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ABSTRACT

| The process of érain growth of four face=-centred-cubic
metals - lead, silver, copper and nickel has been investigated.
The specimens used were in thé form of small rectangular bars,at
least 10 grains in thickness. The specimen had to be-cross;rolled
in order to reduce the grain size, Thé grainsafter cross-rélling
appeared to be very irregular in shape but recrystallization from
scaétered nuclei produced an assemblege of grains of characteristic
polygonal shape, With lead, the recrystallization takes piace
sa;isfactorily at atmospheric temperature but with othér metals
in éuestion maintenance at a higher temperature is needed, After
complete reqrystallization, the specimens were raised successively
to certain higher temperatures, at each qf which the measurements :
of grain diameter were made, the surface of the specimen being
etched before each grain count.

It has been established by Andrade & Aboav (1966) that
maintenance at a fixed temperature leads ultimately to a stable
average grain diameter De characteristic of the temperature, if
the initial value of the diameter D;, has been less than Deg. The
relation between De and temperaturevT is

Da .= C(T-T,)

where C and T, are constants, characteristic of the metal.

Nﬁéhely lead, silver, copper and nickel. In the present work, we
established the validity of the law of grain growth for the f.c.c.
metals. In the case of lead, the increase of grain size with‘timg

| ffalls into 3 stages as for the c.p.h. metals.

| (Andrade & Aboav 1966).
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In stage I, for which the initial grain diameter Di is
very small compared to the equilibrium grain diameter, the grains
grow very rapidly. In the extreme case at.higher temperature, very
near to the melting point of the metal, an approximating three-fold
incfeaée of grain size in 1 second was established.

In the normal stage, namely stage III, vokcwywzl);,
reaches a value of about 0.65 Dg, the grains increasing in diameter
according to the law D = Dg (1 + pe"'cﬂ",)'1 where q = aef'?%T, giving
an activation energy €, which is 2,92 times the latent heat of
fusion., Andrade and Aboav (1966) gave a value of 2,25 for the c¢.p.h.
metals, Particuiar attention has been devoted to the grain growth
in the normal stage, sinqe in this.case.the observed grain growth,
“in accordance to the above law, is slow, permitting precise measure~
ments, There islan intermediate stage to which not much attention
| has been devoted since it appears to be of relatively liitle sign;-'
ficance. The difficulty with silver, copper and nickel was the
inability to obtain éufficiently small grain size to permit grain
count in stage I, so with these metals, most of the grain size
measurements were made in stage III. It was found that the annealing
atmosphere strongly influences the rate of growth as well as the
stabie grain size at the end of growth. |

The statistical distribution of grain size was determined
for all the four metals in question,  The plots of grain size
" distribution for these metals are identical,ih.Spite of the fact that
‘each metal was mainfained ol aifferent temperature to attain equili-

~ brium grain size,.



1., INTRODUCTION

The work of Andrade & Aboav (1966) on grain growth in
metals of c.p.h. structure suggested systematic investigation to find
if these laws of grain growth apply to metals of f.c.c, structure.

- Tadanac lead, the purest lead available was the first of
the cubic metals to be investigated,

It was found that,'as established for c.p.h. metals, to
each maintained temperature corresponded an equilibrium grain size
and further that the variation of this equilibrium grain size with
temperature obeyed the law established for c.p.h. metals. The
distribution of.grain size in an equilibrium state was found to be
similar to, although not identical with,that valid for c.p.h. metals.
These results apply to metals silver, copper and nickel as well as to

lead, on which the main investigations were carried out.



2., GRAIN GROWTH

(A) Review
4The work on the structure of metal started as early as
1829, when the French physicist Felix Savart published his remarkable
paper, In spite of the inadequacy of research methods then available,
it was an.excellent piece of work., His studies were mainly connected"
with acoustic anisotropy in specimens cut from cast ingots of
various metals. He concluded that cast ingots of such metals as
lead, tin, zinc and copper were made up of crystal grains Qf
| different orientations. Savart found that heating an ingot to high
tempeiature even near the melting point did not change the.acoustic
anisotropy. Plastic déformation_of the ingot at room temperature
however did bring about a great change and so did also annealing,
if it was preceded by plastic deformat;on. This appears to be the .
first recorded evidence for a change in grain étructure on annealing
of a cold-worked metal. |
Inﬂ1858,.A.F4 Nogues reported that platipum wire exposed
to prolonged;heating at high temperatureg below its melting point
showed some crystals of very large size. John Percy in his monograph
on "Metaliurgy of iron and steel 1864" referred to the observétion
that bar irqn and cold=rolled zinc sheet acquired a crystalline
structure ow long exposure to a temperatﬁre which though high was
yet far below the melting point of the metals. | |
Kalischer (1881) appears to be the first to state
explicitly the view that cgld-workéd metal sheet iacked marked -
crystélline structure, until it'was annealed,

A‘paper by P. Curie published in 1885 - = deall: with the

thermodynamic stability under the effect of surface tension of
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interfaces between crystals and saturated liquid solution. Curie
recognized that the configuration of maximum stability corresponds
to the single crystal state and that in the presence of a mixture

of larger and smaller crystals in contact with the liquid, the

large crystals, having greater stability, will tend to grow at the
expense of smaller ones, ' |

H.C. Sorby (1887) was able to resolve optically the
) outlines of the cold-worked grains in cold~hammered iron bar. He
recognized that when distorted, the grain must be in a "state of
unstable equilibrium" and that this instability is the reason why
recrystallization "so ea;ily takes place whenever the circumstances
are such as to permit the particles to rearrange themselves in a
state of stable equilibrium" i.e. the temperature is sufficiently
high, |

G. Charpy in 1893, deécribed the cold-rolled structure of
polycrystalline brass as 'amorphous'.probably Secause his metallo-
graphic techniques were not sufficiently good to allow him to discern
' the cold-worked grains. In 1898, Stead demonstrated that in addition
' to temperature, the duration of anneal is also of great importance
to the formation of coarse grains in ferrite,

Although the work of Sérby and of Stead already showed
the presence of crystalliné grains even in heavily cold-worked metals,
it was not until the publication of a lecture by Ewing and Rosenhain.
in 1900 that the idea of metal becoming amorphous on cold-working was
decisively shown to be wrong, Having exceilent metallographic
techniques, they were able to observe slip;bands and etch pits and
demonstrated that the structure of metals is crystalline even under

conditions which might be supposed to desfroy crystalline structure,
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Stead believed that grgin growth takes place by gradual orientation
change in the entire volume of certain grains until their ofientatioﬁ
is exactly the same as that 6faheighbouring grain at which point
the intervening boundaries suddenly disappear in cbalescence. On
the contrary, EWing and Rosenhain recognized that grain growth takes
place by boundary migration. |
. In discussing boundary migration they claimed that "the
action is one of solution and diffusion of the pure metal constitu=
ting the crystals into the fusible and mobile eutec{ic forming the
intercrystalline cement, This diffusion results in tﬁe grwoth of
one crystal at the ekpense of the other crystal, owing ‘té the
differences in solubility of the crystal faces‘on opposite sides of
the eutectic film and it seems probable that this phenomenon of
directed diffusion is really a form of electrolysis". |
Humfrey (1902) was able to detect recrystallization taking
place at room temperature over a berioq of time after his single
crystal lead specimens had beeﬁ strained'by bending or tehsion. He
~also observed that the rate of recrystallization increased with
increasing temperature,
In 1914, Rosénhain presented a revised version of his
- "eutectic film theofy”'énd called it "amorphous cement theory". In‘
this modified theory, the ideasof electrolysis and breaking up of
~ intergranular layers were abandoned and thére remained under the name
of recrystallization a reasonable and clear formulation ofrwhaf is
noﬁ called normal grain growth. Rosenhain refers to théf%niversal
tendency of the constituents of crystalline aggregate to increase in
size ahd fo decrease in;number.?_ Accordingly some of these crystgls

-

grow at4the expense of. their neighbours.
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Grard (1908), Bengough and Hudson (1910), considered
recrystallization as a reéult of the instability of the cold-worked
state. They observed that after the completioa of recrystallization
the new grains rapidly grow at'each others expense. They also found
that at a given annealing temperature, after a'certaiﬁ time fapid
grain growth slows down and the size of the crystal approaches a
_ value-characteristic.of the temperature - ultimate grain size.

H. Altarthum (1922) recognized that both the stored energy
of cold-work and the interface energy of thé grain boundaries may
serve as driving energy for grain boundary migration, and that
accardingly, two different boundary migration processes may take
place on ahnealing;recrystallization (cold-work recrystallization)
and grain growth, (surface tension recrystallization).

Chappel in 1914 once again revived Stead's suggestion
of "coales&ence of'adjacent'grains by means of a gradual'oriéhtation
~ change in the entire volume of certain grainé during annealing".
Robin: in the same year observed the migration of boundaries directly
by means of a microscope on the pbliShéd surface of a Qariety of l
Imgtals. The boundaries became visible as dark lines on the polished'
face when theispecimen'was heateé, presumably due to the offset
resulting £ xom differences in the vapour bressure of disovdeved \ajur.

| The work of Carpenter and Elam (1920) proved conclusively -
“that growth alWéys took‘place by boundary migration and not by
~coalescence", They found that.at higher deformations, énnealing ,
producea a decrease of gréin size and for strains above a certain
value, annealing may actually producg a grain size smallér than that
before the deformation pieceding anqeél,_ Thig they attributed to the

growth of new gréins from recrystallization centres,
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Carpenter and Elam also studied the formation of very
large grains in rolled commercial aluminium after prolong annealing
at high temperatures, where primary recrystallization resulted in a
small grain size and was completed long before the large grains
started to grow.

Jeffries (1916) work represents the most significant
contribution to the understanding of grain growth, He suggested
that,the condition of the formation of very large grains growing
at the expense of a fine-grained strain;free matrix i§ the
inhibition of'normal grain growth in the matrix itself by finely .
dispersed pa¥tic1es of jbf?izﬂ{'1ﬂ¢ﬁ~k-

The work of H.W. McQuaid (193%), Feitknecht (1926),
Mathewson and Phillips (1927) and Masing (1921) clearly demonstrated
that inhibition of growth and coarsening occurred Only in materials
" of commercial purity. Masing also showéd,th%t in addition to
annealing temperature,duration of anneal is also of greaﬁ importance,

In recent years, works of Burgess (1941), Burke (1949),
 Burke and Turnbull (1952), C.S. Smith (1948), Beck (1954), |
Andrade and Aboav (1966),_have greatly improved our‘pnderstanéihg‘- |

of recrystallization‘and grain growth in metals,



(B) Theory of Grain Growth

(i) Introduction

When a metal‘is cold-worked a certain amount of energy is
stored in it. There are several basically different methods by
which release of stored energy is accomplished. Two of the most
important ones are:

(a) Anisothermal anneal method.

The cold=worked metal is heated continuously from a
lower to a higher temperatpre-and the enefgy release is determined
as a function of temperature,

(b) Isothermal annealing. '

Here the release 6f stored energy is measured.while the
specimen is maintained at a constant temperature,

The free'energy'of a deformed metal is greater than that '

.of an énnealed metal by an amount approximately equal to the stored
strain energy. The effect of plastic_deformation is to increase the
entropy of a metal but it is small compared to the.increése in

-internal energy - the retained strain energy. Neglecting the te:m
(=TS) in the free energy equation, the free energy increase may be

| directly equated to the stored enefgy

F = E « TS ‘becomes

FeE

where F = free energy associated with cold-wé;k.

E = internal energy (or stored strain energy).
S = entropy increase due to cold=work.
. T = Absolute temperature,

Since the free energy of cold-worked metal is'greatef than

that of annealed metals, they may soften spontaneously.
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Annealing a cold=-worked metal results in three different
processes occurring in the metal.
Recovery
Recrystallization
" Grain growth
(ii) Recovery
In the recovery stage of annealing the physical and
mechanical propertfes that suffered changes as a result of cold-
working tend to recover their ofiginal values, While a complete
~ explanation of the recovery process has not begn achieved, much
has been learnt ;bout it in the'ﬁast decade,
The rate of recovery in crystals deformed by simple

glide can be expressed in terms of a simple activation oxr Arrhenius

B type law, of the form

% = Ae_Q/RT
time required to recover a given fraction of the total

where ¥ =

‘yield-point recovery.

Q = activation energy.

