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SUMMARY
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Strength and ductility are the Important characteristics which govern
the hot working properties of a material This papc“ describes test mctnods
Tor mceasuring hot workability and then dm,nusscs defermation and fracturec
mechanisms in hot working. Particular emphasis is 12id on the CO;TGl&thu
of = ;cnbﬁh and ductility data in simple materials in terms of dependence on
strain rate and temperature. Sultable correlations cnable the identification
T bagic paramcters controlling deformation and fracture processes. With

complex materiale, these correlations cannot be applied dus to the occurrence
of precipitation rcactiong and the presence of inclusions and sccond phages
ing markedly diffcrent strength and ductility characteristics.

Paper presentcd at Seminar on 'Ductility - Limitatlons, Exploitation,
Uu*Ll7ablOn organised by the American Soc ety for Metals in Cleveland,
Ohio on October 1lhth and 15th, 1967.
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The two characterigtics which determine the forming properties of a
materigl arc its resistance to plastic flow (strength) and its ductility.
The first determincs the size of the equipment needed for the forming
operation while the second determines the meaximum allowable deformation
without risk of fracture. Often the equipment available for hot working
ig sufficiently overdesigned that it is capable of dealing with most
1aterials from a strength viewpoint and the unknown guantity is the
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ductility. In practice the limit of ductility is often simply determined
by operatives who are governed by economic incentives with respect to

throughput of material through say a breakingedown mill. With low cost
material, such experience may prove sufficlent vhen dealing with routine
hot working procedures bub, with high cost materials, such as stainlees
gteels and high temperature alloys, sultable data must be available to
decide on the optimum working schedules from a viewpoint of strength,

ductility and structure.

The main featuresof hot working are that extremely large strains
arc applicd to materials at high rates of strain at temperaturcs above
about 0.TTy where T, is the melting point in degrees Kelvin. Strength
and ductility under these conditions are markedly dependent on both
temperature and rate of straining, while ductility is intimately relate d to
the deformation processeg which govern plastic flow. In this paper, we
firet discuss test methods for studying hot workability and then consider
deformation and Tracture mechanisms in hot working in relation to test data
and structural observations.

Methods for Studyving Hot Werkability

The most reliable method is clearly to process material under plant
ons where both the variables inherent in the material, 1.e.

ion, size, shape, ingot structure, and the variables inherent in
cess, i.e. rate of strain, nature of stress <ystem, temperature, are
simultaneously covered. However such a me thod iz expensive and the
obvious advantages of a laboratory test, e.g. ease of checking different
casts, ecasc of determining optimum conditions for new materials, close
control of variables and possibility of releting sitructure and properties,
have led to the development of a number of tests, same of which are
cimulative in nature and others of which are designed for bagic studies
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An important feature of hot workability tests is that they should give
informatior on strength and ductility over the manges of rates of gbrain,
strain and tempcraturc used in practice. Thus, in some procegses, €.8.
extrusion, the total strain is applied in one operation at roughly constant
temperabture while in other processesg, €.Z. forging, the total strain is
applied in & mumber of operations at decreas ing temperatures. A good
exarple of these ranges in one process 1g hot rolling of sheet steel (1).
As shown in Fig. 1, the total deformation can be applied either in one
operation by & planetary mill or in a secriles of operations either in a
continuous mill or in a reversing mill.
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While test data for control purposes have been gathered by a variety
of methods, there has been relatively little attempt to relate these data
to deformation and fracture mechanisme. Such basgic research requires
data over ranges of working conditions which are not utilized in practice
and more sophisticated test methods have been develoved. Thus in the
ideal hot working experiment the specimen is deformed uniformly at
constant true strain rate and temperature with conbinuous measurement of
gtress required for deformation. Rapld cooling is often usged to facilitate
examination of the hot worked structure and the effect of cont inuous
working operations is simulated by cycles of deformation and rests at
temperature.

Various reviews of experimental techniques for 2tudy ing hot worke
ability arc available (2-7) and only a bric? discussion is given hcre
of test methods with particular emphasis on the results obtained for
strength and ductility. TFor convenience, we consider three basic methods
of gtressing - teneion, compresesion and torsion.

