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CHAPTER I

INTRQDUCTICN

1.1 Intercrystalline Creep Faillure

The fracture of polycrystalline metals muy occur in two
ways, When the fracture path passes through the crystols or
grains, the separation is sald to be transcrystalline or
transgranular. When the fracture path follows the bounduries
between differently orientated crystals, the separation is
gaid to be intercrystalline or intergranular, The majority
of polycrystulline metals and wlloys, when subjected to
certain conditions of stress at temperatures greater than
0.5 Tm (Tm — melting temperature), display the inter—
crystalline mode of failure, In general, this type of
fracture occurs under creep conditions when the applied stress
system produces low strain rates and long rupture lives. Tow
ductility, as measured by elongation and reduction of area at
fracture, characteriges the failure, The results of extensive
research (reviewed in section 1.3) have established thut the
failure is initiated by the nucleation and subsequent growth

of sub-microscopic fissures in the grain boundaries.

Although the intercrystalline rature of the failure was
realised early in the twentieth century, it was only after
the Second World Var that progress was made in advancing
theories to explain the rhenomenon, A considerable portion
of the research effort hus been directed towards the deter—
mination of the mechanisms of nucleation and growth of the
grain voundary discontinuities. While this approach has the
best chance of producing high strength, high temperature
alloys not subject to sudden cavitation failure, the engineer
has to use the available materiils of today in the
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constructicn of components encountering creep condilions,
Although it is necessary to obtair better creecp resisting
alloys, information is also regqulred on the effects of
internal discontinuities in the alloys which are currently
used. The question arises as to whether the appearance of
holes in the material constitutes Tallure. Since poly—
crystalline metals and alloys already contain holes of atomic
dimensions, by way of crystal imperfecticns and grain inter—
secticns, the relative size of the internal hcele will featurs

prominently in the answer to the above guestion. @t e

&

Metals and alloys, when tested under conditﬁons of
stress and temperature which produce intergranuler failure,
do not always exhibit grain boundary cracks behind the
fracture surface. It is assumed, in such & case, that a
single crack, once nucleated, propagates rapidly across the
load bearing area and causes sudden faillure. The engineer,
therefore, is concerned with the effect of stress concen—
traticons generated by the presence of the internal
discontinuity. The size, shape, and number of intergrasnular
discontinuilies have been found to vary with strain rate
(eg. Gittins and Williams 1967), with stress (eg. Nemy and
Rhines 1959}, and with combinations of stress und tempersture
(eg., McLean 1956 — 57), In addition, the ductility of metals
and alloys exhibliting intercrystalline failure varies with
the parameters stress, strain rate and temperuture (eq,
Greenwood et al, 1954), thus indicating that the effect of &
stress concentration also depends on those parameters.

Consider, for example, the situaticn where a metal
cemponent is subjected to periods of creep at a high tempera—
ture at a small stlress and then subseguently subjected to
periods at a lower temperature at a larger siress.
Discontinuilies developed in the grain boundaries at the high
temperature, but having little effect under those conditions,
nmight produce catastrophic fallure at the lower temperature.
In situaticns where the applied stresses are known to be
uniaxial, the engineer may be able to predict possible
component life using creep rupture data, 1f available, for
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the material, However, the uge ¢f the uniaxial data for the
prediction of creep behaviour under multiaxial conditicns
would be inadmissable since the growth of intergranular
discentinuities is affected by the stress system — eg, Hull

and Rimmer 1959, Ratcliffe and Greenwood 1965, Therefore,
‘uniaxial and multiaxial creep properties may not be equivalent,
The lack of suitable multiaxial stress creep data forces
deslgners to make use of thke available uniaxial data and not
all are aware of the dangers inherent in the substitution.



1.2 Objeebtives of Lne Reseurch

The main objective of this research was to determine
the effects that intergranular discontinuities have on the
creep properties of a metal or alloy under different
conditions of stress and temperature and under different
stress systems, It is hnoped that guidance to engineers
using cavitation prone alloys wounld be given by providing
answers to the problems, concerning stress concentrations

and multiaxial stress systems, ralsed in the previocus section.

The first step in the investigation was to develop a
method of producing samples of a material with o controlled
amount of intergranular discontinuities. The creep properties
of tnis material, at a high crecp temperature (very much
greater than 0.5 Tm) and at a low creep temperature (about
0.5 Tm), would be compared with those of the untreated
material, Comparison of creep properties between the two
temperatures, under uniaxial conditions, would be carried out
using rupture life or minimum creep rate as the correlating
parameter, Comparison of the effects of discontinuities
under uniaxial and multiaxial stress systems, at the same

temperature, would be made at similar values of 'effective!
stress, since that is the most common 1link, used by engineers,

.0 correlate behuviour under difflerent stress systens,
to correlate beh nd 1ifferent stres yatbe

Although many qualitative and guantitative tneories
have been proposed for the mechanisms of nuclealion and growth
of cavities, experimental evidence is not conclusive in all
cases, During the development of a method for producing a
cavitated material, and during the creep testing of that
material, wmore information regarding nucleation and growth is
likely to accumulate, Attempts will be made to correlate the
new data with the work of previous researchers. However, it
is not the objective of thls research to formulate any new
theories regarding the nucleation and growth of grain boundary
discontinuities, but, it evidence of a previously unreported
mechanism is found, it will be recorded, The eflfect of
environment on the nucleation and growth of cracks is of
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importance to the engineer and this toplic will be studied,.

Before selecting a material Tnor the project and suailt—
able methods of testing, it was advisable to study the work
of previous researchers on the effect of cracks on the creep
properties. It was also necessary to become acquainted with
the theories of nucleation and growth in order to understand
the nature of the discontinuities. This latter condition was
essential if correlation with previous work was to take place,

Hence, the next section describes relevant previous studies.



1.3 Relevant Previous Studies

1.3.1 The Nucleation and Growth of Intergranular

Discontinuities

In the pust [ifteen years there have been many
reviews (Mclean 1957, Davies and Dennison 1958, Grant 1959,
Gifkins 1959, Gifkins 1963, Garofalo 1965, licLean 1966)
degcribing the state of knowledge on intergranular fracture
at their time of writing. More recently, Tapin (1970) has
produced a short review of cavitation with emphasis on
ductility. On the whole, these reviews have been impartial
and hszve related satisfactorily the evolution of the various
theories of nucleation and growth., The present suthor will
not provide another exhaustive review, but will briefly
record the more important points which have arisen, Recent
research on the problem hag tended to provide more inform-
ation on existing theories, supplementing qualitative
explanations with quantitative results.

Creép, under conditions of low stress and high tenpero—
ture (greater than 0,5 Tm), favours the formation of grain
boundary discontinuities. The discontinuities have been
found to ocecur as two distincet types. At tewmperainres in the
region of half the melting point und relatively high siresses,
the predominant mechanism of fallure is that of triple point
c¢racking, Wedge shaped cracks open up at the junction of
three or four grains and propagate under the action ol the
applied stress to cause failure, At temperatures nearer the

+

'cavitation' mechinism

melting point and much lower stresses a
of fracture is dominant., In this case, small voids are
nucleated at intervals along the boundaries and these grow,
with the help of the applied stress, to link up and cause
complete failure, The appearance and extent of intergranuluar
cracks are strongly offected by grain boundary migration
(Chang and Grant 1953, Chen and Machlin 1960) and by enviro—
ment (Intrater ond llachlin 1959, Scaife and James 1968),
However, the effect of the latter is related to the control it
exerts on grain boundary migration (Chen and lMachlin 19607,

The effect of envirorment is reviewed in & subsequent churter,
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The conditions of stress and temperature which favour
the formation of intergranular discontinuities are also those
which favour grain boundary sliding. It is now generally
agreed that some degree of grain boundary sliding is necessary
for the nucleation of both triple point wedges and grain
boundary cavities, but its role in the growth mechanism is
still uncertain.

A triple point crack may be nucleated when grain
boundary shear produces a stress concentration at the
junction of three grains. In the absence of grain boundary
migration or intergranular deformation to relieve the stress
concentration, a wedge shaped crack may open up to provide
compatibility for continued deformation, Although this
mechanism was first proposed by Zener (1948), Grant and his
associates pioneered the study of triple point cracks with
surface observations onfﬁiuminium and its alloys (Servi and
Grant 1951b, Chang and Grant 1952, 1953). The criticism of
their work is that processes on the surface may not be rep—
resentative of processes in the interior of a polycrystalline
aggregate, Hence, much effort has gone into comparing the
extent of grain boundary sliding in the interior with that
cccurring at the surface.