R = universal gas constant.
T = absolute temperature,
A=a ;pnsfant.

Another recovery process called polygonization is no:ﬁally
associated with crystals that have been plaétically-bent. Poly-
 gonization involves dislocation climb, consequently higher
- temﬁeratures are required for rapid polygoniza{ion. At low
)temperatdre recovery process is considered as a matter of ;educing '
the number of point defects to the equilibrium value._ Theimost |

_important point defect is a vacancy which may have a finite mobility
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even at relatively low temperature,

(iii) Recrystallization

Récovery and recrystallization are two basically different'
phenomenon. In an isothermal anneal, the rate of recovery always
decreases with time i.e., it starts rapidly and proceeds at a
slower and slower rate as the 'driving force for the reaction ié
expended.

Recrystallization occurs by nucleation and growth process.
It begins very slowly during an isothermal anneal and builds up to
a maximum reaction rate, Aftér which it finishes slowly.

The recrystallization temperature varigs from metal to-
‘metal and depends on the amount of deformation, The higher the
deformation, the lower will be the temperature at which the metal
will recrystallize,

The rate of recrystallization can 5150 be described by-
arrhénius type equation

 rate % = Ae'QT/RT

Qe = activation energy‘for recrystallization,

R = gas constant (2 cal/hole k).

absolute temperature,

a constant,

k= >
"

rate at which Sof of the structure is recrystallized.
The rate of recrystallization depends on two important
factors, | | |
(a) Nucleation rate (N) = number‘of nuclei that formlper
second in a c¢,c. of unrecrystallized matrix.
" (b) Nucleus growth rate (G) = rate of change ofvdiamgtef of

1

a recrystéllized grain,
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These factors depend in turn on

(i) Grain size before deformation.
(ii) Amount of deformation. -
(1ii) Annealing temperature.
(iv)b Purity of the metal.
(v) Annealing atmosphere.

In practice G, is measured By annealing a number of
identical specimens for different lengthsof time at a chosep
isothermal tehperature. The diameter of the 1§rgest grain in each
specimen is measured after specimens are cooled to room temperature
and prepared metallographically. The variation of this diameter
- with isothermal annealing time gives the rate of growth G,

The rate of nucleation can be determined from the same
" specimen by counting the number 6f Qrains per unit area on the
surface, These surface density measurements can then be used to

give the number of recrystallized graiﬁs per unit volume, The

early work of Humfrey (1902) showed clearly thaf many new grains

may form when a strained single crystal is allowed to recrystallize,
Similarly in'heavily deformed polycrystalline metals recrystallization
results in many new grains. New cxrystals are nucleated at points of
high 1§ttice strain energy such;aé slip line intersectibns, deforma-
tion: twin- infersecfionsand in areas close to grain boundaries.
Humfrey's work also showed that the’numbér of nqclei which start

to grow on recrystallization increased with the degree of deformation.

The driving force for recrystallization in fact comes from

the stored energy of coldwork. It was Van Liempt (1931) who first
'éuggested that some kind of thermally activated mechanism must

Opefateﬁto transform on annealing some of the most highly stralned



- 14 -
regions of the grains into strainefree ones, With the development
‘of the nucleation during recrystallization after plastic deformation,
Von Goler and Sachs (1932) investigated the possibility of describing
the kinetics of recrystallization process i.e, the increase of the
recrystallized volume fraction with annealing time at é constant
temperature in terms of rates of nucleation and growth.

It is a well-known fact that extremely pure metals have
very rapid rates of recrystallization. |

It has been observed that the change in the recrystalli;
zation temperature caused by the presence of foreign atoms depehds
' ma;kedly upon the nature of solute atoms. The fact.tha£ very small
number of solute atoms have such a pronounced effect on re?rystalli-
zation rates is believed to indicate that solute atoms interact
"with grain boundaries., The proposed interaction is similar to that
between dislocation and solute atoms; When‘a foreign atom migrates
to a grain boundafy both its elastic field as well as that ofAthe
boundary are lowered. In recrystallizafiop grain boundary motion
‘occurs as the nuclei form and grow. The presence of foreign atoms
in atmospheres associated with grain boundaries stfongly retard the
motion and therefore the rafe of recrystallization,

(iv) Grain Growth

Theories of grain growth
A number of theories dealing with grain growth in metals
~"which have been put forward in the past are summarized here.

(1) Ewihg and_Rosenhain'spEutectic layer hypothesis

According to this}wpptﬁesis, the metallic impurities which
are present in a metal play an important part in the mechanism of

grain growth. When a metal solidifies from a fluid state, the
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metallic impurities separate into a fusible and mobile eutectic -
forming the intercrystalline cehent, an example being the pearlite
layer in slowly cooled mild steel, The changes of crystalline .
structure are due to the action of eutectic film between crystals,
dissolving metal from the surfaces of éome crystal grains and
depositing it on the surfaces of others. rThis solution and
deposition results in the growth of one ciystal'at the expense of
other crystals owing fo the difference in_solubility'of the crystal.
faces due to differences of orientation.of the crystals on either
side of the intercrystalline cement,

| When 2 metal is severely strained, these films of
eutectic will also be strained and in many places broken; thus
‘allowing the actual crystals to com{ into confact w;th one anofher.
Ewing and Rosenhain (1901) supposed that thére was a difference of
electric potenfial befween the faces of crystal grains‘which are
brought into contact by severe stréin.‘ Assuming that a film of
‘eutectic alloy, when fluid or in the pasty condition that precedes
fusibn, can act as an electrolyté, any two crystals thus in contact
may be regarded as a very low resistancé circuit and growth of the
positively charged crystal at the expense of negatively charged one
would result, Sucﬁ érowth would be enhanced at higher temperéture
and its rate.at‘a given temperaturé wouldlvary in different specimens
according to the nature and quantity of-the impurities present.
A consequence of‘this‘hypothésis is that an inte:crystaliine

L béundary containing no eutectic would be an impaséable bqrrier.to |

crystalline growth,.but.if the eutectic coﬁld in an? way be supplied,
growth across thé boundaxry might'také place. In an absolutely pure

specimen, there would be no .eutectic at the intercrystalline
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junctions, but minute traces of impurities would have a iocal effect
sufficient to set up the action.
R The view that in the purest metals, there is sufficient
impurity to surround thg crystal completely, has been proved wrong
(Carpénter & Elam = 1920). Moreover this théory fails to explain
why growth occurs in a worked and annealed metal whén impuritiés
are no longer in the crystal boundaries but are distributed

throughout the crystal grains themselves,

(2) Amorphous film theory

Rosenhain & Humfrey (1913) substituted a layer of
amorphous metal for the eutectic cement of Rosenhain's earlier
theory. Rise of temperature would cause an increased vibration-
in the crystal‘as well as in the amofphous cement layer, & conse=
quence owahich might be that the free atoms wouid joinlsevefal
others and'together thef might form a new crystal unit.

(3) Jeffries (1918) proposed that when the temperature is such

that grain growtﬁ occurs, an atom fqrming part of an amoxphous
struéturé will be forced into fegular arrangement owing to its
greater vibrational energy. The eqﬁilibrium.between amorphous
‘and crystalline pﬁasés is now disturbed and the heat of recrystalli=-
zation of the amorphous atom causes the other amorphous afom to
vibrate 'still more and: thistends to "amorphise" an atom from the
smaller and hence weaker crystal; |
The author has shown that the cohesion of the amorphous

"phase of a metal is tﬁe same as thatlof the crystalline phase at the
 1owest recrystallization temperatﬁre, but dedreése in cohesion is e
faster in the amorphous phase than.in crystéiline phase with the

 rise in temperature. This is indicative of the fact that both the
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‘amorphous and crystalline phases must reach a condition of
considerable mobility before grain growth occurs provided cohesion
of the crystalline phase~is greater tﬁan that of the amorphous phase,

Neither of these theories account for the absence of

growth in cast ﬁetals since there is preéumably an amorphous
(intercrystalline) cement layer betwéen such grains or there is
some fundémental difference between the boundaries of castings and
those of worked and annealed metals. |

(4) Chappell (1914) suggested two possible explanations of the

. role of plastic deformation, in promoting the union of ferrite graihs.‘
(a) If the identity of orientation is the only condition
necessary for union of adjacent crystals as the Tammaﬁn hypothesis
assumes, then the plastic deformation may be considgred to increase
the potential energy of crystals, thus enabling them to bring the
fotation of their axes parailel to each 6ther with greater ease and

- rapidity on the rise of temperature."

;(b) The union of ferrite crystals may be considered
analoggus to the welding togethervof two pieces of iron in which
work is necessary to break up any separating layer of oxidé-or flux
and thus establish molecular contact between metallic surfaces.

Such a viéw wouid be compatible with Ewing and Rosenhain's
conception of a>1ayer'of inter-crystélline cement, the local
vanishing‘of whiéh pight be regardedvas being a function'of plastic.
'  defoimation. This will allow the actual crystals to come into.
.cpntact and at a sufficiently high témperature weld together diiectly
and not by ahprqcéss of graddal trénsference. The idea of cxystal
growth taking place by a sudden complete"éoaiescence between two

crystals had to be discarded and it is now generally held that grain
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growth takes place gradually by boundary migration.,

Z. Jeffries (1918) classified the grain growth in metals

into two classes; (a) Normal grain growth

(b) Abnormal or exaggerated grain growth,
Normal grain growth occurs when a metal is composed of grains or
grain fragments smaller than what wduld be under given conditions,
the equilibrium size, provided the usual grain growth laws were
- obeyed, Jeffries suggested that any metal consisting wholly or
largely of grains of a single metal will result in a s1ngle grain,
- if annealed for a sufficiently long time at a temperature slightly
below the melting point of the metal.

In abnornal grain growth, some grains grow faster than the
others)due perhaps to strain gradient or temperature gradient. This.
differential range of growth is most pronounced within a certain '
temperature range called "gernﬁnatlve temperature range" Certain
h grain growth laws have been formulated by different workers which
‘are summarized here.

(i)' The attacking.power of a grain increases with its size
and'grain'size contrast favours grain growth.

(i1) The velocity of grain growth increases as.the temperature
vincreases; There is no.grain growth below the recrystallization
temperature of the metal, |

(iii) A grain which has been deformed below its recrystallization
'temperature, no longer acts as a unit as regards grain growth, but
b_iacts as if.it had been disintegrated into fragments smaller than the
initial grain size and these kecome shill: smaller as the degree of
deformation increases, as the temnerature of deformatien decreases,

and as the grain size prior to deformation decreases.
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(iv) Any process of deforming metals below their recrystalli=-
zation temperature pro&uces different degrees of strain in different
parts of ‘the metal, owing to directional properties of grains.

These different}al strains, called strain gradient, may cause
abnormsl or exaggerated grain growth.

(v) For exagggrated grain growth, a temperature gradient is
favourable, provided of course that the average temperature be high
enough. '

(vi) The higher the germinative temperature, the quicker will
large grains develop and the grains will usually be larger,

(vii) If-fhe grains or grain fragments, at the germinative
temperature are much smaller than the equilibrium grain sizé at that
temperature, the formation of coarse grained structure will be
facilitated.

" (viii) The rate of heating a metal through the germination
'temperature»range will determine to a large extent the resulting
- grain size. If the temperature is raised quickly above that of
.germiﬁation, a fine grained strucfure will be pioduced.

(ix) The recrystallization time diminishes as the anhegling
' temperature increases. | .
| (x) Impurities in the metal increase the recrystallization
__temperatuie and reduce the growth rate as well as the grain size.