Tension Tesgts. While some workers have used ductility in tensile
tests at normal 5frain rates as a control technique in practical hot
working, the moet useful technique is clearly to examine strength and
ductility in tensile teste at high rates of shrain. Fig. 2 shows resulbs
obtained on an 18%Cr-12%Ni steel in the as-cast and as-forged condition in
an impact tensile test at a rate comparable to that of rolling or press
forging (8). Such results clearly bring out the difference between the
strength and ductility of the two conditicns and can be used to determine
optimum hot working ranges.

However the change in dimensicns of the test piece during extension
means that the strain rate is continually changing unlese a controlled rate
T cross«head movement is used. A further change in strain rate occurs
with the onset of necking which usually begine at a true strain of less than
0.7 which is in general much less than the total .train one wishes to gtudy .
This necking strain is however of the same magnitude as the strain occurring
during each pass in hot rolling or press forging and from this viewpoint
ugeful data can be obtained from btensile tests. By controlling the rate
of cross~head movement during uniform extension and necking, tensilc tests
at constant true strain rates have been carried out up to true strains of
roughly uwnity as shown in Fig. 3 for an O.ES%Cr gteel at 1100°C (9).
The form of these curves will be discussed later.

A major disadvantage of tensile testing for study of fracture
mechenisms is that the necked region is unsuitable for structural studies
since at high strain rates marked adisbatic heating occurs in a small volume
leading to marked temperature rises. This effect may however be ugeful in
practice vhere problems of 'hot shortness'! arise due to inhomogeneous
defomation during working. ’
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Commrecsion Tests. Siﬁce many hot working nrocesges involve
cggentially compressive stresgses, various workers in recent years have
oped compression tests for obtaining strength and ductility data

Y

train rates. Perhaps the simplest test for hot ductility

hat using a flyvwheel press with a constant reduction in height of a
preheated cylinder in one blow. Examination of the specirens then
enables the determination of hot woirking temperatures in terms of the
minimu and/or meximum temperature at which upsetting can be accamplished
without craclking. Such data can be related to structural or compositional
factors as chown in Fig 4 where the amount of gecond phase is ahcwn to

have a zignificant effect on the minimum upsetting temperature of a
titanium-tin-alunminium alloy with additions (10).

From the viewpoint of strength data, simple axizyrmetric compression
testg, whether of the drop hammer or press type, sulfer from a similar
disadvantage to tensgile teste in that again change of dimensiong of the
teet plece during compregsion leads To a variation in strain rate.

While the complication of necking is avoided and thus much larger strains
arc pogeible in canpression than in tension, the friction between platens
and specimens leads to 'ba rlﬁll¢u7$ of the specimen with consequent
inhomogencous deformation. This JarrelLiﬂg’ usually occurs at a true
straln of about 0.7 and thus limits the usefulness of the test for high

%

traing However by eliminating Ulaucn/sg cimen friction and by controlling
r“*e of compreasion in relation to the specimen dimensions ag in the

o~called !cam plastometer' , compression teste at a constant true strain
ate can ne carried out up to high velues of true strain
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T ns. Fig. 5 shows
strecg-strain curves for aluminium ab various temperatures at a constant
true strain rate of k.l4/sec (11

It is worth noting that plane strain campression has also been uged
in hot working studies to obtain true sirains up to about 5 at a constent
true strain rate. However, frictional problems clso arige in this type
of compression and can 1imit the usefulness of the technique. An

advantage ig that the load requireaments are smaller than in axisymmetric
compreesion where the increase of area leads to a continual increasc in the

load reguiraed for deformablion.

Torsion ”cqt A mejor advantage of torsion for studying hot work=-
apility is"that a - cons tant high strain rate can be veadily maintained up
to fracture by twisting at constant high speed since the specimen dimeneslons
can be maintained constant. Since necking and barrvelling are not Limiting
factors, large strains cen be appiied prior to Iracture thus simulating
more closely the conditione in practical hot workln~ operations. Ductility
can be readily measured by the number of revolutions to failure and results

.
4
at various temmeratu can be used to define op imum hot working conditions

meratures
as shown in Fig. 6 (12).