Since Rachinger's observation (1952) that Y (ratio of
elongation due to sliding to total elongation) could be as
high as 0,87 in the interior while only 0,20 at the surface,
there has been a steady flow of results on the same topic,
Rachinger used a grain counting technique which was
subsequently criticised by others (eg. McLean 1957) on the
basis that grain boundary migration would tend to round off
grains in the interior. Rachinger, however, provided further
evidence to confirm his results (1959)., Other researchers
(Ishida et al., 1965) using an internal marker technique, as
well as the grain shape method, showed the latter to give
larger and more variable values of Y. Stevens (1966)
reviewed the values of Y obtained by different researchers
and came to the conclusion that the discrepancy lay in the
incorrect equations that the majority had used. However, hig
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values of Y, in the absence of large-scale boundary migration,
do seem unlikely., As Gibbs (1967) pointed out, grain

boundary sliding can provide only two independent strain
components (in the plane of the boundary) in localised regions,
Other intragranular deformation processes are necessary 1o
provide the three additional independent strain components

for compatible deformation under constant volume conditions,
(von Mises 1928),

The mechangim of growth of the triple point crack from
nacleus to a critical propagating length is still a matter of
some conjecture, The difficulty lies in the discrepancy
between experimental rvesulis and the values predicted by the
theory. Recently, Williams (1969) has proposed a model for
wedge crack growth based on the assumption that the opening
displacement at the crack tip is the resultant of a
component due to sliding in the grain boundary and a
component due to the stress concentration across the tip of
the crack., Complete failure occurs when the crack opening
displacement reaches a critical size and propagation across
-the load bearing area takes place,

The mechanisms of nucleation and growth of grain
boundary cavities have involved more speculation than those
of triple point cracks. Greenwood (1954), observing that
cavities formed mainly on boundaries transverse to the applied
stress axis, suggested that nucleation occurred by the
agglomeration of sufficient numbers of vacant lattice sites
to form a stable hole, However, Machlin (1956) showed that
the vacancy supersaturations necessary for homogeneous
nucleation of cavities were very much larger than those
likely to occur. Gifkins (1956) postulated that cavities
could be nucleated on sliding grain boundaries where intré—
granular slip had produced jogs in the boundary. Chen and
Machlin (1956) had concurrently come to a similar conclusion
that jogs were favourable nucleation sites,

The mechanism of growth of a cavity has produced two
opposing camps. On one side the view is held that growth



occurs mainly by diffusion of vacancies from the grain
boundary (Hull and Rimmer 1959, Ratcliffe and Greenwood 1965,
Gittins 1967)., On the other side, the view is held that
grain boundary sliding plays a much greater part than any
diffusion mechanism, (Davies et al., 1968, Davies and Williams
1969). Spark (1969) has proposed & mechanism of growth which
reconciles the two opposing views. He postulates that,
whereas the volume increase may be primarily due to streso—
induced grain boundary diffusion, the increase of area of
cavitated grain boundary may be determined primarily by
gliding,

Although the diffusion theory of growth applies gquite
well to pure metals, it has been found, h%ﬁeﬁér} that the
meagsured growth rate of cavities is significantly decreased
in more highly alloyed materials in much the same way as the
creep rate (McLean 1956 — 57), To explain this observation
Ishida and McLean (1967) propcosed that dislocations in the
grain boundary nucleated and aided the growth of cavities
when they became bowed round particles in the boundary.
Grain boundary sliding at 'non—wetting' inclusions or at
second-phase particles where adhesion with the matrix uhas
been overcome by the deformation process (Harris 1965, Green—
wood and Harris 1965) also seems a probable nucleation mode,
Further growth may then occur by diffusion and/or continued
grain boundary sliding.

Several other theories of cavity nucleation have not
found universal ucceptance because of insufficient evidence,
The proposed mechanism of a cavity opening at a grain/sub-
grain boundary intersection by sliding, (Preslond and Hutchin-—
son 1963) suffers from the possibility that the sub-boundary
migrated to the cevity after nucleation, The assumption that
small cavities already exist in the materia%wlbefore oréep
conditiong are imposed, rather begs the question of nucleation,
Condensation of dissolved gas molecules seems more likely to
be a stabilising mechanism for a cavity than a nucleating
mechanisn, '
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Until the advent of high accuracy density measuring
techniques, there was considerable speculation as to wheny in
the creep 1ifgﬁ.intergranular discontinuities first begin %o
nucleate, The density measurements of Boettner and Robertson
(1961) on copper and Ratcliffe and Greenwood (1965) on
magnesium have shown that nucleation begins in the primary
stage of the creep curve, Continuous nucleation of cavities
throughout the creep life seems probable and research workers
have used this concept to explain the observed variation of
density with strain and time (Greenwood 1963, Ratcliffe and
Greenwood 1965), and to formulate quantitative theories of
cavity growth (Speight and Harris 1967, Greenwood 1969,
Woodford 1969a, 1969b), Gittins (1967), using optical
microscopy, showed that cavities nucleated in copper at a
rate such that the total number present was proportional to
(time)O'B. However, Evans and Waddington (1969) used Gittins'
results to show that the observed increase in number of
cavities with increasing strain (and time) could be due to
the limit of optical detection., They support the view that
all cavities are nucleated during the early stages of the
creep life and the apparent increase in number is due to
their growth to a detectable size, The concept of continuous
nucleation, therefore, still raises some dissenting voices,

The conclusion to be drawn from this review of
nucleation and growth is that, although grain boundary sliding
has been established as a prerequisite for crack nucleation,
the mechadgﬁm or mechanisms of growth are still unresolved,
Nucleation by more than one mode with grain boundary sliding
seems probable, The case for growth by vacancy diffusion is
as convinecing as that for growth by sliding, The truth
probably lies in the compromise suggested by Spark (1969).
Whenever possible in the present research comparison will be
made with previous work in an attempt to resolve some of the
speculation,
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1.3.2 Effect of Grain Boundary Discontinuities on Creep

Properties

Few previous research workers have attempted to
examine the effect of similar amounts of internal discontin—
uities under different conditions of stress and temperature.
Some workers, for example, Nield and Quarrell (1957), Chen
and Machlin (1957) and Kramer and Machlin (1959), retested
high temperature uniaxial creep specimens at lower tempera—
tures and their results are reviewed in a subsequent para—
graph., The previously mentioned work of Hull and Rimmer
(1959) and Ratcliffe and Greenwood (196%5) showed the effect
of a multiaxial stress system on the growth of intergranular
discontinuities, On applying a hydrostatic pressure to a
magnesium test piece being strained by a uniaxlal tensile
stress, Ratcliffe and Greenwood observed that, although
plastic deformation continued, there was no continued growth
of intergranular discontinuities (when the hydrostatic
pressure equalled the tensile stress), This result indicates
that the same quantity of intergranular discontinuities can
have widely different effects on the mechanical properties of
a material when the stress system is altered,

Nield and Quarrell (1957) compared the room temperature
ductilities of specimens of an Aluminium -- Manganese alloy
deformed at creep temperatures under constant load and
constant strain rate conditions. Their objective was to
determine the time at which cracks first appeared and the
stage of development at which they could propagate easily
“through the specimen. They observed a fall in room tempera—
ture ductility as the creep elongation of the specimens
increased. A sudden fall was noted for specimens deformed
to the tertiary stage of the creep curve. These results
provide some indication of the effects under different con—
ditions., Chen and Machlin (1957) using a ~ brass, and later
Kramer and Machlin (1959) using commercially pure nickel,
performed similar experiments, The latter found that at
lower temperatures (-— 196 deg.C.) the ductility of nickel
decreased linearly with an increase in prior high temperature
(920 deg.C.) creep strain., With all three materials, the fall
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in low temperature ductility was ascribed to the formation

of grain boundary cracks., The decrease of ductility with
increasing creep elongation was explained by the growth of
cracks tc & critical propagating length before complete fail-—
ure would take plabe. One wonders if the same decreases in
ductility would have been observed if the low temperature
tests had been conducted at a creep temperature.

Nemy and Rhines (1959), while investigating possible
reasons for the tertiary stage of the creep curve, retested,
at the same stress and temperature, specimens of an Aluminium—
Magnesium alloy crept to various stages of the tertiary creep
curve, They found that, in general, minimum creep rates were
higher in the retested specimens and the strain/time curve
went into tertiary much earlier. The variation was found to
depend on both stress and temperature., At most stresses,
but not all, the behaviour could be linked with the formation
of intercrystalline cracks., An obvicus extension to their
work would be to retest the crept specimens at another temp—
erature and stress,
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1.4 Material and Method

1.4.1 Choice of Material

To study the effects of intergranular discontinuities
on creep properties under different conditions of siress and
temperature, it was necessary to find a material which would !

a) exhibit intercrystalline cracking)
b} have a large amount of date on its creep
properties for comparison and information)
¢) be easy to work with so that the maximum
number of tests could be made in the
shortest time,
The material chosen was commercial purity Aluminium (99,0 +
pet). There are references in the literature reporting its
intercrystalline failure {Hanson and Wheeler 1931, Servi and
Grant 195la, McKeown et al, 1954, Nield and Quarrell 1956~57,
Nemy and Rhines 1959), and creep data on AMuminium in general
is extensive, High purity Wluminium (99.99 + pct) does not
exhibit intercrystalline failure but always draws down to &
thin neck under tensile stresses and fails in a trans—
crystalline manner, (Servi and Grant 195la). The addition of
small amounts of impurities to the pure metal apparently
produces a highly complex alloy and the difference in
properties is due to the large efreot that small amounts of
impurities have on grain bounddry migration 1n{A1umln1um.

The batch of/ﬁﬂuminium used in the present research
conformed to B.S. 1476 ELC and had silicon as the main
impurity. The chemical analysis is shown in Table 1,1, The
material was obtained in the form of 1 in. dlameter extruded.
bar.
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Table 1.1
Element Weight (pct)
Silicon 0. 30
Iron 0.07
Zine ‘ 0,015
Magnesium 0.013
Chrominium 0.01
Copper 0. 006
Manganese 0.003
Nickel ' 0.003
Aluminium balance

5,_ £ ,;3

-
: L
™ 17 P i s

Choice of Method

The preparation of “Aluminium test pleces with inter—

granular discontinuities could have been achieved by three
methods of mechanical testing, viz. constant load creep,

constant stress creep and constant strain rate. To produce
a repeatable amount of cavitation the test piece would have
to be deformed to a pre—determined strain or for a pre—
determined time, Although strain and time in a creep test
may be considered as dependent variables, the scatter found
in repeated tests under certain conditions of stress and
temperature does not always substantiate this view, Rather
than performing two sets of creep tests to determine whether
strain or time (or neither?) was the parameter which produced
repeatable amounts of intercrystalline cracking, constant
strain rate testing was chosen as the method of preparation,

since strain then becomes proportional to time, and only one
set of tests needs to be carried out.