Burke (1948) established that the driving force of grain
grpﬁth in annealed metals was essenﬁially the surface enerqgy
(surface tension) of the grain boundaries wﬁiéh impelled the
boundaries to‘migrate towards théir respecfive cehtres of curvatures,
Smith (1948) considered grain shapes and other ielevan{ metaliurgicai

: applicétions of topology and Beck (1954) reviewed some of‘ihe more
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recent experimental work on grain growth. Cole, Feltham and
Gillham in‘1954 found for isothermal growth, a relation between the
most probable instantaneous and the initial diameter, namely
(%) - (D) = Kot exp (F/kT) - |
where D,, D afe the initial grain diameter and the most probable
instantaneous grain diameter respectively; t the time, T absolute
temperature and H the activation energy for grain boundary selfe
éiffusion. K¢ is a constant prOportionalvto lattice spacing Snd
specific surface energy at grain boundaries. The magnitude of Ko for
annealed metals should be about 0.1 cm2/sec.
It is now generally believed that érain growth takes place

by boundary migration and not by a sudden complete coaléscence
~ between two cryétals. The driving forces leading to grain boundary
migration in cr?stalline materials are dete;mined not only by'
physical constants; characteristics of the substance in buik, but
also by the shapes and dimensiong of the individual grains,
Parameters characterising the dimensions and shapes of the
distribution of grains in an aggregate must therefore appear as
variablés'ih the timé laws of grain growth, |

" Feltham (1957) carried out extensive studies on the rate
determining mechénism of grain growth and found fof isothermal
growth a-relation.between the initial and instantaneous graiﬁ
' diameter Dy, D and the time t for isothermal growth, namely

02 - )2 = (2 ) ¢ exp (= HiT)
where A = 3 numerical constaﬁt of order uﬁity

V = vvolume per atom |
"a =} lattice spacing

specific grain bouﬁdary energy

Q
il
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n

h = Planck's constant

H = activation energy fér grain boundary self-diffusion.

Cahn (1950) undertook to explain the initiation period of
nucleus growth on the following lines. After'cﬁld-working, when
&he dislocations have Comé to rest, further movement‘will-esséntially
be controlled by a thermal activation process effecting either the
surmounting of potentiél barriers of dislocations crossing each other
or marked diffusion,

Climb of single dislocation or dislocation networks is
governed by diffusion in the 'good' material around the dislocation,

Wheﬁ.a specimen is maintained at a higher temperature,
the diglocations are caused to mo?e by some tﬁermal activation pro=
cess. The dislocation clouds then tend to contract so that the
dislocation-free areas grow. The process would continue untillthe
whole area was covered with sharply separated sub=grains, if
recrystaliization did not intervene.

It is well—known fhai é crystal grain is able to grow, .
when by its growth, the free-energy content of the system is lowered,
The tbtal'free.energy change of é grain‘is-méde up of the loss-in'
volume free 'enel;gy and the ,gain in surface fi:-tee energy. |

For' a spherical grain,:the free energy is

F=Fs 4llx% = AFy 2L 3

3
‘where Fg ‘= . ... surface free.energy/unit eec .
AFy = difference in volume free energy ,.‘
re = critical radius -

| Fg is detexrmined by the density of the network of dislocations
forming the boundary. | | | B

«



- 20 -
A&Ev is correspondingly determined by the volume density of
dislocation networks adjoining the nucleus. Thus the critical
radius, r., is not a conétant but §aries from point to point.

For a very small grain, the free energy will increase with
radius and then, from a critical radius re, it will drop, which means
that for r > re the grains will grow spontaneously. As Mott (1948)
pointed out, the velocity of grain growth cannot be understood in
terms of the movement of single atoms but requires the assumption
that larger clusters or different layers of atoms are in movement
at the same time. Tﬁe growth is verxy discontinuous. The large
grain; are sometimes formed in a very shorf time and afterwards
undergo no considerable change. 1In other cases,they»stob growing
for a certain period and afterwards increase again.

W, Feitknecht (1926) assumed -that in a recrystallized
‘metal, various grains haQe a differ;nt amount of internal energy,
the grains with the least amount of energy being thermodynamically
the most stable. Accordihgly all thg grains in the metal will tend
to reach this state. One way in which this can be done is by grains,
with lgast energy, absorbing those with greater energy. This process_
will be impeded by certain resistances e.g. insoluble impurities.

. The grain growth will take place, when difference of:"
-energies are great enough to overcome the ;esisténces. The
resistances are much reducéd at high éempérature.

The difference of energies specific to the grains may be
-due to, | B

- (a) 'éurfacéyehergf

(b) Internal energy



(a) Surface energy:

Two factors méinly determine the surface energy - grain
'shape and size. -

It was shown by Vogel (1923) that in cértain cases,
especially in lead cast on a glass plate, the shape may be the cause
of a boundary migration, and that ragged boundaries tend.to
straighten, convex parts being absorbéd by the concavities of the
adjoining crystals, but this can cause only small changes.

Jeffries (1918) sees the chief cause of grain growth in
the grain size contrast. This view was proved'wfong by Tammann,
Meissner and Pawlow (1920).

(b) Internal energy:

The interﬁal energy maf be dﬁe to difference of composition
and vtp remaining intérnél strain. Differences of composition are
non exi.ﬂ'ewf' in the case of pure metals so the grain Qrowth will -
. be due to the remaining internal strain in the metal due to .
bdeformation. The differenées of the remaining strains in different
cfystal grains are greater the more severely worked the sambles have
been. 1In very thin sheet ogﬁzztal, the crystals can form with
greater freedom, beéause they are near the surface, which imposes no
constraints. As the sheet becomes thicker the number of grains |
which are surrounded by at 1gastjone or two layers of other grain§
becomes greate¥ and consequently the grains become smaller
‘apprbaéhing an equilibrium size which pertains to a thick sheet,

‘The activation and growth of a nucléus»requires a
+. particular level of energy, which is the sum of strain energyland
thermal energy.

The amount of deformation givéh to- the material should
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 exceed a certain minimum for recrystallization to occur under usual
annealing conditions, For a parﬁicular input of thermal eneréy, in
terms of annealing temperature aﬁd time, abnbrmally large grains
wili form upon recrystallization in a metal which has received a
| particular amount of deformation,éalled'the.critical strain. The
larger the thermal energy supplied the smaller the strain energy
required to obtain the same result;
| It 15 possible for crystals to grow as a result of strain |
energy induced in the lattice by cold=work, Strain-induced boundary
_miération cease§ after complete recrystallization, There‘are no. new
‘crystals formed during strain-induced boundary migration. As #he
.'mOVement occurs, the boundary leﬁves beﬁind a crystalline regiod
where the strain energy is lower .than it is in the region still to
be traversed, In contrast to boundary migration induced by surface
tension, fhis form.of boundary movement occuré’in such a manner that
~ the boundary uéually moves away from its centre of curvature. One
of the interesting aspects of strain~induced\bodndary migration is
that the movement of'the boundary of the grain, instead of lowering
" the surface energy, may actually incrgase it iﬁ consequenbe of the
increase in area. o

| Beck et al (1947) have shown that if one assumes theArate
of grain growth to be proportional to the total extent of grain
boundary present in‘a specimen, then the rate of growth‘should be>
inversely proportional to the average graih diameter,

A similar relationship can be derived if it be assumed

that the rate of grain growth isfinversely'proportional to the
‘radius of cuivature of the grain face in question. Harker & Parkerl

(1945) contend that grain growth‘should continue as long as the



-25 -
grain face is curved.

Effect of sheet thickness on the rate of grain growth

Beck et al (1947) first demonstrated that under conditions
of continuous gra;n growth'the maximum grain diameter approximafestb
the thickness of the sheet within certain limits.

Burke (1948) reported that growth is more rapid in thick
sheets than in thin ones, although for low temperature and short
annealing times, when fhe grain size was small, compared to the
dimensions of the sheet, there was litt1e difference.' In fhe
thinnest specimen~the‘equilibrium-gréin size approximated to the
‘thickness of the specimen but with increasing specimen thickness, it
increased less rapidly than the specimen thickness. Beck (1954)
estimated from experimental data thay'when, with metal sheéts, the
gfain size becomes larger than 1/10th the»ihickness, the growth rate
.décreases because of the free-surface effect. Iﬁ extreme cases,
this freeésurface'efféct can completély stop grain growth. The
grain boundary near any free surface of a metal gpecimen tends to lie
perpendichlar to the specimen surface, which has ihe effect of
' reducing the net curvature of the boupdaries next to the surface.
 This means that the curvature becomes cylindricali rather than
spherical, and in general, cylindricall surfaces move ét é‘slowér
rate than spherical ones with the sam§ radius of curvatufe; In all
ourrexpériments.specfmen thickness was always ﬁore than tén times
the equiiibrium grain size; so the sheet thicknesé or the.free- '

surface effect didd not affect our results,
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Effect of impurity atoms and impurities in the form of inclusions-

Any factor which interferes with grain boundary migration
can retard grain growth although Qrain faces and interfacial angles
havg.not attained equilibrium configuration. It has been recognised
that foreign atoms in a lattice cén interact with grain boundary
‘migration. (Carpenter & Elam 1920, Burke 1948, C.S. Smith 1948)

If the size of a foreigﬁ atom and fhat of the atoms of
the parent crystal are different; then there will be an elastic
stress field intfoduced into the lattice by the presence of each
foreign atom. The strain energy of the grain boundary as well as
that of the lattice surrounding a' foreign atom can be reduced by the
‘migration of foreign atoms to the neighbourhood of érain boundaries.
It retards their normal surface tension induced motion. In order
for the boundéry to move, it mustzcarry its atmosphere along with it.

Solute atoms nof in solid solution are also capable of
interacting with grain boundariesé It has been known for a number
of years that impurities in the form of second-phase inclusions or
particlesAcan‘inhibit‘Qrain growth in metals. When théy ére.preseét,
the boundary must pull itself tﬁrbugh;the inciusions.that lie in its
path. An increase: in temperéture lowers the retarding effect of.
the solute atoms,

At higher temperature,'ghe inclusions can go into solution
or coalesce more rapidly so that fheir effectiveneés in inhibifing
growth will be reduced, If the iqclusions’are.madé to coalesce by -
a prior anneal, the rate of growtﬁ will not be subjéct_tb_the‘réte
of céalescence;and higher‘rate ofzgrowth will be observed even though

»

the final equilibrium grain size may be the same.
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It was shown by Zener (1948) that inélﬁsions.will inhibit
the migration of grain boundaries and when the inhibiting force.is
equal to the growth -force due to;boundary curvature, growth will
cease. |

Zener's relationship | -E = % i
where r = radius of inclusions

R = is the radius of curvature of average grain and

'i = the volume fréction ofiinclusions.
gives a first approximation bf tﬁe effect of inclusions on grain
'growth based on the assumptions #Hét growth force is inversely |
proportional to the radius of curvature of grain boundary.
Zener also_aésumed the particles to be Sphe:ical in shape and

uniformly distributéd.. within the metal, neither of which assumptions

applies exactly.

Effect of preferred orientation

Preferred orientation also affects the rate»of grain
growth, the term "preferred ofiéntation” signifying a nearly
identical orientation in almost 511 the crystals of a given specimen
of metal, It has been generallyhpbserved that rates of grain growth
‘are reduced considerably in suchicases, To reduce the specimeﬁ
thickness and obtain smallér grain size, all the specimenéﬁére'
cross=rolled to avoid conditions’of preférred oreintation.

Effect of the annealing atmosphere.

It was observed that the annealing atmosphere affected
the grain growth in certain metais. Some metals are feadily
oxidized at-higﬁ temperatﬁre whiéh oxidat;on retards the grain
bouﬂdary migration. The efﬁectsfof the annealing atmosphere werg 

investigated for silver and nickel.
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Identical specimens of sﬁlver were annealed at atmospheric
pressure in air and dehydrated-oxygen-free nitrogen. There was a
" marked difference in the rate of grain growth ahd the equilibrium
grain size, under two different annealing conditions. In figure 1l-A
qulhbﬁb“ﬂ has been plotted against time for the specimens 5MS(6)
and JMS(7), annealed in air at 740°C'and 669%3 respectively. In the
A'same figure the lines A, B correspond to temperatures 740°C and
660°C respectively, for annealing in nitrogen instead of in air,
There is a significant increase in the rate of grain growth when the
spesimens are annealed in nitrogenias shown by figure li-A, and
the equilibrium grain size is muchilarger. The variatioh of
hl(-;%) with time has been shown in Tables (6)a and (6)b,

Another specimen of silver JMS(3) was anrnealed for a
time sufficiently long, for the grains to have reached the equili- -
brium grain size, at different temberatures ranging frem 450°C to |
9OQ°C.‘ The variation of equilibrium Qrain diameter.D, was plotted
against temperature as shown in figure 3=-A. This ts in agreement
with the relation.