However, fracturec in torsion does not take place under simple shear
since dimensional changes occur at large plastic straine and their restraint



by imposing a Tixed geometry on the grecimen leads %o axial tension

or campression (13). While the average longitudinal stresses are
relatively small compared to the applied shear stress, they are important
in determining measured ductility since externally applied longitudinal
tension or compression can alter the values obtained for materials
exhibiting relatively low ductilitiecs (1k, 15). Dragan (14) has recently
suggested a method for correcting measured ductilities of steels to

obtain a !truc’ ductility but the assumptions involved nced closer study
before the method is applied more widely. In fact the success of hot
torsion testes in predicting optimum temperatures for hot piercing of steels
probably lies in the complex stress system imposged at fracture.

The torgue measured during hot torsion can be converied to shear
stress and thence to true stress go that stress-strain curves can be
obtained up to very high strains at constant true strain rates. In such
calculations, the surface shear stress and shear strain are used since
the outer layers make the major contribution to the measured torque. The
agrecement of tension, compression and torsion data indicates that this
procedure is an acceptable one. Clearly, however, stress, stralin and
strain rate vary with radial position and care must be taken in the
interpretation of the structures of samples taken from solid specimens.
The use of tubular gpecimens eliminates these problems but buckling limits
the attaiment of large strains prior to failure.

The terperature dependence of strength and ductility at a constant
strain rate is shown by the stress-strain curves for aluminium and copper
derived from hot torsion data (Fig. 7) (16). Comparison of the
aluminiwm curves with those of Fig. 5 indicates the much higher strains
that can be obtained in torsion than in compression. Fig. 7 shows that
the nature of the stress-strain relation changes at high strains so that
a steady stress ig required for deformation independent oif etrain. Thi
behaviovr is maintained over a wide range of strain rates as shown in
Fiz. 8 for an O.QS%Cr'steel (17 . At low strain rateg the curves show
oscillations similar to those observed in tensile tests at constant true
strain rates, of. Fig. 3. Such cscillations are observed in other
rnaterials e.g. copper and nickel, but are hardly visible in aluminium
(Fiz. 9) (18). The differing form of the stress-strain curves For various
materials will be digcussed later.

N

It is worth noting that, in addition to simulating hot working processes
such as extrusion or rolling with a planetary mill where large strains are
applied in one operation, hot torsion tests can be used to simulate
deformation echedules involved in hot rolling or forging. Using a
programmed machine, Rossard and Blain (1) have obtained good correlation
between structures developed during hot rolling of steel sheet in practice
and laboratory tests. A similar technique has recemtly been successfully
applicd to hot rolling of aluminium and its alloys (19, 20).
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Deformation Mechanieme in Hot Woiking.
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The strength, and algo the ductility, of a material durin

g ho
C}
is governed by the balance between work hardening and dynamic softening
ocesges. I work hardening predominates, strength 1s high bubt ductility
ow while, i1f softening predominates, strength is low but duc tility is

(N
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o

To understand ductility in hot working processes we must examine
deformation mechanisms during hot working. An indication of the
~rative softening process should be obtained from analysis of data on
e of strain, stress and temperature coupled with obgervations of
structural changes ag a result of deformation.
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Correlation of Hot Strength Data. As noted earlier *he gignificeant
ns is

feature of flow curves under hof workinz conditio steady-state

region where 7low stress is independent of strain. Variocus attemntc have
been made to formulete a relation between strength (o), temperature (T) and
strain rate (€) for this region. The most successful attenpt appears to be

that of Sellars and Tegart (ﬁ*) who propose the relation

1
= A(sinhoo )™ exp(—Q’RT) (1)

where A, O, n' are temperatums~¢xdcpendcnt consgtants and Q is an activation
chnergy. This relationshin is a development of the one proposed for creep

v GaroTalo (22).