Although stress in the constant strain rate test varies

with strain (and time), a variation would also have occurred
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in a constant load creep test. Similarly, nominally constant
stress creep tests would have had a stress variation, since
the formation of holes would have reduced the load bearing area,
Constant stress creep machines can only cope with the uniform
thinning of the gauge length according to the constant volume
criterion of plastic deformation. For this reason, the
uniaxial creep testing of the cavitated and virgin materials
was carried out at constant load,

Commercially pure Aluminium is not a structural
material used by engineers where creep strength is important.
In the present research it was being used, principally, as a
testing medium and, therefore, test temperatures close to
reality were not essential, Preparation of creep test pieces
with intergranular discontinuities was carried out at a temp—
erature of 500 deg.C. Uniaxial and multiaxial creep tests
were performed at temperatures of 250 deg.C. (0.56 Tm) and
500 deg.C., (0.83 Tm). Testing at these extremes of tempera—
ture would show up differences in behaviour4@6finter—

]

crystalline discontinuities, if they exist. T
Essential for the success of the project was the
ability to measure accurately the amount of intercrystalline
cracking which a test piece had undergone, Metallography.
was necessary to demonstrate that intergranular cavitation
and triple point cracking had taken place, and it was thought
that this method would also be capable of assessing the extent
of intercrystalline cracking. In practice, metallography
proved to be unsuitable for the latter purpose and another
method had to be found, MNMention was made in a previous
section of the measurement of density change as a means of
following the growth of cavities. This technique was adopted
in the present work and provided a simpler and more accurate
method of measuring cavitation thangﬁetallography.

1.4.3 Creep Testing under Multiaxial Stress Conditions

One of the objectives of this research was to compare
the effects of intergranular discontinuities on the creep
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properties of a metal or alloy under a uniaxial stress system
with those under a multiaxial stress system. Apart from the
experimental difficulties of applying a known multiaxial
stress system to a test piece of the material and measuring
the resulting strains, there also exists the problem of find—
ing an adegquate basis for comparison of the data with that
from uniaxial stress creep tests, The multiaxial stress
system chosen was the simple biaxial tensile stress system of
the thin-wall tube under internal pressure. For a closed—end
tube ¢of internal diameter D, wall thickness 1+, under internal
pressure P, the principal stress system set up in the wall
consists of an axialy tensile stresu o7, (_ ) a tangential
or hoop, tensile stress Og (w ), and a radlal stress o,

The radial stress 0. Varles from zero at the outside surfaoe
to a compressive stress equal to the internal pressure at the
inside surface, and for a thin—wall tube it may be considered
negligible, The axial and hoop stresses remain in the
constant ratio of 1.2 as the tube'deforms, since both depend

only on the term 2%.

In the analysis of the plastic flow of metals under
multiaxial stress conditions, the criterion adopted for the
onset of yielding is usually the Mises invariant or the
Tresca yield condition. For a system of principal stresses
Gyy Op and 0y in an isotropic material, the Mises criterioi
states that yielding will occur when the effective stress o
defined by,

o =\/ % [(61 - 02)2 + (02 — 03)2 + (03 — 01){1 | (1.1)

reaches the yield stress (oy) of the material in uniaxial
tension. In the Tresca yield condition, plastic flow occurs
when the maximum principal shear stress in the multiaxial
system reaches the maximum shear stress at the yield point
in uniaxial tensioni-

Cp = Op= 03 = 0Oy =04 - SE (1.2)
2
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These two yield criteria may also be used to describe plastic
flow behaviour under multiaxial creep conditions and, of the
two, the Mises invariant has been found, in general, to give
better agreement with experiments (Finnie and Heller 1959).
The numerical factor in equation 1.1 was chosen such that, for
a uniaxial stress Oq the equation reduces to o = O In the
present research, the Mises invariant, as described in
equation 1.1, was used to relate the blaxial stress system of
the thin—wall tube to the uniaxial case. Substituting oq =

_ D - _ PD _ . . 5
Oy = 3%» 9p = Op, = 7% and o, = 0 1n equation 1.1 yields,

———

o = £ (1.3)

J3 PD
4

Corresponding to the definition of an effective stress
o for plastic flow, an effective plastic strain increment 8¢
may be defined to correlate the principal plastic strain
increments 681, be, and 5631w

s¢ :/ % [‘651-— 582)2 + (6&2 - 653)2 + (563 - 6e1)2] (1.4)

As before, the numerical factor was chosen such that, for

the uniaxial strain increment 651, equation 1.4 reduces to

be = 661. Plastic strain increments must be used since the
state of plastic strain depends on the previous stress/strain
history of the material as well as the current stress state.
It has been assumed in the present analysis that the elastic
strains are negligible,

Using the analysis of PFinnie and Heller (1959) for a
system of principal stresses Gy 0o and SEY in an isotropic
material in which the principal axes of strain do not rotate,
the corresponding principal plastic strain increments 651, 652
and 683, may be expressed by,

5t | 1
651 = ~§ [.gl - 3 (02 + 03)]
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e, = éé l o, - % (03 + 01)J (1.6)
o _
5 1 ]
e, = —= oy = %5 (6, + 0,)
3 p [ 3 2 1 2 J

If the stresses are applied and remain in constant ratio, it
follows from equations 1.6 that the strain increments also
remain in constant ratio. Therefore, equations 1.6 may be
integrated to yield the total plastic strains €1 52 and 53 . —

M
'_l
il
ajlmi

oy - % (02 + 03)J

™M
[A]
i
alimi

o, - % (63 + ol)J - (1.7)

m
(U]
i
Qllm}
ol

o5y (01-F02)]

where € is the effective plastic strain snd from equation
1.4,

E =‘/ % {j(al - €2)2 +'(£2 = 53)2 + (63 — El)EJ (1.8)

For the thin—-wall tube under internal pressure, the

stress ratios remain constant and equations 1.7 may be
PD PD

applied. Substituting, Gy = Og = 33y Oy = Op = 1% 03 =0, =
0, and o xlg E% in equations 1.7, produces for the plastic

)
strains eg (= sl), ey, (= 52) and €, (= €3),

E:_3 = 1“‘23- E
EL = 0 ' ' - (109)
Er = - -‘Z—"g ;::
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Thus, in the thin-wall tube under internal pressure, there
1s no change in axial length and the hoop and radial strains
are equal and opposite. BSince the hoop strain is equivalent
to the fractional change in diameter (é%), the monitoring of
the change in diameter produces the measure of the efflfective
plastic strain e, that is,

, o (1.10)

o |

2
3

Using equations 1.3 and 1.10, an effective stress/
effective strain curve may be constructed for the material
when tested under the biaxial tensile stress conditions of
the thin-wall tube under internal pressure. Since, by
definition, effective stress and effective strain reduce to
the uniaxial stress and uniaxial strain, respectively, under
uniaxial conditions, the o/€ curve should be equivalent to
the uniaxial stress/strain curve for the material under the
same conditions of temperature and strain rate. Further,
undexr creep conditions, the effective strain/time curve for
the material, when tested as a thin-wall tube under a
constant effective stress (eonstent-internal pressure),
should be the same as the uniaxial strain/time curve, when
the magnitudes of the uniaxial and effective stresses are
the same, Although, by definition, effective stress and
eflfective strain reduce, in the uniaxial case, to uniaxial
stress and uniaxial strain, respectively, the equivalence in
the curves described above is clearly dependent on the
ability of the concepts of effective stress and effective
gtrain to provide an adequate link between meterial
behaviour under a uniaxial stress system and under a multi-
axial stress system. The evidence, as cited by Finnie and
Heller, indicates that, when deformation of the metal or
alloy is mainly by a shear process within the grains, the
Mises invariant is adequate and, therefore, may be used to
describe plastic flow in metals at ordinary temperatures,
However, unaer high temperature (greater than 0.5 Tm) creep
conditions, intergranular discontinuities have been found to
develop (section 1.3) and their behaviour under a multiaxial
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stress system has been shown to be different from that under
a uniaxial system, PFor example, Hull and Rimmer (1959) on
copper and Ratcliffe and Greenwood (1965) on magnesium,
showed that application of a hydrostatic pressure to a creep
specimen, while tested under a uniaxial tensile stress,
suppressed the development of intergranular discontinuities.
The rupture life and the ductility, as measured by elongation
and reduction of area at fracture, were both increased by the
superposition of the hydrostatic pressure. Hence, although
effective stress and effective strain may be adequate links
between uniaxial and multiaxial behaviour in the early

stages of creep when intergranular discontinuities are too
small to significantly affect the overall deformation process,
the two concepts should be unable to correlate data of the
later stages of creep.

Stress rupture testing of thin—-wall tubes, such as by
Kooistra et al. (1952) on steel and Sticha (1969) on Cr/Mo
steels, has indicated that the maximum principal stress
(the hoop stress) controls the rupture behaviour. The work
of Kennedy et al. (1959) on the creep of Inconel tubes
under internal pressure and additional axial load also
supports the maximum principal tensile stress criterion of
rupture. This research also supports the use of Mises
criterion for correlating creep rates in the early stages
of the test. However, evidence that use of the maximum
principal tensile stress criterion does not correlate
uniaxial and multiaxial rupture data was presented by
Slocombe and Benyon (1963). In stress rupture tests on
Nimonic 90 tubes under interral pressure at temperatures of
650 deg.C. and 750 deg.C., they found rupture life in
tubular tests to be much less than in uniaxial tensile creep
tests when compaured at the same values of hoop and uniaxial
stresses. Pinnie and Heller (1959), cite evidence for the
use of the Mises criterion in determining rupture behaviour
as well as evidence to support the use of the maximum
principal tensile stress criterion. The present author
agrees with their conclusion that there may be no simple
criterion for adequately predicting rupture life under mul ti—
axial stress from uniaxial data,
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In the present research, creep tests will be carried
out on thin-wall tubes of commercially pure aluminium under
internal pressure and, as well as rupture life, the
tangential creep strain will be measured during the tests by
monitoring the change in diameter. The tubes will be
manufactured from the same batch of material used to produce
the uniaxial creep test pieces and, hence, direct comparison
of creep properties between the two stress systbtems will be
possible, The tube tests will be performed at internal
pressures which produce eflfective stresses in the tube wall
equal to the uniaxial tensile stresses used in the tensile
creep tests. Comparison of resulting strains produced by
the two stress systems will be carried out using the
concept of effective strain. The results of these tests
will show the effect that intergranular discontinuities have
on the use of effective stress and effective strain in
relating multiaxial and uniaxial creep behaviours. The tube
tests will be performed at the same temperatures as the
uniaxial creep tests, viz, 250 deg.C. and 500 deg.C.