Dg® =C(T = T,) _
established by Andrade and Aboav (1966) for c;p.h. metals. Table (7 ):
shows the varlation of Np (= -) with temperature, a plot of which
is shown in figure (3)B. '

Similar 1nvest1gat10ns with nickel verified the effect of
the annealing atmosphere in retardlng the grain growth,

One of the nickel spec1mens NR(l) was annealed at
, atmospheric pressure in air at 740 C and the grain behaviouxr cdmpared_
with that of a similar specimen annealed at ‘the same temperature

-3

but at a pressure of lO torr. The stable grain size at the end of
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the growth was found to be smaller in the former case. Further the
-rate of grain growth was considerably less than for the specimen

annealed at low pressure, as shown in figure (13)A.
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3. EXPERIMENTAL METHODS

(a) Preparation of Specimens

(i) TIadanac lead

The specimens of metal to be examined were cut from a
large iead plate.l.3 cms thick. Some of these specimens had to be
cross-folled to obtain smaller grain size for grain measurement at
lower temperature. The surface area for grain counting was
normally 4.0 x 1.8 cm% after each anneal the metal was etched for
grain count. To reveal the grain boundaries the specimens were first
etched with full-strength Russel's reagent. Then they were spraygd
with the.wOrner and Worner reégent, which gave a fine polish to the
counting surface.

For smaller grain size, specimens were cold cross=rolled.
Some:of the specimens were cboled down to liquid nitrogen temperature
(-196°C) before each pass through the rollers. The.reduction in
thickness during each pass through the rollers was aboﬁt 1% of the
specimen thickness., To avoid contamination, especially by miﬁute
amounts of foreign metals, the rollers must be cleaned before use.
The xeduction in thickness of the specimen at each pass through the
rollers should be small, between 1% to 2% of the specimen thickness.
Great reductions at passage is liabie to lead to preferred orienta=-
“tion and bending of the specimen,

The specimen should be given least mechanical treatmgntkaﬁdﬁt,
vfor'instance, cutting, drilling etc., as the strain produced ﬁy such
mechanical operations give rise to growth bf abnormally large grains.
These abnormally 1érge grains distﬁrb the region of normal grain:

structure when the specimen is annealed at higher temperéture. Every
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possible care was taken to avoid any such mechénical disturbances
and where possible the specimen (especially leéd) was cooled below

0 ¢ before cutting or drilling.

Measurements should not be made in the neighbourhooq of
places where the metal has been strained by cutting and drilling or
other similar mechanical treatment.

(1i) Silver

A silver sheet 6 mm in thickness and 10 cm x 6 cm surface
aréé was specially prepared for our experiments by Messrs Johnson
- Matthey by extfusion at high temperature ?éOO°C5 of metal that had
ﬁeen melted in vacuo and deoxidised with carbon.

‘Spectrographic analysis carried out by Johnson Matthey

showed the following impurities:

Elements ~ ppm. Elements pem
“Au 3 Mn 5 ¢
Bi 1 Na 5
Ca : , 1 Pb 2
cd 20 si 20
Cu 50 sn 5
Fe 50 Zn 10
Mg . 5

| giving a purity of 99.98 per cent.

 The sheet of metal was given a preliminary rolling at room
témperature which ieduced it to a thickness of 3.5 mm. Specimenscut
from this sheet were then reduced by light cross-rolling in
jeweller‘s rollers to a thickness of 3.25 mm and finally compressed
in a hydraulic press to flatten the surfaces, Specimens for grain

counting were prepared from this cross-rolled silver sheet having a
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surface area (6 cm x 1.0 cm) for grain counting.

The specimen wa§ ground on successively finer gradés of
emery paper (940-600 grit) then polished on selvyt cloth with Silvo
metal polish and finally, to reveal the grain boundarieg’it was
etched with potassium aichromate solution.

The composition of the etchant, potassium dichromate

was as follows:~

Saturated solution ofrpotaésium dichromate

in water = 100 cc
Saturated solution of sodium chloride = 2 ce
H,S0, (conc) . = 10 cc

‘The solution was normally diluted (1:15) in distilled
water., | |
(iii) Copper
| ‘The metal was supplied by the Enfield Rolling Mills, in
thé form of oxygen free high conductivity (O.F.H.C.) copper disc.

The specimensused for grain counting were rectangular
blocks of surface 3.5 x 1.0 cm2 and of thickness 2.5 mm, machined froﬁ
;a large copper disc 20 c¢ms in diameter,

For grain counting, the specimenéwefe first ground on
600 grit emery paper, then polished with Bluebell metal polish,

followed by etching with alcoholic ferric chloride made up as follows:

Ferric chloride crystals (hydrated) = 5 gms
Hydrochloric acid (conc) = 2 ¢¢
Ethyl Alcohol .= 95-ce

The polished specimen was etched by immersing it into the

‘

- solution for about 1.5 minutes tﬁen washed in running cold water

and warm air dried.
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(iv) Nigkel |
International Nickel Cos Ltd. supplied the high purity
nickel, specifically prepared for our experiments. The outline of
the process by which the bar was produced, is as follows;
(a) After degassmg at 600°C, the )graed compact was sintered
at 1200 C in hydrogen atmosphere,
(b) The compact was then forged at 1100°C.
() The forged bar was cross-rolled, reduction at any stage
not being less than 50% of the thickness of the bar.
(d) The cold-rolled metal was finally annealed at 700 - 750°C.
" The hetal sheet received was 1 ¢m thick, which was again
50% cold cross=rolled and specimeﬁs4 cms long andvl cm wide'were cut
from this plate.
| The specimens were ground on successively fine; grades of
emery paper (240, 320, 400, 600 grit respectively) to remove the
thick work layer, - Afterwards one of the surfaces of esch'Specimen
was polished wifh gamma~alumina powder on rotating wheel covefed with
selvyt cloth, until a fine mirror-finish surface was obtained. The
_specimen was then immersed in Marble's reagent, with polished surface
'facing upwards, for aboutid minutes, Finally it was washed in
.running3cold water and dried.. |
All‘thé cross-rolled specimens beforé anneal showed
elongated grains with distorted and diffused boundaries. The
‘specimenswere then isothermally annealed at 400°C at a pressure of
10-3 torr for recrystallization. The specimen had to be annealed
fof about 400 hours to recrystallize compietely. |
After all the specimens had completely recrystallized .

nmaanﬁunz&
each one was raised to a pre~determined temperature “for suitable
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Fefiod4 to study the grain growth at that temperature. All the
specimeﬁswere annealed isothermally at a pressure of 10-3 torr and
the chosen temﬁeratures were 670, 740, 790, 840°C.

After each anneal the counting surface of the specimen was
ground successively on 400, 600 grit emery paper, then polisheé with
fine=-grade gamma=-alumina powde: followed by etching with Marble's
reagent, to show the new grain boundaries;

The composition of Marble's reagent i§ as folIows:;

cupric sulphate 8 gms

hydr§chioric acid (conc) 40 ml.

distilled water - 40 ml,

(b) Heat Treatment

(i) Tadanac lead
'For each grain measurement, the specimen had {to be maint-
ained at a fixed temperature for a duration which was increased with

increase of the ratio R = DL/DZ where

D; initial grain diameter

D

e final grain diameter

. The specimens were anneéled at different temperatureé,
using a series of liquids (acétone,ethyl alcohol, water, paraldehyde,
. bromobenzene, ethanolamine) boiling at a range of temperature from
59% to 170°C.

For'prolonged anneal the specimen was placed in an inclined
glass tube sealed in£9 a flask so as to be completely.surrounded b§
boiling liquid." For short time anneal, the specimen was placed
:-straight into the boiling liquid, so as to minimise the delay in |

attaining the requiréd temperature, which was measured with a

substandard mercury thermometer giving a maximum error of + 1.0°C.
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The specimen was arranged to be in contact with the bulb of the
thermdmeter.

Grain growth was studied at 7 different temperatures,
the lowest being 50°C and the highest 170°%C. At each temperature,
Acounts_were made after time iptervals selected so as to show
appropriate increase in grain size,.

For each temperature, a new speciﬁen was used which was
cleaned and chemically etched to remove the thick worked layer.
After each sﬁbsequent anneél, the chosen surface of the specimen

“was etched for grain count.
(i1) silver

For aﬁﬁeal at different temperatures the specimen was put
in a silica glass tube which was placed in an eléctric furnace as
shown in figure 1. Oxygen-free>dehydrated nitrogen was passed

 through the silica tube éo that'the specimen was élways contained
in an atmosphere of nitrogen while Being annealed, To effect this,
commercially pure nitrogen containing less than 5.ppm of oxygen was
passed through a flask containing pho;phorous pentaogide to absorb
water vapours and then over red=hot coﬁper filings maintained at
about 800°C to absorb the residual oxygen, after which it passed
over the specimen.,

The temperature of the furﬁace was controlled by a
"transitrol" type "ether" temperature controller.

A‘platinum.pl;tino~rhodium thermocouple giving the.
‘temperature to within i 1°C was used to measure temperature of the

" specimen,

¢

Grain groﬁth for silver has been studied at four different

temperatures 800°C, 855°C, 900°C and 940°C. After each anneal, the
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" specimen had to be ground on successively finer grades of emery:

péper, polished onAselvyt cloth with Silvo.metal pblisﬁ and etched

with potassium dichromate solution to réveal fhe neéw grain structure,
(iii) Copper

To anneal the specimen, similar arraﬁgement'was used as in
the case of silver.

Four different temperatures 676°C, 730°C, 780°C and 807°C
were chosen to study the grain growth. As in the case of Lead and
Silver, time intervals for annealing the specimen were selected so
as to show appropriate increase in grain size anﬁ to reveal the
new grain boundaries, the specimens had to be ground on 600 grit
émery paper, polisﬁed with Bluebell metal polish and etched with

“alcoholic ferric chloride.
(iv) Nickel

It was.deﬁided to anneal nickel specimensin vacuo because
of its rapid oxidation if heated at higher temperaturé in air, The
;specimen'was enclosed in a silica glass'tube, which was connected
to the ~vacuum equipment as shown in fig. (20). After inserting the
spécimen?the tube was evacuated to é preséuré of 10-3 torr. The
bre;sufe‘in the glass tube was képf down at 10'3 torr by confinuously
.runniné the diffusion and oil pumps, while the specimen was being
énnealedﬁand during the cooling period. This procedure was repeated
éaéh time the specimen was annealed.

The grain growth measurements were made ét four different
temﬁératures 670, 740, 790 and,840°C._ To investigate the effect of
the annealing atmosphere on grain growth, an identical specimen was

annealed at_740°C at'atmosphe;ic pressure in air. The grain size

at the end of growth at atmospheric pressure was found to be



- 37 =
' appréciably smaller than for the spebimen:which was’annealed at a
pressure of 1073 torr, at the temperature in question.

(¢) Determination of Grain Size

The grain count wa$ made by means of an inverted Nachet
microscope, the specimen being placed with the face to be examined
‘downwards. Grain sizes were determined by the total number of grains
traversed by a line'éf given length passing through the centre of a
khown field of view, fraction of a grain greater thay falling on the
line being countéd and those less than-% being ignored (Andrade & Abcav
1964, 1966). |

With the help of the méchanical stage of the Nacheti micro-
scope, the specimen was traversed to different positions for grain
count. About 200 observations were recorded in beth transverse and
longitudinal directionq;‘.~ .~ .7 a count of some thousands of

bun%
grains of the specimen ¥for a single determination of grain size,
_ Different magnifications were used‘for different average grain sizes,
From the observations, an average grain diameter was ;omputed by the
'method,deséribed by Andrade and Aboav (loc-cit).
v Thé'result was an average‘number of grains pertaining to
the field of view. .It was divided by the field of view to give the
 ,average number ofgrains 'N* intersected by a line of unit length‘
‘or the average grain diameler D= VN |

For the most accurate work, an averageAfrom about 2000
grains wasitaken for a Single determination.

} The method of counting has the advantage of being
reasonably rapid and of covering large areas of the specimen so
that due alloﬁance is made of local fluctuaﬁions’in'grain size,
- The surface of the specimen for‘gréinbcounting ha&xic bé‘ground,

polished and etched after each anneal because unless a thickness

approaching the griin radius is removed, the surface after anneal is
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not fully representative. The grain boundaries in the surface layer .
tend during anneal to place themselves normal to the sdrface, as
demonstrated by Smith (1948).

