holding at tempevature for twe hours is not suffiodent time $o
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gohiove this equilibriume I this wewo the cnve it wonld wesult
in hignh valves of QE} and honee high B veluose lecondly it do
poasible thet poard of the slunindium dn vhe apecimen s prosont as
alunivivn oarbide waaflfeoted by deosrburisation o nitvddiny
treatnentoe.  This wonld hoave fhe offect producing sppaxently
high valuos af[imwé]smﬁﬁﬁ leoant somo of the alwvainiun nod
gombined as nltzdde would be prosent ss elumlviuvm carblde ond
not wo adunloiuwa iu substituilional solid solutions Whivdly the
ceauraoy of both thoe slwainium and nitrogean onolypes sre doubtlul.
The alueiniun contente were obialnod from the oviginal caot
antlysis md even slight vevietions dn the alwsindium content of
individusld wivres could produge considercble srvorvs. Tho niivogen
analyses were pexforned on the snell sanple welghits svallable from
gingle vives and axe thus subjeot 4o o fulely lurge eprrole

Howover the nsplked dependenco of K values on olwalnlua oontontd
{(FigedT) might bo interproted ne the rosuld of more aluninium
cexbide belng fovaed in wives of highor alwsinlwn conbent polating

o thin foobor as the nain sounae of arr0ve
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It is now necessaxy to attempt to assess what the present
investigation hasg achieved. |

On the puarely practiceble side a certein amount of reliable
and efficlent apparatus . hes been designed end put inte commission.
Thie appexratus has allowed the autﬁor %o confirm most of the
reported information to be gained from the study of the internal
fyletion due to atraaﬂmindua@i dalffugion of interstitiel nitrogen
in alphasirone

The ivon-gluminiunenitrogen system has becn investigated
and a metastable pesk discovereds This hag been atteibuted to
the interaction of nitrogen atoms with distortions in the lattlice
due to a coherent precipitate of ironesluminium nitride. Otherwise
the observation of FagtST, thot there is no domping peek due to
intercction of aluminium end nitrogen atoms in fully homnogenised
irvon specimens at equilibriuwa, is conf’irmed, Considoration of
the solubility produet for the reaction [AL] +[ [ 41N indicates
why 00 secondaxy peak is 40 be found under eguilibrium conditions.
The internal friction technique cen acourately mensure nitrogen
solubilities to the oxder of mbout 10”7 but no lowew then thiu.
That i to ssy if the solubllity product is of the order of 10"'6
or less vhen the nitrogen golubility is :l.O"'3 or lons then the
internal friction technique as used in this investigation is not
sonsitive enough to indicate ithe presence of a secondaxy demping

peake At 590°C Darken ot 81”1 give K as 2410”7 which would indicate
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dndicato that if there was enough nitrogen ln solid solution to
bo measurable Lece 10“3 there wonld be too few aluminium atoms
in solntion le.oe 10"4 to csuse the internotion between aluminium
and nltrogen atoms necesseny 4o give rise to & secondary peoke
Conversely 1f there were more then 10"3 aluniniom atomes in
solution there would not even be cnough nltzogon in selution o
causa o Snock peaks. However ot bemperoabtures above 1200%¢ the
polubllity product is of the ovder of 10”4 socording to Dayken

et 3117 and it might be posesible to produce & Snoek and a secondexy
peale in ivoneoluninium-nitrogen alloys by nitridlng and quenching
Lrom ehove thls tempersture.

Avvemples 0 caleulate the solubillity of aluminivm nitwide
in alpha-iron did not prove successful’ - becouse equilibrium wos
not achioved and beosuse of the presence of aluminivm cerbide.

In fact had equilibrivm been fully established the indicotions ave
that the inteynal riction technigque would netd hoeve baen cdequate as
a method of measuring niltrogen solubility. From this point of

view the technique connot be uged to esitablish solubilities or o
termary diegram for lrvonw-aluniniuvm-nitrogon.

As Indicoted above, studlos of the solubllity of veasonably
stable nitriden, necesgiiate the uge of very low ammonie potentials
if measurable eguilibxlum solubilitien of the substitutional atonm
axe o remaln in cquilibrdum with bthe nitrides Indeed the emmonis
potentiels in meny cases hove 40 be 80 swall as Lo be lmpoosible
¢ measure ox ocontrol acouratelye The method of nitiiding used

hexe could not he so gontrolled although it is possible that very
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small nitrogen potentials could be achleved by soaking pure ivon
wives in contact with & metellic nitelde st clevated btenporatures.

In wiew of the interfevence of vaxbon in the present
exporinenis it wonuld be advisable o deoxidise the alloy melils
with hydrogen in futuve where there is the possibiliity of the
Tovnatbion of o stable corblide of the slloying clement. o do 50
may not be as practicable or o thewmodynamically efficient o
deoxidation by carbon bubt would be beneficlel in the long Leon.
However the sppeswvance of & carbon peak aifber nitriding vhere none
hed menifested 1tsell provicusly is o phenomenoca of some interosts
Bince the pxnosence of nitzogen and cerbon in solid golublon are
of grest lmportonce du debommining the wechanical properties and
in pavticular high tomperatuece cresp propertles of cleels, the
toteraction of nltrldes and cerbldes of vermlous alloys over o range
of temperatures might usefmlly be studled uwsing an internal friction
technique.

Of particular Interest aye the computer techniques developed
0 onalyse complex danplng ocuxvess These hove Jusilfied themselves
ond the offort exponded on thelix development by the menner in whioch
they ldentified earxbon in one of tho ndtlal complex peaks,
referred t0 in the prececsding paragraphs These techuiques moy
provae themselves importent in fubure work in the £lcld of internnl

friotion studiose
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