Uniaxial creep tests on specimens containing known,
controlled amounts of intergranular discontinuities have
been planned to compare the effects of the same quantity of
discontinuities under different stress and temperature
conditions. A similar procedure will be attempted under the
biaxial stress conditions of tubes under internal pressure,
In this way, a picture may be bullt up of the effects of the
same quantity of discontinuities in a material under two
different stress systems at a high creep temperature (much
greater than 0.5 Tm) and at a lower creep temperature
(about 0.5 Tm).
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CHAPTER TT

TENSILE TESTING

2.1 Introduction

To study the effects of intergranular discontinuities
on the creep properties ofeﬁguminium, it was necessary to
develop a method of producing creep test pleces with a
controlled amount of grain boundary cavities and/or triple
point cracks., As explained in the introductory chapter, this

.....

(objeetive] could have been achieved by straining under high
témperature creep conditions for & pre—determined time or %o
a pre—determined strain, Since there was doubt as to which
of the two would provide the more repeatable results,
constant strain rate testing, combining the two variables,

was selected as the method of preparing creep test pieces,

To show that intercrystalline cracking was possible in
the batch of commercially pure aluminium obtained, a test
piece was slowly elongated at a constant strain rate and a
temperature of 500 deg.C. by approximately 20 pct, On A
sectioning and polish%&g%this test piece, a large number of
intergranular cracks werée observed. Consequently, a series
of tensile tests was planned at a range of strain rates and
a temperature of 500 deg.C. By varying the amount of strain
received by different specimens at a particular strain rate,
‘analysis by metallography or otherwise would determine the
strain rate and range of strains to be used for the prepar—

ation of creep test pleces.

Tensile tests were also performed at a temperature of
250 deg.C, to investigate the fracture behaviour of
commercially pure aluminium at a lower temperature. Since
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250 deg.C. was also one of the planned creep testing temp—
eratures, information on tensile strength and elongation to
fracture at this temperature would be helpful in the planning
of future creep tests, The same(sentiments)also apply to
tensile and creep tests at a temperature of 500 deg.C.
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2.2 Experimental Procedure.

2.2.1 Testing Eguipment

The tensile tests were performed on a 'Hounsfield'
Tensometer equipped with an automatic load and extension
recorder. Heating of the specimen to the test temperature
was accomplished by means of a tube furnace manufactured by
Wild—Barfield Ltd., and designed for use with the 'Hounsfield'
Tensometer. Temperature control of the furnace was achieved
using a Silicon Controlled Rectifier type of proportional
temperature controller. This instrument known as a 'Sirect'
uses a Platinum Resistance thermometer as the sensing element.
The thermometer was placed inside the furnace tube against
the wall. This position gave the most precise temperature
control. The manufacturer of the 'Sirect' states that, under
average conditions, temperature control to too.0 deg.C. may
reasonably be expected at all temperature levels.

2.2,2 Strain Rates

To ensure a constant crosshead speed, a motor driven
unit was used in conjunction with the tensometer. With the
aid of additional pulleys and gear boxes, four different
crosshead speeds were obtained. The nominally constant
specimen strain rates were 0,1, 1, 10 and 100 pect per hour,
These strain rates cannot be regarded as constant throughout
the test. The crosshead movement of the tensometer has to
account for the beam deflection(measuring load) and other
deformations in the machine as well as the specimen extension.

Hamstad and Gillis (1966) have shown that, for most
conventional tensile testing machines regarded as 'hard', the
actual specimen strain rate can vary from initial to yield
point values by a factor of gppreoximately 20 or more, depend—
ing on the relative stiffnesses of specimen and machine, In
the present work, calculations showed that the specimen strain
rate during elastic deformation was about 100 times less than
the nominal Strain rate based on crosshead speed. The
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‘Hounsfield' Tensometer is a "soft' machine.

When the ultimate load is reached, the crosshead speed
becomes equal to the specimen extension rate. In the
Aluminium specimens tested, all, except at the slowest strain
rate, attained the ultimate load by 1.4 pct strain and the
load dropped slowly for a considerable strain thereafter.

The variation of initial strain rate was ignored as all
specimens were‘strained by more than 1.4 pct. The problem
appeared égain when calculating Strain Rate Sensitivity values
and this i1s discussed later.

2.2.3 Test Piece Design and Strain Measurement

The major factors influencing the design of the test
piece were. the low strength of the material at 500 deg.C.,
the limited length of constant temperature along the furnace
tube and the desirability of adhering to B.S. 3688 : Part 1 ¢
1963. The last objective was to facilitate comparison, if
necessary, with the work of other researchers. Test pieces
of circular cross—section were chosen because of their ease
of manufacture, Threaded grips were selected as the most
sulitable method of applying load to the test piece. Pull
rods of heat-resisting steel were used to connect test piece
grips with the 'button head' chucks of the Tensometer.
Various designs of test piece were tried until that shown in
Figure 2.1 proved to be the best compromise on the above
factors., This test piece had a cross—sectional area of 0.1
square inch (64,5 mm2) and a parallel length of 1.75 in.
(44.45 mm. )

The rotation of the recording drum of the Tensometer
provides an écc&raté.measuremént of crosshead movement. Test
piece extension can be calculated from that measurement by
subtracting the components due to beam deflection and machine
deformation. However, the resulting value of extension
includes the contribution of the transition radius of the
test piece. To obtain a more accurate measure of extension,
three pairs of divider points were marked on the parallel
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length of the test piece at 120 deg., intervals round the
circumference before testing., - Each pair of divider points
marked a gauge length of 1,40 in, (35,55 mm.), The distance
between a palr of gauge marks was measured to s 0.05 mm,
using a microscope equipped with measuring table and Vernier
Scale, The measurement wag made before and after tensile
straining., Appendix 2,1 showsg that accuracy of strain
measurement was = O.3lpct for strains less than 30 pet and

2 0.5 pet for strains 30 to 100 pct.

2.244 Temperature Measurement

Alumel/Chromel thermocouples were used to measure
-gpecimen temperature, In the first few tests, three thermo—
couples, one at each end and one at the mid-point, were
secured to the gauge length and their output monitored on a
slidewire potentiometer with an accuracy of * 0.1 deg. C,
Temperature distribution along the gauge length was found to
be better than.i 1 deg.C, In subsequent tests only one
thermdcouple was used and this was attached at the mid—point
s of the gauge length., This action was deemed valid because
the setting up procedure was the same for each test. Through—
out the heating and straining periods temperature was
continuously recorded on a 'Kent' Chart Instrument, This
temperature/time recorder indicated temperature with a
resolution of £ 1 deg. C,

2.2.5 Test Details

Before assembly, each test plece was thoroughly
washed in alcohol to remove all traces of dirt and oil., The
gauge diameter was measured to * 0,001 mm. with a micrometer
at six points along the gauge length., The average of the six
readings was used later to calculate stfess. The thermocouple
was securely attached by wire at the mid-—point, meking sure
that the thermocouple bead was in contact with the gauge
length surface., Test piece, grips and pull rods were then
assembled in the tube furnace on the tensometer. The open
ends of the tube were plugged with 'Triton Kaowool Ceramic
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Fibre'.

Heating of the specimen to temperature took approx—
imately 30 minutes with less than 2 deg.C. overshoot. Test
pieces were held at temperature for l% hours before straining
commenced, At the end of the straining period, the load was
released and the test piece allowed to cool., The strained
gauge length was then measured as were the reduced diameters
at the six points., The test piece was then ready for
metallographic or other examination,

- Although accuracy in measuring the stress applied to
the test piece was not essgential for the preparation of
creep test pieces with intergranular cavities, an estimate of
the error in the measured values of maximum stress was
calculated. The error in measured load depended on which
tensometer spring beam was used in the tensile test. For the
slowest strain rate and 500 deg.C., a 16 1bf, beam was used
and accuracy here was estimated to be £ 0.5 1bf, At the
three faster strain rates, beams of 62,5 1bf, and 125 1bf,
were used and accuracy rose to * 0.1 lbf, Although gauge
diameter could be measured to = 0,001 mm, , the diameter was
found to vary by as much as — 0,025 mm, along the gauge
length., At 250 deg.C., beams of 1120 1bf, and 2240 1bf. were
used and their accuracy was estimated to be ¥ 1 1bf. There-
fore, although stress at 0.1 pct/h and 500 deg.C. was
measured with an accuracy of X 5.6 pet, the accuracy rose to
about i'0.7 pet at all other combinations of strain rate and
temperature., These values are calculated in Appendix 2.1,



28

2,3 Stress/Strain Curves

The load/extension curves from the automatic recorder
had to be corrected for beam deflection, machine deformation
and irrelevant specimen deformations before they could be
used to produce stress/strain curves. The necessary adjust—
ment to extension was obtained by performing the tensile test
in the same manner as described previously, but using a test
piece of 1 in, diameter. The extension on the gauge length
of the 1 in. diameter specimen could be regarded as
negiigible. The»load/extension curve for the large diameter
specimen was then subtracted from the original to produce an
accurate load/extension curve for the smaller test piece,