The final thickness of the specimen was always more than '
10 times the average grain diameter at the end of growth except in
the case of lead, at high temperature, when it was more ﬁhan 5 times
the equilibrium grain diameter, . |

For small values of R = Di’/'De rapid grain growth takes
place, the rate depending on the temperatﬁ:e ol which the specimen
was 1ﬂ4»&hﬂhin£x£. '

y: The areas of the specimen chosen for grain codntiné were
well away from the edges of the specimen to avoid possible edge
effects., |

| Before giving any heat treatment, silver, copper and
nickel speéimensweré ground on successively finer grades of emery
paper and polished. After the heat treatment, these specimenswere
- ground and polished agéin.followed by chemical etching to reveal the
- new grain structure, For lead, chemical etching only is sufficient,
~ -The grain structure observed was {d"y rovrmal  after
éomﬁlete reérystallization for lead and copper as can be seen from

the photographs Fig. (A) but in case of silver and nickel there were

certain number of excessively large grains, and in silver they were

“j elongated along the length of the specimen even after recrystalli=- -

zation. Recrystallization is particularly important in the study

of grain growth as the precise lawé of grain growth formulated by
Andrade and Aboav (1966) are valid for metals that have.completely
 recrystallized after deformation, that is metals having stable grain

size. Without this recrystallization, the grain size at a given
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- temperature depends upon the exteni of working on the metal,

In the case of lead, recrystallization took place satis-
factorily at room temperature.but other metals e.g. silver and nickel
had to be annealed at higher temperature for a number of hours before
they recrystallized completely. In spite of annealing at high
temperature for fairly long‘time, a number of grains in silver were
~elongated along the length of the specimen, although the specimens
have been cross=-rolled.

Copper as suppliéd by Enfield Rolling Mills, did not need
any cross-rolling’as the grains were fa;rly small. The average
initial grain diameter before any heat treatment was D = 0.052 mm
excepf in one case when it was 0.064 mm,

© At the highest tempeiature of anneal i.e, 807°C, the
averagé?eqdilibrium grain diameter D, = 0.097 mm was only about 1/20th
of the’Specimen thickness, s0 that the grain growth was not affected

by the thickness of the specimen,



-40-

4, STABLE GRAIN SIZE AND TEMPERATURE

It was found that with prolonged anneal at a fixed
temperature above atmospheric, the average grain diameter finally
reaches a constant value Ds. This was confirmed at four different
temperatures for copper, nickel and silver and seven different
temperatures for lead, |

The variation of D with T in %, is in-accordance .
with the relation

De’f‘l::c(r -T,) ' (1)

This relation was first established by Andrade énd
Aboav (1966) for close=packed=hexagonal (c.p.h.) metals.  In -
equation (1) C, T, are constants, T represents the annealing
temperature. |

The constant T, has been called the inceptive temperature
(Andrade and Aboav 1964, 1966),

In figures (2) to (5) are shown the results for'différent
metals. 'In all cases there was a good linear relationship in accord

with equation (1), the values of constants C ad T, being shown in

table (l)o
TABLE (1)
Pb Ag Cu Ni
4 y - :
10" ¢ (mn? deg C) 68.50 6.07 4,30 5.67
T, (%K) 239.6  422.3  359.5  404.4
In figures 6, 7, 8, 9 the variation of grain size expressed
as number of grains per mm N(=%/D) is plotted against time  of

anneal for various temperatures for the four metals.

It is clear from the figures that the rate of grain growth

decreases with increase in annealing time until after a certain time
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it reaches an equilibrium size, Also the rate of grain growth
"increases with increase in.annealing temperature,s That at higher
temperature the grains reach equilibrium size in shoiter time than

at low temperature. -
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Calculation of constants C and Tp

The line in figures {2, 3, 4, 5) is given by an equatién
of the type Dé% =M + N6
where @ is the temperature in °C.

From flgure (2) for Tadanac lead

At 60°C : D, f = 0,640

At 160 Cc D = 1,325

s 0,640 = M + 60N (a)
1,325 = M + 160N (b)

Equations (a) ahd (b) give.
N =0.00685 = 68.5x 107 (mﬁ% deg c'l)

M = 0.229

NP

In equation D% = C(T = T,)
C = =685 x 1074 (nm? deg C
= 239.6 oK
5 Do? = 68.5 x 1070 (T - 239.6)

-1)

The values of C and To for Ni, Cu and Ag were similarly

calculated,

Calculation of constants C and To for Nickel
From fig. (5) for Nickel
' De = 0.09 mm at 290°C
De = 0,26 mm at 590 °c

Us1ng the equation Dé% =M+ NO -
where 8 is the temperature in oC;

N is the slope and.M is a constant
N = 5.67 x 10~ (m? deg ¢}
M= = 0,07

In the equation D %' - C(T - To)
C=N=5.67 x 10° (mﬁ% deg c” )
and Te = 404.4 oK
W De? = 5.67 x 1077 (T = 404.4)
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S LAW OF INCREASE OF GRAIN DIAMETER WITH TIME

Andrade and Aboav (1966) have shown that in the case of
close-packed-hexagonal metals, grain growth takes place in three
stages. Each stage is characterized by the ratio of initial grain
diameter Dy, to the finafﬁgigin diameter D,y which has Seen called
the Telative initial diameter R (= "¢/Dy): In stage I, the value
of R is less than 0.4 and the grainsgrow rapidly.

In stage III, R 520.6§i.e. Di must not be less than
0.65 Dg. Grain growth in this final stage is comparatively slow and

_growthyto‘the equilib;ium grain size takes hours according to the
temperatufelof anneal, as against minutes for stage I._

The grain growth in this stage as shown by Andrade and
Aboav (l966),for close=-packed=hexagonal metals is given by:

N =N (1 +pe”d%) (2)

where N = number of grain per mm

it

Ne = number of grain per mm at equilibrium
py q are constants and t is the time for which the specimen
has been annealed.

Between stage I and III, there is a range of relative
average diameter for which neither system holds good and for which
the growth is said to belong foAstage I1,

| The lawsof grain growth established fo¥ c.p.h. metals by
Andrade & Aboav (1966) were found to be valid for metals of face=
centred cubic structures, ‘

In the case of Tadanac lead, the three stages of grain
growth detérmined by the relative initial diameter R, were

~established but most attention was devoted to the stage III,,

i.e. normal stage of grain grow{h.

L
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For silver, copper and nickel, the law N = N, (l+pefqt)
was confirmed and the relative initial diameter R was found to be
=0.65 in most cases. The number of lead specimemswas 7, temperaw
tures ranging from 50°C to 170°C. For silver, coppsr and nickel,

4 spécimens each were used at temperatures ranging from‘800°C to
940°C; 676°C to 807°C;and 670 to 840°C respectively.

The comparatively small range of temperatures for silver,
copper and nickel was due to the difficulty of gettiné small
enough grain size to permit grain growth studies at lowetempera-
tures. :Fiorn equation (2)

N = No (1 + pe~aty

Mg = 1) = pe™®

l'n(N/Né-_- 1) = %p - 'qt (3)

Equation (3) gives a straight line with a slope (-q) and
constaﬁt temperature term {np. In figures 10, 11, 12, 13;

an(N/Ne f*’) has been plotted against time (t) for diﬁfefént metals
at different temperatures, .

An extreme case of very rapid grain growth was provided

by heating a rectangglar strip of legd 1 mm in thickness with a
- surface area of 0.35 x 6.0 cm2 in vacuo by the passage of ﬁigh
electric current, a method used by Andrade and Aboav (1966),

This lead strip was etched before the passage of cufrentv
and the average number of giainSper mm was found to be 4, The
current just necesséry to melt a strip of the given dimension havingv
been found to be 70 amperes for about 2 seconds, the same current
wé; passed for just over a second which means that a tempeiatuié
nea% the melting poini of lead Qas @aiﬁtaihed for about a second.

The strip was then etched to determine the new grain size.

v
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Photomicrographs of the Specimeh before and after the momentary
heating are shownn in fig (B ). The average grain size has
increased about three fold, . ' Assuming the temperature reached
diring the momentary heating to be 300°C, the value of D, calculated
from the formula De% =C(T = To) was found to be 5,176 mm. This
gave the value of R = 0.048.

In table 2,actual grain growth has been compared with
the equation (2) i.e. N = Ng (1 + pe-qt) for each metal, The‘
agreement between the observed and calculated values is remarkable.

It is clear from tasble 2 that the law does not hold for

the first few values simply because the relative initial diameter

» R < 0.65.

In the normal stage of grain growth, Andrade and
Aboav (1966) have established a relatioﬁ bétween q and €, the
‘activation eneréy of grain gréwth.
q = ae KT ' (4)
where . K = Boltzmannconstant
7 a = a constant |
Substituting €/K = Q in equation (4)
g= ae™VT (5)
‘ 1n g = lha = QT _ (6)
Equation (6) represents a straight line with a constant
lna and slope (-Q). It was foﬁnd that the relation (4)
Q= ae“e‘yKT was accurately observed and this is shown in figures

(14,15, 16, 17) where 1nq has been plotted against 1/T for each

. metal.

~-The agreement between the observed and calculated values

' of,q.;s excellent;as shown in table (3). From the equation €/ =q,
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the activation energy of grain growth was determined for all the
four metals. 1In table (4) are given, activation energy (€) latent
heat of fusion. F ,and the ratios €/F,, and F“/EM for the four metals.
. Tynis the melting point of the metal in °K. '

Calculation of activaticn energy of Tadanac Lead

From figuré (14)

Q= Go-35.310° " 0.7 X190
= 1636
-16 23
= 1636 x 1,380 x 10 X 6.023 x 10 cal/hole

€= ok 74,1855 x 107

1636 x 1.986

3.249 kcal/mole

Fm = latent heat of fusion = 1,147 kcal/mole (for Lead)

€ff, = 22222 = 2,833

1,147
€/f,, = 2.833
Similarly:
€ _ 7.894
.For Ag; = = = 2,924
| 9 Fon 2.70
. £ 8.905
For Cu; Fﬂ»: 314 = 2.836
For Ni; & 13,020
o By = = 3.093

)
3
n
*
AV
—
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6, STATISTIGAL DISTRIBUTION OF GRAIN SIZE:

The statistical distribution of grain size 2s exprsssed‘
by the diameter, in the annealed metal was determined for lead,
silver, copper and nickel. In all cases the specimen had been
annealed at a pre-determined temperature for a time sufficiently
long for equilibrium grain size to be reached, The temperature
of anneal Was 59°C, 855°C,_807°C and 840°C for lead, silver,
copper and nickel.respectively.

The experimental determination of the distribution of
grain sizes, although it has been previously undertaken in a few

.cases e.g. C.S. Smith (1948), Feltham (1957), Papadakis (1944),
Andrade & Aboav (1966), is generally very laborious. Measurements
are made on a plane surface of the specimen which is prepared
by grinding, polishing and chémical etching. As aifeady mentioned,
to inveStigaﬁe the grain size distribution, the specimen was first
annealed at a pre-determined temperature and the grain area
measurements weré made when the equilibrium grain size has been
attained. Photomicrographs of the surface were taken which were
later enlarged to a magnification of about 500. In general, 11 equal
ranges of diameter were chosen, the number of grains falling
in eaéhvrange being counted. The total number of grains in all
the ranges was about 1,000, . the ratio ofbthe 1érgest measured
diameter to the smallest being about 15ito 1.

The grain size was expressed by ihe diameter of the

. grain'cross-section visible at the surface., The metheds used to-

measure grain diameters were as follows,

(i) Planineter methed:-

e grain areas were measur nineter. From area
Th ain areas were measured by a planimeter., From the

an arbitrary radius and hence diameter was derived by assuming
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that tﬁe boundary was circular, putiing area = ,:r2.

(ii) Intercept method:-
| The grain shapésvvary t0 a great extent, the number of

corners or number of sides increasing with the size of the grain.
Measurement was made of the intercepts by the grain boundary on
- @ line of random direction and on another line noxmal to it, the
point of interaction of the lines_being ceniral, and an average
of the two intercepts taken as representative. Though the
method is simpler and quicker than the first one, the great
’ vériation and irregularities in grain shapes may make it less
pieciseQ

Most of the measurements were made by the planimeper
method, a number of these being‘also made by the intercept
method. Slighf variations in results ﬁere noted but.these vere
not systematic. The diameter determined by either of the above
method was called ¥, to avoid confusion with the average diaheter D,
measured by the*gréin boundary intercepts on a line of'unit length,
hitherto in question.

Grain size distribution curves were prepared showing
the number of‘grains-Z; having a diametér ¥, within a given |
range AX, as a function of i% for the four.ﬁefals, lead, silver,
copper and hickel. | |

ALl the resulis were well'reﬁfeéented by the equation
’ 6f the form . 9
Y = Ae’ocz (X- h) (7)
wheie A, e ,h are consiants.

: 1
Putting Y = Z/Z_ and X = (x/x_)?
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and taking constants A and h 2s unity, the equation (7) takes the
form (Andrade & AboaQ, 1966) : .

1 .

Z/Z.m = exp l:- c(,2 {(x/xm)?‘s~ - 3}2] ' (8)
where L is the value of x, for which Z has the maximum value Zm'
The constant « was found to have a value approximately equel to T,
The experiméntal results are shown in figure (18) where (Z/Zm)
is plotted against (2/km)%'for the four metals. The cusve represents
2 Gaussian distribution according to equation {8). The curve is
synmetrical about the line (x/&"% 1 and there is a maximum value
of Z-at x = X0 This means that Z has a finite valu° at negative
value of x, which do not exist., However this finite value at

- -2 -5 C s .
Xx=01is Z = Zme or 5 x 10 Zm’ which 1s too small tc be

detected in the present investigation. The plots of grain size
.distributipn for all the four metals agree- u)eLl s in spite of
the fact {hat eacﬁbmetal’wasbraisod to a different tempzrature to
attelin equili b‘i rain size,

It is cleer from the cqfve that there is considerable
amount of‘scatier,of experimental resuite vhen (x/& )% > 1.4,
umar?edly for lead and 51lver, and to some extent for copper. The
number of grains;uaving (x/%;}% 1,4 is only about 103 of the total
lnumber of grainsvin,the case bf nlcxal but for si V¢r, copper and
‘1ead,-it varies from 115 to 179 of the total number of grains,

That for graims larger than the normal size the percentzge 2t a

grains observed were certainly nst dus to exaggerated grain g-thﬁ



In studying the variation af grain growth with

. 1 ‘ .
temperature, an average diameter D = < was expressed by counting

[y

2

-

the average number of grainsN, intercepted Ty a straight line
, : osiltion

¥
of unit lancfh, with lines taken at random'and with random
ortentations, wherzas for the statistical distribution ¢f grain
size, measurement of the area of each grain was made cn & photo~
microgrzph with a planimeier. Andrade and Aboav (1%€6) found that
experimentally D = 1,09 X

The total number of grains in terms of Z_can be eacily
i

calculated by integrating Z dx (Andrade & Abcav, loc-cit

ade
e | 52
‘N = J[de = Qmem .{- Tu (u + 1)
[ . - _1

g 1
if {(x/x )2 =1l=u

m .
-y

The valus of e

[

atu=-=-11s 5 « 10'5'as compared with 1 at
u = o; so that the error intreduced by taking the lower limit es

-oC is negligible,

© 2 2 (2.2 2 e
je'n'u'(u+l)du=2 L™ du =T
e L 0 '
whence N = Zmem n=<=1,12582x

~The sum of all the diameters is

| f(/”‘1 e
A XX -1 xdx
[

22
2z x 2 .f: % (4 +1)° du

mm

-~c0

2
! .
1.300 mem :

#hence the mean diameter of the grains as sectioned by a random




7. DISCUSSIOYN.

The follewing facts have been experimentally
established for the f.c.c. metals,

The relation De%.= c(T - To), originally put forward
by Andrade and Aboav (1966) for hexagonal metals, has been
confirmed for the four metals lead, silver, nickel and copper of

the face=-centred cubic structure,

oo

Suppcsing the average initial diameter Di as measured
on the plan2 section, to be less than the average diameter at
equilibrium D,s D increases to the stable valuz D,» at 2 constant
temperaturg; provided the spscimen is annezled for a sufficiently
ldng time. With rise in temperature, there is a corresponding
increment in grain size. The relation established by Andrade
“and Aboav for equilibrium gréin'size hclds good where Di‘is not

- less than 0.55 D,+ Under such bcnditicns, the variation of grein
size can be expressed by an exponential relation of the form
N=N_ (1+pe™®). In this squation g = ae~¥T where € is
activation energy:of grain. growth, Thase relations, originally
establisﬁed for c.p}h. metals, have baen shown by the present work
to be equally appliéable to f.c.c. metals,

: . : , a;Hwaximafc!j

The activition: energy has bean found to be proportional

to the laténf’heat of fusion with a ccnstant of proporticnality 2,92

as-compared to 2,28 for c.p.h. metzls. The validity of the laws cf

~grain growth originally put forward by Andrade & Abcav for c.p.h.

1)

metals, has been established over a wide range of temperatures feor
each metal in cuestion.

To obtain the value of the inceptive temperature T,
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exyrapolatlon from a suffici

[}

ntl 1:..’- & range O: I..edsurf_‘l.le“b
=
C

(;b—o

was necessary and the law D, (T - T ) was found to be well
obeyad cver the whole range.

The statistical diséribution of grain diameter is
given by the Czussian disiribution equation

o -2 1 2

z/z_ =ef [« (x/x )2 - 1
Grain size distribution was gtudied id the stable state only,
whereas Andrade & Aboav (loc cit) found the distribution of
grain diameter tc be Gaussian both during growth and in the
staﬁle state,

The present work and that of Andrade‘& Aboav (loc cit)
have established certain facts which aie noct yet cempletely
undérstood and'tovexplaih these in detail requires elaborate
equipment and an extensive /nowledga of bcundary conditions
between grains of random orientaticns., Consider the eguation
given temperature,b

a
: : - at a Fuigk fexmperatave .
diameter D should increase if mainlained Ftill it attains a stable

o = C(T = To) according to which, at

dizameter De’ provided that D > G,E3D e' The phenomenon of
grain growth has been widely stud;ed in the past bult the answers

to a number of crucial questions ars still lacking,

out that lnClUNIOﬁS will provant grain boundary migration sntirel

eclher
be norn- "”*all** ¥oroduced immediately sn solidification or

resu[ﬁnﬁ from precipitation tzking place after solicification,
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be responsible for grain shape irregularities, The impurities
-sr:regated to the bcundary will tend to diminish growfh. A
prccipitate sometimes forms at a grain boundary which grows and
checks grain growth.

Andrade & Aboav (loc cit) did not find any difference
in the behaviour oficadmium containing 70/it of lead and cadmium
containing less than 1/ii, whereas addition of 40/} of copper to
cadmium had a significant effect if the temperature exceeded
IOOOC, This they attribute to the fact that scluble impurities do
not have a2 marked influence on the rate of growth, Beck et al
(1949) reported a rapid increase of gfain diameter in aluminium=-
manganese alloys when thé splubility limit, which increases with
the rise of temperature, was exceeded.

There is a considerable amqunt of indirect evidence that
the interfacial energy of the grain boundary is responsible for
grain growth but the precise nature of fhis driving force is not
completely known, Assuming that the grain growth was due to the
interfacial ensrgy of the grain boundary, Harkér and Parkexr (1945)
havé shown that grain boundary migration'shquld occur conly when
the grainifaces‘are'curved or wheﬁ they meet at non-equilibrium
angles, Harker and Farker (loc cit) argued that when the grain
face is curved with a centre of curvature within avgrain A . *the

atoms in the surface of

[{e}

rain B are in contact with a larger
proportion of atoms belonging to grain B than of atoms belenging
to grain A, At the interface the atoms will sometimes be attached

to grzin A and sometimes to grain B, due to thermal vibrations, but

o

because of the cuzvature, the atsms azre more tichtly bonded to the
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surface of g¢rain B than that of grain A, and there will be a net

milary

miqration from A tc B. Using a si argument, they showed

that if three arain faces meet along zn edge zt an angle scther

o . P s 1 s 2w .
the grain included in the most acute angle will be

than 120
consumed, and the grain boundary will migratg ints that grain,
The rate of migration will increase with increasing temperature
and increasiﬁg displacenent from tﬁe equilibrium configurztion,

In all the ;pecimens vie found that,at equiiibdriuve, @
large percentage of grain boundaries wWas still curved but the
curvature was never great, and the interfacial angles varied to
é g:eat‘extenﬁ as viell.

Smith {1948) defines the net curvature of 2 face as
the:sum'of the two ;urvaturesvabout axes normal to each cther.
if the algébraic sum-of these‘two cuivatures isAze;c, the face

will be equivalent to a plane face as far as its tendency to migrate

of a;l boundaries, being dependént on the relative orientation

of grains, may not be equal and hence the equilibrium interfaclal

anole may be ¢ifferent from 120°.
We have bean able to show that, in the.caSe df silver

aﬁd nickei, the atmbspheré in which spesimené are‘annealed strongl?

influences the growth. Annealing silver and nickel specimens in

air resulted in a significant reduction of grain diameter and growth
rate when compared with similar treatment in pure nitrogen or in

. -3 o L v - . -
vacuum (10 ~ terr). This is most probably due to the formaticn of
metallic oxides which accumulate at grain’ boundaries and retard

grain boundary migration.
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It has been suggested (R.E. Reed-Hill, 1966) that
éreferred crientation can affect the measured rate of grain
growth, Uith this in mind, reduction to the final thickness of
specimens used in experiments was effected by cross-rolling.
The final thickness of the specimens was always more than 10
times the equilibfium grain diameter which rendefs the growth
unaffected by specimen thickness, Andrade and Aboav‘pointed out
that the rotatiqn of plane boundaries at a given tempefatﬁre
which accompanies the growth of large grains, leads to the
termination of grain growth,

The probability of a transfer of atocm from one grain
to another is governed by a humber of féctors, such as the stepped
"nature and dimension of the.boundaries détermined by thé
difference of boundary energy, due to relative oriehtation, a
factor which varies wifh_the temperature.

| Feltham (1957) showed that the average number of grain

sides increase systematically éo a determined limit with the size
of the grain. This was later confirmed by Andradé & Aboav,. The
averagé numbeIVOf sides or number of corners for grains of
..FfitiCal'diameter,xt, which is a determining factor ip the growth
process;fcomes ouf to be 5.7. Crains with the average number of
. sides sﬁélier Lhan 5.7_deciease in size, redﬁting the number éf
sides down to fi?e, fcﬁr or three before complete take over by a
‘1arge giain. Cn the other hand, grains with the average number
‘of sides greater than 5.7 will grow at the expense of smaller
grains, till éheyfattain charécteristic stable grain size, For

the large grains, some of the boundaries are slightly curved. The



grains of smallér diémeter vhich are stsble at a given temperature,
have three, four or occasionally five sides which may have a slight,
but not mérked curvature,

It has been suqgested that small distortions of the
lattice in the vicinity of corners is reSponsible fer the
~curvature of the boundary. The equation De% = C(T - To) implies

that at temperature clcse to T s the stable grain size will be

extremely small 1.2, of atomic dimensions, As the growth process

[}

is Irreversible, it will nct be possible to reduce the grain siz
appreciably by decreasing the temperature %o TO. It wes in
fact suggestsd by Andrade & Ahoav . that i1f metallic vapours
could be condensed at 2 very low temperaﬁure, théreby prcducing
the metal in a non-crystalline (vitreous) state, it wviould remzin
0 with rise of temperature until TO was reached and at temperatures
slightlyvin excess of TO, would crystallize to very small grains
only. Hilsch (1960), Hiisch and Minnigerode (léél) have shown
that metals can exist in a stéble non-crystalline state at low

' o]
temperature, They produced thin films abcut 5C0 A in thickness
of varicus metals by "quenching condensation" from the vapour
state onto'a veiy cold substrate. These thin films did not show
. propertieé normal for metals reduced in the éolid state to
femperatures approaching to that of liquid helium, X-ray and

electron diffraction tests have shown that with many metals, -

thallium

including zinc: and *for which the T - To law has been established
by Andrade & Akoav, ' . - the film is not amorphous
in structure but consists of crystalline fragments of linear

dimensions about 100 to 200 A.
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It is worthwhile to draw attention to the fact
that for certain metals the values of the Debye
temperature and inceptive temperature are in fairly
good agreement. Lindemann's values of Debye temp-
erature for copper and nickel are 333 and 40I °K
respectively as given in Solid State Physics, I6,
( I964 ) which égree with our values of 359.5 and -
404 °K for these metals but thevalues for lead and
silver show wide differences with the Lindemann's
values, L . '
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Table (2) (a)