Figures 2.2 and 2.3 show engineering stress to base
engineering strain, for the four strain rates of interest, at
250 deg,C, and 500 deg.C, respectively., These curves have
several interesting features apart from the obvious
conclusion that the material is strain rate sensitive at both
temperatures. |

At both test temperatures, the stress/strain curve
reaches a maximum stress after a relatively small amount of
strain and a large amount of elongation occurs subsequently
with a continuously decreasing load, until finallyglocalised
necking and fracture take place. The localised necking did
not occur until large strains had been achieved, At 500 deg.C,
and the slowest strain rate (0.1 pet/h) necking only
occurred in the fractured specimen, At the higher strain
rates at this temperature, detectable necking occurred after
15 — 20 pet strain, Only a few test pileces were strained at
the lower temperature but similar trends were observed,

Sl&ght necking in this case occurred after about 5 pet strain,

This behaviour has also been observed in other materials
by Guard et al. (1954) and N&dai and Manjoine (1941). Guard
et al. suggest recovery under stress, such as foundAby Wood
and Suiter (1951) in aluminium, as one possible explanation.
As the phenomenon did not appear to be directly related to
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the present project, the matter was not pursued further,

The stress/strain curves at 500 deg.C. and the two
slowest strain rates had another interesting feature, At 1
pet/h and approximately 17 pet strain and at 0.1 pet/h and
approximately 30 pect strain, the stress began to decrease at
a slower rate than it had been doing since the ultimate., In
fact, the engineering stress became almost constant while the
test piece continued to elongate. In one test at 1 pet/h,
this behaviour continued until a strain of 55 pet, when pull—
ing was stopped., The gauge length was still parallel,
although reduced in diameter, Later, it will be shown that
large amounts of intergranular cracking were observed at
these two strain rates, The behaviour does seem to be
connected with intergranular cracking.
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2.4 Metallography

While the tensile testing programme continued, a
suitable polishing and etching technique was developed for
the material, As well as demonstrating the presence of
intergranular cavitation in strained specimens, it also
showed the structure of the 'as received' bar and the effect
of heating alone, At first it was hoped that metallography
would also be a method of measuring the amount of cavitation,
but it soon became apparent thaet it was too time—consuming and
inaccurate,

2,4.1 Polishing and Etching

Sections of the Aluminium were mounted in perspex and
successively ground on 220, 320, 400 and 600 grade silicon
carbide papers, over which water slowly flowed. Mounted
sections were then polished by diamond paste on a rotating
disc of 'Selvyt' cloth. The final polish was % micron
diamond paste and this was found to produce a virtually
scratch free surface, suitable for microscopic examination.
Under the microscope, specimens which had cavitated could be
clearly distinguished, although many of the holes and cracks
were 'flowed over', Etching was necessary to remove the
flowed layer.

Etching of the %luminium, in order to clearly
distinguish the grain %ound&ries, proved to be more difficult
than was at first thought. Many of the standard chemical
etches were tried as well as electrolytic etches. Even an
ion etching technique was used, but this only gave good

results on un—-mounted 1 in. diameter sections of the '

as
received' bar, A room temperature solution of 1 gramme
caustic soda per 100 ml. water was found to give the most
acceptable etched structure, Etching times were rather long,
taking 15 to 20 minutes, depending on the history of the
specimen. The reaction of the caustic soda solution with the
sections of specimens heated or strained at 250 deg.C.

differed from the reaction with those strained at 500 deg.C.
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With the former, the grains were darkened and the boundaries
only lightly etched in some cases and completely untouched in
others. The behaviour appeared to be due to the precipitation
of impurities on heating at 250 deg.C. Specimens heated to
500 deg., C. and furnace cooled over a period of 5 to 6 hours
also showed the effect., Later, it will be. shown that

cavities could still be detected under these conditions with
specimens tested under creep conditions of low stress and a
temperature of 250 deg.C.

2.4.,2 Results

In addition to the 'as received' bar, two samples of
the material, which had been annealed for 1 hour and 2 hours,
respectively, at a temperature of 500 deg.C., were also
sectioned, polished and etched. It was found that short
periods of annealing had no apparent effect on the grain
structure. Comparison of sections of the 'as received' bar
perpendicular to the extrusion axis and parallel to that axis
showed the grain structure to be equiaxed. Figures 2.4 to
2.7 are photographs of sections of the 'as received' and heat
treated materials, parallel to the extrusion axis (vertical
in the photographs). Three different magnifications have
been used to facilitate comparison with subsequent micro—
graphs presented in the thesis.

Figures 2.6 and 2.7 demonstrate that, in addition to
numerous grain boundary particles available as cavity
nucleation sites, there also appear to be a number of stable
cavities already present in the 'as received' material,
Although it 1s possible that the etch has dislodged large
impurity particles in the grain boundaries; the formation of
cavities during the hot extrusion of the original bar seems
more likely.

Optical examination of etched sections of test pieces
strained at a temperature of 500 deg.C. showed that inter—
crystalline discontinuities occurred at all four strain rates.
The amount of discontinuities increased with increasing
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strain for each strain rate and, at any particular strain, the
amount of cracking was greater for the two slower strain

rates (0.1 and 1 pct/h) than for the two faster strain rates
(10 and 100 pct/h). PFigures 2.8 to 2.11 and Figures 4.3 and
4,5 are photographs of etched sectionsg of the material after
straining at 500 deg.C. in air. The stress axis in these
photographs, as in all other photographs of unisxial
specimens, is wvertical.

In general, the etch tended to round off the sharp
outlines of the cracks and to increase their size. Hence, it
soon became clear that metallography was not going to provide
a simple means of measuring the amount of intergranular
cracking. The measurement of total crack volume in the test
piece by density change was, therefore, developed before
completion of the tensgile testing programme. The tensile
tests at 250 deg.C. were carried out after the density
balance had been put into operation, Since density measure—
ments indicated almost negligible cavitation in test pieces
strained at 250 deg.C., no time was wasted in metallography
of these specimens. However, some specimens, tested under
creep conditions at 250 deg.C., did show a significant density
change and intercrystalline cracks in these specimens are
described later,

At the two slower strain rates and 500 deg.C., inter—
crystalline cracking begins with the formation of cavities
at points along the grain boundaries (Figures 2.8 and 2.11).
At 1 pet/h there are also a few triple point wedge cracks.
The cavities and wedges grow until they coalesce to form
'wavy' cracks covering two or three boundaries. PFigures 4.3
and 4.5 illustrate the size of the cracks after 10 pet strain,

However, the material was able to accommodate strains of

about 50 pct before separation into two parts took place.
During this deformation, the internal cracks grew continuously
in size. Evidently, plastic deformatioqf'arbund the tips of
the cracksy was sﬁfficient to prevent stress concentrations
from causing rapid propagation of the cracks and sudden
failure. Cavities occurred only on those boundaries which
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appeared to be perpendicular or almost perpendicular to the
stress axis. Consequently, the 'wavy' cracks were also
perpendicular to the stress axis,

At the two faster strain rates and 500 deg.C., the
dominant mechanism of cracking is that due to the formation
of triple point wedges (Figures 2.9 and 2.10). However, a
few cavities still occur at points alohg the grain boundaries,
Figure 2,9 shows that the wedges tend to grow only along
those boundaries orientated at a small angle to the stress
axis, The presence of this type of discontinuity indicates
that grain boundary sliding has taken place. Direct
evidence of sliding can be seen in Figure 2.10. The vertical
striation, at the right hand side, is offset as it traverses
the grain boundaries, With the upper boundary, the offset is
distinct and a triple point crack has resulted at the left
hand end of this boundary. With the lower boundary,.the offset
appears as a bend in the striation. In this case, grain
boundary migration has occurred to relieve the stress
concentration on the triple point and a wedge crack has not
appeared,

2.4.3 Conclusions

The above observations are consistent with those of
other research workers on a variety of materials and, there-—
fore, do not meke any new contribution to the state of know—
ledge on intergranular fracture. They show that the
mechanism of fracture can change from one of cavitation to one
of triple point cracking over a small range of strain rates
at the same temperature. Metallography has achieved its
object in demonstrating, qualitatively, the size, shape and
number of intercrystalline cracks, but has failed to provide
a gimple means of describing them gquantitatively.
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2.5 Practure at Constant Strain Rate

PMigures 2.12 and 2,13 show the effects of strain rate
and temperature on the mode of fracture of commercially pure
aluminium, The test conditions are presented in Table 2,1
along with the variation of ductility as measured by
elongation and reduction of area at fracture.

Table 2,7

Temperature Strain Rate Strain Reduction of Area

deg. C. pot/h et pet
500 - 0.1 51.9 48,6
500 1 36.4a 53.2a
500 10 44.,9 69.6
500 100 61,8h 83.3b
250 | 1 10,7 26,5
250 10 17.3 32.5
20 10 29.1 84,2

Notegs a Another test at this strain rate and temp—
erature was strained to 54.6 pect elongation
without rupture. The gauge length thinned
uniformly by only 26.5 pct.

b  This test piece was stopped before rupture
took place,

In Figure 2.12, the fracture at room temperature is the
typical ductile 'cup and cone' failure. At 250 deg.C., the
fracture surfaces are typically intergranular and Table 2.1
shows that ductility was lowest at this temperature. IFigure
2.13 illustrates the change in behaviour as the strain rate
increases from 0.1 to 100 pct/h, at a temperature of 500 deg.
C. At the slowest rate, little localised necking has taken
place and the fracture surface indicates an intergranular
type of failure., As the strain rate is increased, localised
necking becomes more pronounced, but the fracture surface
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retains the intergranular characteristic. However, the
results of Table 2.1 show that, although intergranular cracks
develop in the test piece at 500 deg.C., the material is able
to cope with their effects and continues the deformation
process to large strains.