. T. L. Specimen (35)

- 59 -

Grain growth of tadanac lead at 59°C compared

with the formula N = N_ (1 + Pe-qt)

Ne = 2,51 (mm-l)
q = 1.960 (hr 1)
'zl?zins) Nobs (mm-l) Ncal (mm-l) Nobs - Ncal
o 4.088 4.094 -0.006
10 3.653 3.860 -0.197
30 3,495 13,481 0.014
60 3.100 3.110 - .010
100 2,830 2.829 0.001
140 2,679 2,681 ~0.002
_éoo 2.578 2.573 0.005
4100 2.520 2.510 0.010
’

contd,
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Table g?!a

T. L. Specimen (33)

Grain growth of tadanac lead at 79.5°C compared

with the formula N = N, (1.+ Pe-qt)

N, = 1.707 —
qg = 1l.270 (hr-l)
il?%ins) Nobs (mm-l) Ncal (mm-l) Nobs - Ncal
0 | a2 3.711 0.114
10 - 3,376 3.347 0.031
20 3.038 3.023 0.015
a0 | 2563 2,563 0
60 2.266 2,270 -0.004
80 2,066 2.081 © =0.015
100 1,952 Colesy 0.003
120 . 1.876 1.366 0.010
160 1,766 1.775 =0.009
C240 | 1720 1720 0
1380 [ - W . -0.002

contd.
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Table §2!a

T. L. Specimen (30)

 Grain growth of tadanac lead at 100°C compared with

-ﬁ‘

tﬁe formula N = N_ (1 + pe %)

Ne = 1.196 (mm-l)

q = 1.630 (he™)

:l?;ins) Nébs (mm-l) Ncal (mm-l) Nobs - Ncal
o 2,120 2.118 0.062
10 1.912 1.915 -0.003
20 1.737 1.733 : 0.004
30 1,595 1.598 . -0.003
50 1,440 | 1.438 0.002°
100 1.257 1,257 0

1200 1.197 Ll 0.ccl

contd.
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Table (2)a

T. L. Specimen {37)

Grain growth of tadancc lead at 118°C'compared
with the formula N = N_ (1 + ety

0.905 (rm™7)

N, =
q = 2.04 (hr-l)
;lm;ins) Noias (mm;l)" Ncal (mm-l) qus - Hcal
0 3.983 1,995 2,088
5 2,560 1.724 0.835
10 1,885 1,603 0.282
20 1.407 1.40% 0.0C1
30 1.274 1.266 0.0C3
40 1.160 1,159 0.001
55 1.005 1.056 -0.001
70 0.993  0.006 -0,003
130 - 0.917 0.917 0
400 0.905 oo | o

contd,’
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Table {2)a

T.L. Specimen (31)

Grain growth of tadanac lead at 124°¢ compared with

i

the formula N =1N_ (1 + pe” %)

N, = 0.852 ma~!
qg = 2.13 (hr-l)
;‘?;ins) Hobs (mm-]) Neal (mm-l) Hobs —- Neal
iO | 2.127 1,803 - 0.324
5 1.833 1.662 0.171
15 . 1,440 1,423 0.017
25 1,235 1,246 -0.011
3B 1,131 | 1,131 0
435 1.042 1,044 - =0,002
60 | = 0.966 0,966 0
L, 90 | 0.893 © 0,891 0.002
120 0.867 »v 0.866 - ' 0,001
200 - ..0.852 ' 0.852 . . 0

contd.
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Table (2)a

T.L. Specimen (32)

Grain growth of tzdznac lead at 157°% compared with

the formula N =N_ (1 +Pe )

N, = 0.59 —
‘q = 2,90 (hr-lj
time
t (mins) Nobs (mm-l) Nea1 (mm-l) Nobs = Neal
o - 2,088 |  1.516 0.572
10 1,174 1.162 - 0.012
20 0.948 0.545 0.003
30 0.801 | _0.807 -0.CC6
40 ._»0.712 0.723 ~0.011
60 . 0.642 0,640 0.602
720 0,60 0.590 0.010

contd,.
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able (2)a

T.L. Specimen {34)

. o .
Crain crswth of tadanac lead at 170°C compared with

i
=
~~
o
-+
as)
(3]

the fqrmula M

N = 0.325 {mm 1)

time
t {mins) Hobs r:fl) “eal (tm'l) Fobs = Heag
0 1.535 1,491 0.2¢4
13 1,020 1.010 0.0i@
25 0.762 0,773 =002
33 0.662 0.6£8 ~0.006
45 G 09 G.oC7 202
65 0.253 0.952 0
245 G.528 0.523 0,203




compared with the formula N = M (1 +¢ ;-C‘t)
Temperaturs = 040%
Ne = 4,34 per om
q = 0,103 (hr-l)
“El?gr?.;) I"ch>bs (mm-l) Fen (rrm-l) Mobs = Nea1
0 .23 725 1.88
1 7.33 6.87 .56
3 6.54 6.48 0.Ch
7 5,73 5,74 -0.01
13 5.05 5,10 -0.03
19 4,72 473 -0.03
26 4.54 4,54 0
31 4,47 4,46 0.01
51 4,35 4,35 0
183 4.32

contd,.




Table (2)b

Grain growth of silver specimen J.M.S. (15) at ¢C

c~mpared with the fermula N = Ne (1 + Pe—qt)
N, = 477 —
q = 0.092 (hr'l)
time
; - -1 i - N
"~ t (hrs) Nobs (zm 1) Ncal (mam ) Bobs Rea1
2 16.69 16,03 0.65
7 15,34 11.89 3.45
17 9.61 7.64 1.97
22 6.60 6.62 "0002
32 5.50 5.50 0
37 5,21 5.2 -0.01
45 5.00 4,59 0.01
67 4.77
131 4.73

‘contd.
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Table (2)b

-

. . R . o -0
Grain growth of silver specimen J.}M.S. {19) at 835 C
s - N -qt
compared with the formula N =8 (1 +Pe ™)
< _

5,44 (mm’l)

N o=
e
-1
q = 0.080 (hr ")
Ctime
1 - ] - 1 - !
t (hrs) Lobs (rm 1) Jcal (mm_;) Nobs Ycal
0 22,85 41.83 -18.98
18 - 13,80 13,87 -0.07
40 6.5 6.3 - | 0.02
55 5.96 5,89 0.07
80 5.50 | 5.50 0
105 5.44
1345 5.43

contd.



‘Table QQUZ

Grain growth of silver specimen J.M.S, (16) at 800°C
. " .
compared with the formula N = H (1 + Fe qk‘)

6.42 (mm_l)

Ne =
-1
q . = 0.067 {(hr )
tire - ' ,
t (hrs) Nobe (mm~1) Neal (mm-l) Pobs ™ Nea
0 8.44 8.43 0.01
42 6.54 6.4 0
107 6.43 6.42 c.01
387 6.41 £.42 -0.01




Table (2) (c):

“ Grain growth of copper (C.F.H.C.) compared with

- 70 -

the formule N =1 (1 + pe~aty
Temp, = 676
N, = 15.45_(mm-1)
q = 2,14 (hrfl)
time
t (mins) | Hobs (mm-l) Nea1 (mm-l) Hobs = Meal
0 19.30 19,22 0.08
10 13.08 18.05 0.02
20 17.26 17.27 -0.01
42 16,34 156,30 0.04
65 15.81 15.82 -0.01
%5 15,48 15.57 -0.09
220 15.47
4120 15.51

contd,




- 71 -
Table {2)c
Grain growth of copper (C.F.H.C.) compzred with the

formala N = g (1 + Pe-qb)

Temp, = 730C
. P, - "1\
M, =.13,25 {mm 7}
q = 2,75 (hrY)
time .
: - B - N, - X
t (mins) Nebs {(mm 1) Peal (ma 1) lobs cal
0 12,31 12.34 0.17
15 16,42 15,232 0.03
25 153?_’_’ 15.29 ‘0-07
49 14,30 12,31 =0.31
75 13,60 13,54 0.06
4275 | 13,25

contd,
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Table (2)c
Grain growth c¢f copper {C.F.H.C.) compared with
the formula ¥ = X (1 + Pe-qt)
Temp., = 780°C
K, = 1L (re )
aq = 3,328 (hrJl)
tire N - i -1 M - n
t {mins) obs {rm °) cal {rm 7) “ebs cal
0 15,49 15,20 2.5%
5 15,69 13,56 0.13
15 13.65 13,71 =-0.,G6
30 1230 12,30 0
40 11,84 1 11.85 -0,01
55 11.51 | 11.51 0
85 11.25 11.30 -0.05
145 11.28
3145 11,23

contd,
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Table (2)c
Grain growth of copper (CC-5) compared with the

fornula N = N_ (1 + pe~aty

Temp, = 807°%C
N, = 10.24 (mm'l)
q = 3.83 (hr})
ilT;ins) Nea1 (mm-l) Nobs (mm-l) Nobs = Neal
0 15.56 15.56 0
5 VR . 13.91 -0.24
10 13,10 | 13.12 0.02
20 11.81 | 11,93 0.12
30 1.12 1.1 -0.01
45 10.64 10.64 | 0
65 10.42 . 10.42 0
3965 10.31 |
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Téble (2) (d)

Specimen = NR (8) Nickel

Temperature = 840°C
N, = 6,20 (mm'l)
q = 3.79 (he™h)
time '
t (mins) N (man ) | NN, 1n-(N/Ne~') | R=D; /D,
0 11.59 1.869 1.86 0.54
10 8455 1,379 I.osA 0.72
25 7.27 1,173 2.25 . 0.86
40 6.68 1.077 3.4
60 6435 . 1,024 . 2.27
80  6.23 1,005 6.70
1520 6,21 -~ lo02 | 7.79

contd,
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Table (2)d ‘
| Specimen = MR (10) Nickel
.Temperature = 790°C
N, = 7.07 (mm'l)
q =. 2.90 (hr™1)
Ei?;ins) N (mm'l) N/N ln{N/N ‘1) R=D,/D
, e e i"7e
0 13.30 1.881 1.e7 0.53
20 8.29 1.173 2.25 0.85
40 7.51 1.062 3.22 0.94
60 7.25 1.025 4.31
80 7.13 | 1.009 5.29
160 7.11 1,006 | 6.e8
4060 7.10 1,004 | 5.48

contd,.
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Table (2)d

~ “Specimen = NR (9) Nickel
. Temperature =: 740%
N, = 8,30 (mm-l)
q = 2,15 (h_r"l)
time -1 4
t (mins) | N (m™) | WA | A -D)| reD,/D_
0 12,41 1;495 1.30 0.67
20 10.00 | 1.205 2.42 0.83
40 9.29 1.119 3.87 0.89
60  8.83 1.064 | 3.25
80 8.53 1.028 | 742
120 18,27 |
5880 8-29

contd.
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Table (2)d
. Specimen NR (5) Nickel
" Temperature 670°C
N, 11.00 (ma 1)
q 1.32 (b))
time : -1 N .
t (mins) N (mm ) N/T‘!e 1:»(1:/1\:6 —I)_ R=D, /D
0 20.81 1.892 1.89 0.53
20 17.50 1.591 1.47 0.63
60 15.94 1.449 1,20 0.69
140 11.45 1.041 |  4.81
200 11.17 1.015 5.80
320 11.09 1.008 5.17
3320 11.01 1.001 7.09

contd,
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Table (2)d

Specimen = NR(1) Nickel (Annealed in air at
atmospheric pressure)

Temperature = 740°C
N, = 9.50 (mal)
q = 1,97 (hr )

time - - .
t ?hins). N (mm 1) N/ﬁe ln(a/xe-l) R=Di/b

e
0 16.30 1.737 1.70 0.5¢
40 | 11.45 1.205 3.42. 0.83
g0 | 11.0c | 1.053 3.06 0.95
130 9.60 1.011 5.49
300 9.54 1.004 6.43

1320 9.54 | 1.004 6.48
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VTable (3) (aj

Relation between q and T for Tadanac lead:

In q = 1n a - QfT
1 q = 4.883 - 1635
: T
q in hrl
T in %K
Q= 1636
T %K 9bs (hr-l) 9al (hr_l) 99bs - Yeal
332.0 0.96 0.956 (0.96) 0
352.5 1.27 1.265 (1.27) 0
373.0 1.53 1.644 (1.64) -0.01
1391.0 2.04 2.011 (2.01) 0.03
397.0 2.13 , 2.143~(2.14) -0.01
430.0 2.90 2,940 (2.94) - .04
443,0 3.29 3,284 (3,28) 0.01




Table {(3)b

- 80 - .