The differing behavioursat 250 deg.C., and 500 deg.C.
are quite startling. Grain boundary cavities and triple
point cracks have been shown to develop at a temperature of
500 deg.C. Presumably, this process also occurs at 250
deg.C. However, while at 500 deg.C. the cavities and cracks
are unable to cause fracture, as is evidenced by their
continued growth, those formed at 250 deg.C. have a more
damaging effect since sudden failure occurs with much lower
ductility. | These results show quite clearly that cavities
and cracks can have widely differing effects under different
conditions of stress and temperature.
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2.6 Summary and Conclusions

Constant strain rate tensile tests were performed on
commercially pure aluminium at temperatures of 250 deg.C.
and 500 deg.C. and strain rates of 0.1, 1, 10 and 100 pct/h,
Metallography demonstrated that intergranular discontinuities
developed in the material when strained at 50C deg.C. The
amount of discontinuities increased with increasing strain
for & particular strain rate and decreased with increasing
strain rate for a particular strain, For slow strain rates
the discontinuities originated mainly as cavities at points
along grain boundaries and for high strain rates as wedge
cracks at triple points. Metallography was, however, unsuit-
able for gquantitative estimation of the amount of inter—
granular discontinuities, Measurement of density change was
considered to be a better method and the procedure is
described in the next chapter. Compariscn of fractured test
pieces, elongations to fracture and reductions of area at
fracture surfaces for tests at 250 deg.C. and 500 deg.C.,
indicated that{catastrophic) failure results from the form—
ation of intergranular discontinuities at 250 deg.C., At the
higher temperature of 500 deg.C., however, the discontinuities
do not appear to hinder continued deformation,
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APPENDIX 2,1

Error in Measurement of Strain by reference marks

. L —=To
Strain, £€ = s

where Lo is original gauge length = 35.55 & 0.05 mm, and
L is strained gauge length (measured also to = 0.05 mm).

Taking natural logarithms of both sides of above equation,
Ine = 1n (L -~ Lo) — 1n Lo

and differentiating,

e 9(L —TLo) _ 23lLo
£ L — Lo Lo

Partial differentials may be replaced by small increments
denoted by prefix &,

ol

L —~ Lo) _ 3dLo
- L — Lo 0
This équation may be used to calculate the error e in

e caused by the errors 8L in L and 8Lo in Lo, Maximising

errors,
e _ 8L + 8Lo , 8Lo
€ L - Lo o
and e = ééu%séég + e QQ%
" Hence, §¢ = 0.003 + 0.0014 ¢

For strains less than 0,3, error in measured strain is
X 0,003 and for strains 0.3 to 1, error in measured

‘strain is X 0. 005,
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Brror in Measurement of Stress

Stress, 0 = —3 ,

where P is the measured value of load and D is the
measured value of test plece diameter.

Applying the same analysis as in 1) leads to,

al&
.
oS

and, hence, this equation may be used to calculate the
error 8¢ in ¢ due to the errors 8P in P and 8D in D,

Diameter of test piece = 9,070 mm and 8D = t 0.025 mm.

Hence, from above equation,

al&
ol

+ 0,00555

For tests at 500 deg.C. and 0.1 pct/h,

Maximum Stress = 0.87 N/mm® = 125.9 1bf/in®
Maximum Load = 10.0 X 0,5 1bf,
H da -+
ence, = = - 5.6 pct.

For tests at 500 deg.C. and 1, 10, and 100 pct/h, maximum
loads were, approximately, 30,0 * o1 1vf, 50.0 T 0.1 1br,
and 70.0 £ 0,1 1bf, respectively.

For tests at 250 deg.C. and 0.1, 1, 10 and 100 pet/h,
maximum loads were, approximately, 657 3 1bf, 893 L]
1bf, 1112 £ 1 1bf, and 1273 £ 1 1bf, respectively.
Substitution of these values into the above equation for
ég leads to the solution that error in measured value of
maximum stress was -+ 0.7 pet.
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Figure 2,4 'As received' material, annealed for 2 hours at
500 aeg.G. Axis of bar is vertical in plane of micrograph.
Magn. 125%,

mm
U»

Figure 2.5 'As received' material. Axis of bar is vertical

in plane of micrograph. Magn. 250X.



Figure 2.6 'As received’ material. Axis of bar is vertical

in plane of micrograph. Magn. 630X.

Figure 2.7 'As received' material, annealed for 1 hour at
500 aeg.C. Axis of bar is vertical in plane of micrograph.
Magn. 530X.
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Figure 2.9

AA

500 deg. C, , 1 pct/h. to 1.8 pot strain and 0.264

decrease. Stress axis vertical. Magn. 250X.

500 deg.C., 10 pct/h to 7.6 pet strain and 0.287

pet density decrease. Stress axis vertical. iagn. 250X.



Figure 2.10 500 deg.C., 100 pct/h to 7.5 pet strain and

0.009 pot density decrease. Stress axis vertical.
250X,

Mara

Figure 2.11 500 deg.C., 1 pct/h to 0.8 pet strain and 0.

pet density decrease. Stress axis vertical,- Magn. 630X.



Figure 2.12 Fracture profiles : 20 deg.C. and 10 pct/h (left).,
250 deg.C. and 10 pct/h (middle), 250 deg.C.*and 1 pct/h
(right) .

Figure 2.13 Fracture profiles I 500 deg.C. and, from left
right, 0.1, 1, 10 and 100 pct/h.



47

CHAPTER ITT

TENSLLE DENSITY CHANGES

3.1 Introduction

In the previous chapter it was shown that, although
metallography was able to demonstrate the size, shape and
position of intergranular discontinuities in commercially
pure aluminium, which had been slowly strained at high
temperature, it was unsuitable for the accurate measurement
of the total volume of cracking in a specimen, A simpler
and more accurate method was thought to be the measurement
‘of the associated change in density of the material, The
measurement of this density change, by means of a hydro- .
static weighing technique, is now a well established method
of studying the grthh of intergranular discontinuities,

In addition to the straightforward measurement of density
change by the difference in the absolute densities of virgin
and cavitated material, differential welghing techniques
have also been developed, providing greater accuracy in
measuring small density changes (Bell, 1958; Ratcliffe,
1965).

Available in Glasgow University Engineering Department
was a hydrostatic density balance. This apparatus (shown in
Figure 3.1) was similar in design to the one constructed by
Bell. Although the balance was sulitable for measuring
denéity changes by a differential weighing technique, the
absolute method was found more convenient to use. By this
method, the variation of the density decrease due to inter—
granular. cracking with strain, strain rate and temperature
was determined for commercially pure aluminium., An absolute
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measure of total crack volume per unit weight is obtained
on dividing the fractional density decrease by the density
of the strained specimen .—

: P, — P
Total crack volume/unit weight = ~§-3~l (3.1)
: o "l

where P, was the original density of the material and Py is
the density of the strained material,
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3.2 The Hydrostatic Density Balance

3.2.1 Derivation of Cperating Equation ., Absolute Llethod

This derivation for the density of a solid body,
using Archimedes Principle, was extracted from Bell (1958).

Let M Dbe the mass of the specimen,
V  be the volume of the specimen at tewmperature t,
be the density of the specimen at temperature t,
d Dbe the density of tﬁe ligquid at temperature t,
a Dbe the density of the weights used,

81 be the density of the air when the specimen is
weighed in air,

Bo be the density of the air at the time the
specimen is weighed in liquid,

WB be the weight in air of the specimen,

Wd be the weight in liguid of the specimen,

The equations of egquilibrium are @

A B

In air M- Vg, = W (1L- =) (3.2)
B

In liquid w—va = W (1--2 (3.3)

If these weighings are made in quick succession, the
alr density may be assumed constant and we may write B for
84 and‘B?. Therefore,

M - Vg

it

W (1~ '?T)

M—va = wo(1-2)
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wherce

p o= 7 = (3.4)

The correction to the equilibrium equations for the effect
of air buoyancy is necessary if high accuracy is to be
achieved,

In the above derivation of equation 3.4, the volume of
the specimen, when weighed in air, was assumed to be equal
t0 the volume of the specimen when weighed in liguid. This
is only true when the air and liquid temperatures are the
same. In practice, the air and liquid temperatures may
differ by a few deg.C. The discrepancy may be ignored if
the density and volume of the specimen are referred to the
liquid temperature, as was done in the derivation of equation
3.4. Then, the effect of the slight discrepancy in specimen
volume when weighed in air becomes negligible since, in the ,
equilibrium equation, it is multiplied byi@, and o is much 5?7
smaller than d. However, the temperature difference between
air and liquild which cun be tolerated, depends on the
intended'accuracy of measurement.

3.2.2 The Balance

The wmain features of the apparatus have been described
elsewhere (Bell, 1958). Briefly, it consists of a modified
two pan analytical balance situated on a vibration free
mounting. Two additional weighing pans are suspended in the
working liquid by 0,002in. diameter 'Nichrome' wire,
attached to hocks on the undersides of the original pans.
Since the analytical balance is equipped with air dampers,
the lower pans have to be of wire mesh construction to pre-
vent overdamping while weighing in liquid. To eliminate the
effects of draughts and dust, the analytical balance is
ericlosed in a perspex box and the suspension wires are
erclosed in perspex tubes.
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Increased resolution of the weight of a specimen was
achieved by using an optical pointer. A plane mirror (10 mn.
diameter), mounted in line with the axis of the pivot of the
beam, reflected the image of a projector lamp filament on to
4 screen, 4 metres distant. On the screen, an image movement
of 1 mm. from the zZero position represented an increase or
decrease of 0.1 mg. in weight. The weight of a specimen was
resolved to & 0.05 mg.