Relation between g and T for silver

: ln q= 1n a- o (qin he™T)

I q=1.002 - /3 (T in °k)

Q = 3975

[o SR [e}
tC)TK qobs‘(hr-l) 9cal (hr—l) 9bs =~ %cal
goo | 1073 | 0.057 0.067 0
855 | 1128 0.080 0.080 ° -0.0003
900 | 1173 0.092 0.091 2 0.0001
940 | 1213 | 0.103 0.102 ° 0.0002




Table (3) (c)
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Relation between g and T for copper

ln,a - /T (q in‘hr-l)

ln o

5.485 - 4484

AT 1n %)

‘ T
Q = 4484
(o) (o}
e T qobs qcal qobs - qcal
676 949 2.14 2.14 0
730 1003 2.75 | 2.76 -0.01
780 1053 | 3.38 | 3.41 -0.03
807 1080 3.83 3.80 ~0,03
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Table $32d

- Relation between g and T for Nickel

B 1n g= ln a - QT

= 7.23 - 6556/T
where q is in (hr-l)

T is in %K

Q= 6556
' i
i
t% | T% -1 q -] q - q i
9bs (hr™ ") cal (hr 7) obs cal |
670 | 943 1.32 1.32 0
740 | 1013 2.15 2.14 0.01
840 | 1113 3.79 |  3.82 -0.03
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Table 54!

Activation energy of grain growth and latent heat

- of fusion, F, (K cal/mole)

tetal Qﬁii‘,fit;” ﬁ?t‘?ﬁﬁi?ﬁa&,‘ e/‘: M FM/ T
Lead 3,249 1,147 | 2.833 1.912
Silver 7.894 2.70 2.924 | 2,188
éopper 8.910 3,14 2.836 | 2.316
Nicgel 13.c20 421 3.093 | 2.439

€ = Activation energy (Kcal/mole) .
F)y = ‘Latent heat of fusion (Kcal/mole)
T, = Melting Point of the metal (%K)



'- Table (5) (a)
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LEAD
P!

§§§C1- Temp. | 1 % Ve 1. % Pey 1gT-1 T 'Lw

bmber | ¢ C (m ™) (mm) (mm®) [("K™") [ (hr ) q
4 {x10-3 -

35 | s9 | 332 | 2.510 | 0.398]0.631 |3.012 |0.960 |T.959
33 | 79.5| 352.5| 1.707 | 0.585| 0,765 [2.837 [1.270 |0.239
30 {100 | 373 | 1.106 | 0.835|0.012 |2.681 |1.630 |0.489
37 |118 | 391 2] 0.905 | 1.111]1.0%4 |2.558 |2.040 |0.713
31 |124 | 397 |o0.852 | 1.174 1.084 |2.519 |2.130 |0.756
32 [157 430 |0.590 | 1.695|1.302 [2.326 [2.900 |1.065
2 |170 |442 10.525 | 1,905 1.381 |2.257 |3.290 |1.101

contd.
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_Table {8) (b) SILVER | - - ;

. - T -
Speci- Temo. | — o, Ne De De , 1/12 q 1an

men' LS T K el | em) | (o) | (O87H| (het '

Number o b i )

x10-4

JNS(16) | 800 | 1073 | 6.42 |0.155 [0.355] 9.320 | ©.0%7 | 3.297

JMs(19) | 855 | 1128 | 5.44 |o0.184 |0.429] 8.865 | 0.ce0 |3.474

JMS(15) | 900 | 1173 | 4.77 |0.210 [C.458| 8.525 | 0.0%2 |3.614

Jus(o) | s40 | 1213 | 4,34 ]0.230 [0.420| 8.244 | 0.103 |3.727 |
kIis(7) | 660 | 933 | 12.60 |0.0794{0.282|10.718 | 0.0113]3.516

$J15(6) 740 | 1013 | 10.99 [0.0210}0.302| 9.272 | 0.01€G|5.865

* JLiS(7) and JKS(6) have been annealed in air whereas
all other specimen have been annealed in nitrogen

afmosphere.

contd,
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" Table {5) (¢)  COPPER
1
Speci= Ne . De De t T o
- 1 q - nq
Ei? (man 1) o | (OC) (OK) 1/T obs(hr ) | obs
x10™°
0C(4) | 15,45 [0.0647| 0.254 | 676 | 949 |10.54 | 2.14 0.761
‘£c(2) | 13.35 {0.0749| 0.274 | 730 11003 | 9.97 2.75 1.012
Ec(3) |11.25 o0.ces89| 0.298 | 780 {1053 | 9.50 | 3.38 1.218
cc(5) | 10.34 {0.0967| 0.311 | 807 | 1080 | 9.26 | 3.83 1,343

contd.




Table (5) (d)

ICKEL

87 -

;gicr zem - TOK N, | D, D 3+ % l‘g_l ?h R 1: q;
No. ( ) ("K) (mm-") () e, ) T ) (hr
x10=%

NR(5) 670 943 | 11,00 |0.0%09 | 0.302 [10.60 | 1.32 | 0.28

NR(9) | 740 1013 | 8,30 {0.1205 | 0.347 | 9.87 2.15 0.77

NR(10) | 790 |1063 | 7.07 |0.1414 | 0.376 | 9.41 | 2,90 | 1,07

NR(8) | 840 |1113 | 6,20 {0.1613 |0.402 | 8.98 | 3.79 | 1.33
PFNR(1) [ 740 1013 | 9.50 |0.1053 [0.325 | 9.87 | 1.97 | 0.68

* The specimen NR(1) was annealed in air at atmospheric

pressure, whereas all the other

annealed at l0-3 torr.

specimens have been
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'Tablegiéj (a) o ' . -

Specimen = JMS(7) silver (Annealed in air at
' atmospheric pressure)
Temperature = 660°C
N, = 12,60 (mY)
q = 0.0113 (hr'l)
time t | N In

(hrs) (mm;l) N/Ne '1(N/Né‘1) R= Ne/Ni

0 23,25 | 1.845 | 1.83 0.54

7 19.63 1.558 | 1.42 0.64
24 17.42 | 1.383 | 1.04 0.72
46 116,25 | 1.290 | 2.76 0.78

90 14.88 | 1,181 5,29
140 | 13,73 |[1.090 | 3.59
210 13,21 | 1,048 | 4.96
300 12,78 | 1.014 | 3.73

392 | 12.68 | 1.006 | 6.88

contd.,
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Table (6) (b)

Js(6) Silver (annealed in air at

Specimen =
' atmospheric pressure)
Température = 740%C | |
N, = 10.99 (mm™0)
q - = 0.0160 (hr™})
time t N ﬁ'm

(hrs) | (maly | ¥ (=Y | R= N/,

o | 24.98 2,273 0.24 0,44
7 | 18.87 1.717 | T1.67 0.58
24 16.81 1.330 1.37 0.65
46 | 14,64 | 1.332 3.50 0.75
90 12.76 | 1.161 2.17 0.86
140 11.82 1.076 3.42
190 | 11.40 1.037 7,70

Lo
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Table {(7)-

Specimen = JK¥S (3) Silver (annealed in air)

at atmospheric pressure,

- 90 -

zeggerature ?Sm'l) ?ﬁm) De%
450 22,24 | 0.0449 | 0.212
600 14,90 | 0.0570 | 0.259
660 12.60 | 0.0794 | 0.282
700 11.30 | 0.6530 | 0.297
740 10,99 | ©0.0910 | 0.302
800 9.70 | 0.1030 | 0.321
900 7.66 | 0.1305 | 0.351




' Table (8)a

- Statistical distribution of grain size in lead,

according to the formula

-9l -

-

2.'/Zm = exp Eoc 2 {(x/xmfa— -

-

i

X, = L2
z = 38
- -

TR e et F=cX I P
0 - 0.50 22 0.25 | 0.208 | 0.46 | 0.06
0.51 - 1.00 222 0.75 | 0.625 | 0.79 | 0.68
1.01 - 1.50 | 328 1.25 | 1.04 1.02 | 1.00
1.51 - 2,00 186 1.75 | 1.46 | 1.21 | 0.89
2,01 - 2,50 90 2.25 | 1.88 1.37 | 0.27
2,51 - 3,00 63 2.75 | 2.29 1.51 | 0.19
3.01 - 3.50 30 3.25 | 2.71 1.65 | 0.09

| 3.51 - 4,00 12 3.75 | 3.13 1.77 | 0.037
4.01 - 4.50 4 4.25 | 3.54 1.88 | 0.012
4.51 - 5.00 4 475 | 3.96 1.99 | 0.012
5.01 - 5.50 -




Table (8)b .

Statistical distribution of grain size in silver

according to the formula .

=92 -

/5, = o | ()t 117

Xn T 1.3
z = 272
Range of (d:\l:?ter b;z-:;:dgf-ains gzgg:g:r' ;/_xm (x/x.m--)% Z/Zm
range (2) X _
0 0.50 10 0.25 0.19 '0.44 | 0.04
0.51 - 1.00 140 0.75 . | 0.58 | 0.76 |0.52
1.01 - 1.50 269 1.25 0.96 | 0.98 | 0.99
1.51 - 2,00 224 1.75 1.35 | 1.16 |0.82
2,01 - 2.50 116 2.25 1.73 | 1.32 |0.43
2.51 - 3.00 73 2,75 2,12 | 1.46 |0.27
3.01 - 3.50 46 3.25 2.50 | 1.58 |0.17
3.51 - 4,00 28 3,75 2.89 | 1.70 |0.10
4,01 - 4,50 10 4.25 3.27 | 1.81 |0.04
4.51 - 5.00 4 4.75 3.65 | 1.91 |0.01°
5.01 - 5.50 4 5.25 | 4.04 | 2.01 |0.01°
5.51 - 6.00 2 5.75 | 4.42 | 2.10 |0.007]
6,01 - 6.50 1 6.25 481 | 2.19 |0.004




" Table fszc
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Statistical distribution of grain size in copper

according to the formula

/2, = o [ (/) - 117

X =, 1.3
z = 320
Range of dianster | 10°0) ¥\ (ISR %y | Gind|7/z,
range (2) x

0 0.50 13 0.25 0.19 | 0.44 |0.04
0.51 - 1.00 136 0.75 0.58 | 0.76 |0.43
1.01 = 1.50 320 1.25 0.96 | 0.98 |1.00
1.51 - 2,00 234 1.75 1.35 | 1.16 |0.73
2.01 - 2,50 130 2,25 1.73 | 1.32 [0.41
2,51 = 3,00 65 2.75 2.12 | 1.46 |0.20
3.01 - 3.51 37 3.25 2.50 | 1.8 |0.12
3.51 - 4,00 17 '3.75 2.890 | 1.70 |0.05
4.01 - 4.50 4 4.25 3.27 | 1.81 |0.01
4,51 - 5,00 3 4.75 3.65 | 1.91 |0.009
5.01 - 5.50 2 5.25 4.04 | 2.01 |0.006
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Table (8)d
| Statistical distribution of grain size in nickel
according to the formula z/zm = exp [—ccz {(x/xm)% -1 12]
' -xm = 1.3 :
y A N = 376
Ronge of diamsters/ {700 275I0%) ISR | S | Gy B 22,
range (Z) (x) _
0 - 0.50 10 0.25 | 0,19 | 0.4 |o0.02
0.51 - 1.00 134 0.75 | 0.58 | 0.76 | 0.36
1.01 - 1.50 | - 372 1.25 0.96 0.98 | 0.99
1.51 - 2,00 260 ' 1.75 1.35 1.16 | 0.69
2,01 - 2.50 a2 2,25 | 1.73 | 1.32 | 0.35
2.51 - 3.00 Y 275 | 2.12 | 1.46 | 0.14
3.0 - 3.5o}> 20 325 | 2.50 | 1.58 | 0.05°
3.s1-400 | 12 | 3.75 | 289 | 1.70 | 0.03%
4,01 - 4,50 4 4.25 | 3.27 | 1.8 | 1.0}
4.51 - 5.00 2 4,75 3.65 1.91 | 0.005
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