The two lower pans of the balance are submerged in the
working liguid contained in the arms, A and B, of the copper
inner vessel, shown in Figure 3.2. The inner vessel is
situated in a temperature controlled water bath, capable of
maintaining temperature to X o0.01 deg.C. In practice,
temperature contrcl of the working ligquid in the inner vessel
was also & 0,01 deg.C. Measurement of working liquid
temperature was achieved with a mercury in glass thermometer,
placed in limb H of the inner vessel, Stirring of the work—
ing ligquid was effected by way of a pulsating air pressure
supplied by a small pump (J). Details of this method of
stirring appear in the paper by Bell,

Distilled tap water was used as the working liguid,
Other reoommendéd liguids, such as diethyl phthallate and
acetylene tetrabromide were not used because satisfactory
results were achieved using water. In addition, both of the
recommended liguids have unpleasant physical properties and
one of them, aoetylene'tetrabromide, is denser than aluminium,
which would have made weighings in that liquid{rather)
difficult, A

3.2.3 Experimental Procedure

Since the temperature controlled baths were allowed
to run continuously, with both stirring systems in operation,
no time was lost in waiting for them to reach a steady
temperature. The gauge lengths, removed'from the strained
test pieces, were fthoroughly washed 1n water and alcohol and
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then allowed to dry in air, For the weighings of the
specimen in air, the lower pans were not suspended from the
undersides of the original pans. The balance was then poised
and the zero position of the image on the screen was recorded,
The balance was un—poised and then repoised to check the zero
position. The specimen was placed on one pan, and, when
sufficient weights had been added to the other pan to bring
the image on the screen back to the zero posgition, the air
temperature and pressure, as well as the weights, were
recorded, The procedure was repeated with the specimen on
the other pan to reduce zero position errors of the balance,
The average of the two weighings was taken as the weight of
the specimen in air,

After weighing in air, specimens were placed in the
inner water bath and allowed 20 minutes to attain the
slightly higher temperature (2-3 deg.C.) of the working
liguid. The lower pans were then suspended from the under—
sides of the original pans and the weighing procedure was
repeated for the specimen in water. In addition to air
temperature and pressure, water temperature was also
recorded for each weighing. While the balance was poised,
the inner and outer vessel stirring systems were switched
off to reduce disturbance due to vibration.

3.2.4 Calculation of Results and Error Estimation

The density of the specimen at the water temperature
was calculated with the aid of equation 3.4, The weights,
WP and Wd, were the average of the dual weighings and had an
accuracy of * 0.05 mg. The Handbook of Physics and Chemistry
(1963 Edition) was used to provide the density of water and
an equation to compute the density of air. The effect of the
partial water vapour pressure in the atmosphere was con—
sidered to be negligible, The equation used to compute

values of air density was,

Y
v 0.001293 P
. e v . »
Air denhlty,fﬁ = 3% 0.003678Y 778 g/ cc




where P is the alr pressure in cms, Hg. and t ig¢ the air
temperature in deg.C, The value of specimen density obtained,
corresponding to the water temperature, was then adjusted to
20 deg.C. using the volume coefficient of expansion of

aluminium, 72 x 10 ~6 per deg.C,
Error Estimation ~
From equation 3.4, %ﬁﬁmQyA fi,\
V, Wby owPat o wfa

Taking natural logarithms of both sides of equation,

, d 8
1n ﬁ£ = 1n (1 — ﬂﬁﬁ) - (ﬁwgg_ﬂ_)
WP wla

Since 4y B,

d
(1-LBy - 1 ana  1n (1 - —~§)
wPa wPg

Therefore,

ImD = —1n (W —wH 4+ 1mwP + 1na

Putting the logarithms in differential form,

5 5(wB . wdy sw® s
5. = - Topmegh v Tm o+ =
A Wr - W W d

where prefix & denotes error in measured quantity,

Maximising errors,

oo _ s x st . oaw® o ag
D wh o yd WB 4
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Now, &wP = sw® = X 0,00005 g.,
5 (water temperature) = X o.01 deg.C. and, therefore,
8a = X 0.000003 g/cc,

The aluminium specimens weighed approximately 6 g. in air
and 4 g. in water. Therefore,

. 9&9%9&9 - Q;Q%QQZ + QLQ%QQQQ = 0.00006

The density of aluminium is 2,70 g/cc and, hence,

i+

8D = (0,00006 x 2.70)

i+

- 0,0002 g/cc

A gpecimen of the 'as received' material, which had its
density measured six times, was found to yield the value
2.6978 g/cc four times, and the values 2.6977 g/cc once and
2,6980 g/cc once., Hence, accuracy of measurement was taken
as £ 0.0002 g/cc for a 6 g. specimen, in agreement with the
Error Estimation, ' Nine random samples of the 'as received'
material, including the one above, then had their densities

measured. The results are presented in Table 3 1.
Table 3.1
Density

(g/cc) 2.6975 2.6976 2.6977 2.6978 2,6979 2.6980

No, of

measured

values

at the 1 1 2 3 1 1
above

density
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From the results of Table 3.1, it was concluded that the 'as
received' material had a density of 2,6978 g/cc and, that
variation from this value for different samples of the
material, was within the accuracy of the method of measure—
ment. Therefore, measurement of density change by the
difference in the absolute values of the densitlies of the
'as received' and tested materials was accurate to — 0, 0004
g/cc or £ 0,015 pet,
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3.3 Strain-Dependence of Density Changes

3.3.1 Preliminary Experiments

Before investigating the density changes caused by
slow straining at high temperature, it was necessary to
determine the effect on the material of annealing at the
high temperature. A specimen heate%;ggém%Q§ hours at a
temperature of 250 deg.C. showed negligibie}change in density
from that of the 'as received' material, However, a specimen,
heated at a temperature of 500 deg.C. for several time
periods, showed an increase of density for each successive
period. A maximum density of approximately 0.06 pct
greater than that of the 'as received' material was attained
after 200 hours and this value was maintained for longer
periods of annealing at 500 deg.C. On sectioning, polishing
and etching the specimen, extensive grain growth was found
to have occurred, there being only two or three grains across
the 0.357 in. diameter of the specimen. The increase in
density was, therefore, caused by the elimination of grain
boundaries through grain growth. Initially, the sintering
cut of the few cavities, observed during metallograrhy of
the 'as received' material, would also contribute to the

density increase,

3.3.2 Results from Tests at 500 deg, C,

The variation of fractional density decrease with
strain for commercially pure aluminium, elongated at constant
strain rate at a temperature of 500 deg.C., is shown in
Figure 3.3. The experimental points represent the fractional
density decreases in the strained gauge lengths of different
test pleces, with the original value of density taken to be
2.6978 £ 0.0002 g/cc. Although the fractional density
decrease must be divided by the density of the strained
gauge leﬁgth to produce total crack volume/unit welght
(Section 3.1), the Tructional density decrease may be taken
as representing the total crack volume/unit weight for
"small' density decreases. 'Small' is defined by the



relative magnitudes of density decrease and accuracy of
measurement, In the present research, accuracy of density
decrease measurement was 0,0004 g/cc or X 0,015 pet,
Therefore, density decreuses of less than 2 pct could be
agsumed to accuralely represent the total crack volume/unit
weight, The effect of the discrepancy on fractional density
decreases greater than 2 pet is shown Ffor the 1 pet/h curve
in Figure 3.3. The curve, marked 'A' in Migure 3,3, was

obtained as follows .

From equation 3.1,

Py = Py
Total crack volume/unit welght = ———
‘ PoP1
p.,— P
Let o -1 X, then = p. (1~ x)
P 1 ¢!
Hence,
.y . : s X
Total crack volume/unit weight = RSy (3.5)
Curve 'A' in Pigure 3.3 represents ilhe plot of}jz:f§ against

strain, and is, therefore, proportional to total crack volume/
unit weight since p  is constant. It was concluded that
fractional density decrease could be taken as a good
approximation for total erack volume/unit weight for values -
greaster than 2 pet, Subsequently in this Thesis, fractional
density decrease has been taken as representing total crack
volume/unit weight. Since fractional density decrease will
always be calculated from the standard value of 2.6978 x
0,0002 g/ce, the densily decrease, itself, may represent the
Tractional density decrecase,

Mgure 3.3 shows that fractional density decrease and,
therefore, total crack velume/unit weight, increase
continuously with sirain for each of the four strain rates,
Extrapolation of each curve back to the origin, indicates
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that internal discontinuities develop from the beginning of
plestic deformation, Although the strain recorded for each
experimental point was the pernmanent strain, this value may
also be regarded us thal of the plastic strain if the effects
of hysterisis in the stress/strain curve may be neglected.
The plots of [ractional density decrease against strain can
be approximated to straight lines over'much of their length.
Therefore, total crack volume/unit weight appears to be
proportional to strain for commercially pure aluminium
deformed under constanl strain rate conditions at a temp-
erature of 500 deg.C. Since strain is proportional to time%;
under those conditions, total crack volume/unit weight may
also be regarded as proportional to time, However, the
proportionality between strain and time was not observed in
the present tests because of the 'softness' of the tensile
testing machine., The crosshead movement of the machine has
to account for the deflection of the spring beam, measuring
load, as well as the extension of the test piece. Therefore,
time of test was always greater than the value of strain/
strain rate. This vuriation in the actual strain rate
experienced by the gauge length of the test piece was
mentioned in section 2.2.2 of Tensile Testing., It was
concluded that, due to the shape of the stress/strain curve
for commercially pure aluminium at high temperature, the
effect of the variation in strain rate could be ignored for
nost values of strain., It was poinﬁed out, however, that, in
gauge lengths strained by less than 1.4 pct, the effect of
the slight variation in strain rate may not be ignored. This
is iliustrated in Figure 3.3 by the experimental point at
0.8 pet strain in the 1 pet/h curve. The larger density
decrease observed is consistent with the gauge length having
experienced a slower strain rate,

Figure 3.3 shows that, for the same strain, the
fractional density decrease or volume of intergranular
cracking increases with decrease of strain rate from 100
Pet/h to 1 pet/h. This behaviour was to be expected since,
as the strain rate decreased, more time became available for
the growth of grain boundary cavities by a diffusion process.
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Greenwood et al. (1954) observed an increase of intergranular
cavitation in a=brass, copper and nmugnesium as the strain
rate was lowered, in tensile tests at constant temperature.
However, as shown by Figure 3,3, this trend was not

continued in commercially pure aluminium for the strain rate
less than 1 pet/h ie. 0.1 pct/h., TFor that strain rate, the
density decrease against strain plot lies between the 1 pct/h
and 10 pct/h curves. These results suggest that there exists
a particular strain rate for which the volume of inter—
granular cracking is a maximum, Some further tensile tests
were carried out on the material at strain rates between 0.1
and 10 pet/h, to determine the value of the strain rate for
which maximum intergranular cracking occurred. The test
pleces were strained by approximately 25 pct and then had
their changes in density measured. The results have been
plotted in Figure 3.4 and the extrapolated wvalues for the
four original strain rates have also been included., A
maximum decrease in density was observed for a strain rate of
0.7 pct/h. ' Hence, in commercially pure aluminium, deformed
at constant strain rate and a temperature of 500 deg.C., the
amount of intergranular cracking was a maximum at 0.7 pct/h,
Por strain rates larger or smaller than this value, the total
volume of intergranular discontinuities was less for the same
strair.,

The observation of a maximum amount of cracking for a
particular strain rate was also observed in an aluminium/
magnesium alloy by Nield and Quarrell (1957). In constant
strain rate tests at temperatures of 260 deg.C. and 300 deg.C.,
minimum values of reduction of area at fracture were found
to occur at a strain rate between 1 and 10 pet/h.

Metallography confirmed that the increased ductility at slow
strain rates was consistent with a decrease in the extent of
intergranular cracking. In addition, they observed large—
scale grain boundary migration in the sections of specimens
strained at the slow rates, BSince eXtensive grain growth has
already been found in a specimen of commercially pure aluminium
annealed at a temperature of 500 deg.C., for over 200 hours,

it must be concluded thaﬁmfgrainvboundary migration was, at
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least, one factor causing the observed behavicur in the
present material,

The influence of boundary migration on intergranular
cavitation may be twofold. Firstly, the ability of grain
boundary migration to relieve stress concentrationsg caused
by barriers to boundary sliding will reduce the total number
of cavity nuclei produced. Secondly, since boundary
migration is a diffusion process, it will assist the tendency
of a cavity of sub-critical size to sinter up under the
action of surface tension forces. Hence, the stress—directed
flow of vacancies attempting to stabilise the cavity of sub—
critical size, has also to overcome the annihilating effect
of boundary migration., This competition between boundary
migration and the growth mechanism may be expected to continue
il" the cavities reach & stable size., However, stable
cavities tend to sinter out under zero stress conditions even
in the absence of boundary migration, Since zero stress may
be considered as the limiting case of low stress, the vacancy
diffusion flux, causing sintering at zero stress, may also
be expected tc compete with stress—directed diffusion of
vacancies causing growth. Therefore, as the strain rate or
stress decreases and the flux of vacancies due to stress—
directed diffusion also decreases, the combined effects of
grain boundary migration and the vacancy flux, tending to
sinter cavities, may be sufficient to slow down the rate of
cavity growth. At very low stresses, the combined effects
may bve able to prevent cavity growth completely, To show
that these effects may be responsible for the observed
behaviour of commercially pure aluminium, annealing
experiments were carried out on specimens containing small
amounts of cavities, The results are described in section

3.4.

3.3.3 Results from Tests at 250 deg.C.

Dengity changes measured on gauge lengths of the few
test pieces strained at a temperature of 250 deg.C. are
prresented in Table 3. 2.
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Table 3.2
Specimen  Strain  Strain  Density Comments
No. Rate pet Decreasge
pet/h £0,015pct
No.
7T 0.1 3.5 0,011 Necking
No
80 1 4.8 0 Necking
Fracture
78 -1 10,7 0,045 Test
Fracture
74 10 17.3 0,063 Test
Localised
73 100 19.9 0.115 Necking

v

Examination of Table 3.2 shows that density decreases were
only associated with the gauge lengths of fractured wund
necked test pleces. If discontinuities developed in the
material before necking occurs, they were apparently too
small to be detected by the present method of density change
measurement. In section 2.5 the fracture surfaces of
specimens 74 and 78 were shown to be typical of inter—
crystalline failure., The small density decreases recorded
“in their gauge lengths (minus the fracture surfaces) confirms
the suggestion that the development of intergranular
discontinuities caused failure. Also, it is noteworthy that
only a small total volume of intergranular discontinuities
was necessary to cause complete failure.

3.3.4 Preparation of Creep Test Pieces

The main purpose of the tensile testing programme
was to obtain a method of preparing creep test pieces with a
controlled amount of intergranular discontinuities. Tensile

testing of commercially pure aluminium at a temperature of
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500 deg.C. has been shown able to achieve this objective,
when used in conjunction with accurate density measurements,
Creep test pieces, with specific amounts of intergranular
discontinuities, were id}%e}strained under constant load
conditions at high and low creep temperatures and the
results compared with tests on the crack—free material,
Therefore, it was necessary to keep deformation of the
material to a minimum during the preparation of the test
pleces with intergranular discontinuities, Tensile strain—
ing at a strain rate of 1 pct/h was chosen to prepare the
-creep test pieces.. As shown by Figures 3.3 and 3.4, this
strain rdte produces nearly the maximum amount of
digcontinuities for a given strain and without the
complications of grain bvoundary migration found at strain
rates less than 0.7 pct/h. |

In the preparation of creep test pieces, the following
procedure would be adopted. Straining would be carried out
at a rate of 1 pct/h for a pre—determined time so as to
~produce the required strain, Reference to Figure 3.3 would
determine the density decrease for that strain and, there—
fore, the total volume of intergranular discontinuities in
the specimen, Test pieces would be strained by less than 15
pet to avoid the complications of necking and this would
also permit the assumption of a uniform distribution of
discontinuities throughout the gauge length. Then, by
measuring the cross—sectional areax:after the preparation,
it should be possible to estimate the loss in material cross—
section due to cracks. The prepared specimensg would be
strained by different amounts so as to produce different
sizes and shapes of intergranular discontinuities,
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3.4 Annealing Experiments

3.4.1 Introduction

In section 3.3.2 it was noted that the volume of
intergranular discontinuities in commercially pure aluminium,
when tested under constant strain rate conditions at a
temperature of 500 deg.C., depended on strain rate in an
unexpected way, The annealing experiments, reported in this
section, were designed to show that, the unexpectedly small
amount of intergranular crackingmiobserved at low strain
rategm could be due to the tendency of cavities to sinter at
low stresses — by grain boundary migration or otherwise,
Specimensy containing small amounts of grain boundary
oavities/ were annealed at a temperature of 500 deg.C, and
by studying the variation of density with annealing time, it
was expected that useful information on the above problem
would be provided. Previous research on variety of
cavitated materials has shown that, annealing under
conditions of zero stress causes sintering of cavities in a
manner consistent with grain boundary diffusion, eg. Gittins
and Williams (1969), Alexander and Balluffi (195%7), Evans
and Walker (1970) and Beer® and Greenwood (1971). Although
a reduction of the total volume of the discontinuities was
expected in aluminium by annealing, the variation of this
reduction with time was important in determining the effects
of sintering.

3.4.2 Procedure

The specimens used in the experiments were the
gauge lengths of test pleces strained at a temperature of
500 deg.C. to produce a small amount of intergranular
discontinuities, The specimens were annealed in a muffle—
type electric furnace at a temperature of 500 deg.C., Temp-
erature control was estimated to be better than 5 deg.C.
The specimens were removed from the furnace at regular
intervalsg, air cooled and then had their absclute densities

measured as described previously, Density decrease from the
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standard value of 2,6978 g/cc was again measured to X 0.0004
g/cc or = 0.015 pet.

3.4.3 Results — Densily Changes

Figures 3.5 and 3.6 show the variation of density
decrease and, therefore, volume of intergranular
discontinuities with annealing time, for five specimens
having different initial amounts of intergranular
discontinuities. Curves 46 and 67 are of specimens derived
from test pieces strained at 100 pet/h and 10 pot/h,
respectively., Curves 64, 65 and 62 are of specimens derived
from test pieces strained at 1 pet/h. An idea of the type
and extent of intergranular discontinuities in specimens 64
and 65, before annealing took place, is given by Figures 2.8
and 4.5, respectively., Specimens 46 and 67 would have
proportionally meore triple point cracks to grain boundary
cavities than specimens 64, 65 and 62, since 46 and 67 were
strained at higher strain rates.

The curves in Migures 3.5 and 3.6 show that the total
volume of intergranular discontinuites continuously decreases
with annealing time, The rate of decrease or sintering,
ropid at first, aleo decreases with annealing time, The
initial rate of sintering increases with decreasing initial
volume of intergranular cracking., In specimen 64 complete
sintering of cavities was achieved after 160 hours at 500
deg.C. In specimen 46 the annihilation took longer — 1000
hours., Complete sintering in specimens 67, 65 and 62 was not
achieved within the annealing time available, However,
extrapolation of curves 65 and 67 suggests <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>