At lov stresses (Qn< 0.8), eq. (1) reduces to a power relation, similar
to that used for creel

B

€ = Ag” tp(~Q/RT) (2)

and at high stresses (&G>L.2j to an exponentisl relation

® Q I

€ = A"exp(Bo)exp(-"/RT) &)
The constants O and n' are related by B = On' so that & and n' can be simply
determined from experimental data for hﬁgh and low stresses.

Mig ”'O(a)—(c) illustrate the apvlication of the relation to data
obtained by hot tor i

1. Thue Fig. 10(a) is a log=-log

c
sion of an 0.25%C e ip
plot to test the pbfcr relation while Fig. 10(b) is a semilog plot to test
the exponential relationship. The resultant ginh plot is shown in Fig. 10(c)
and illustrates the tcﬂpe;z ture independence of n'. Hot working data for a

%—-’0

number of materials ! ave been satisfactorily correlated by eg. (1), (2L, 23-26).
The activation cnergy, Q, can then be obtained from a plot of log €, at
congtent sinh GO, against /”. Values of @ from not wcr“f'm«'y gre given in
Table 1 together with reported velues for creep, self-diffusion, recovery
and recrystallization.



Rearrangement of eq. (3) to the form
' Q n'
Z = exp(~/RT) = A(sinh Qo) (W)

permits correlation of the data for different temperatures on a single
straight line as shown by Fig. 11. This type of plot mwovides a reliable
method for interpolating data to obtain values of strength at any
temperature or strain rate within the ranges studied.

It is clear fram Table 1 that in some cases the activation energy
for hot deformation remains unchanged over an extremely wide range of
strain rates while in others there is a marked difference beiween the
values for crecep and hot working. In the former cageg, the constant value
of activation energy, close to that for celf-diffusion, indicates that
reccvery is operative over the whole range while in the latter cases the
values suggest that the softening process is recovery under creep conditions
but may be recrystallization during hot working. The possibility of
reerystallization during hot working has been discussed in several recent
papers and reviews and a dichotomy of opinion exists at the pregent time. .
Thus Stive (37, 38) and McQueen (6) stress the importance of dynamic ;
recovery ag the softening process in all metals and dismiss recrystallization
as a possible process, vhile Rossard (39) and Sellars and Tegart (21)
maintain that recrystallization occurs in lower stacking fault energy
materials. In the next two sectiong, the evidence for the occurrence
of both recovery and recrvstallization during hot working will be briefly
discussed in the light of available information.

Recovery as the Softening Process. In the case of aluminium and
a-iron”, the activation energy Tor hot deformation is similar for both
creep and hot working. The formation of well developed substructures by
recovery by cross slip and climb during creep of aluminium and Q-iron is
well documented. In the case of hot working, if the high temperature
structure 1s retained by rapid cooling after deformation, the structures
observed are similar to those after creep as shown in Figs. 12(a) and 13(a).
However due to the high strains imposed during hot working the sub-boundaries
are more clearly defined than after creep while the original grain boundaries
are heavily distorted and arc often no longer apparent.

e e Sy S o

In both hot torsion and extrusion, subgrains remain approximately
equiaxed and constant in size throughout the steady state deformation
(23, 24, L0). TFurther, the misorientation meacured in extruded aluminium
after strains of 10 and 40 are roughly constant in the range 1-4° and are
no larger than those observed after low strains in creep (2%, 24). This
constancy of subgrain size and misorientation leads to a constant dislocation
density and hence a congtant flow stress.

For the subgralns to remain equiaxed while the original grains undergo
marked shape changes the sub-boundaries must be able to relocate their
position. Jonas et al (23) suggest that this is accomplished by the
continuous dlsintegration and reformation of the dislocation arrays at the
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equilibrium spacing. The disintegration proceeds by the applied stress
pushing dislocations out of sub-boundaries, the stability of which has
been diminished due to disruption by the passage of mobile dislocations.

This process 1s assisted by a limited amount of sub-boundary migration
which is made possible by the erhanced clinb of dlslmcau+onq produced by
the deformation. The overall process hag been termed !'repolygonization’

Such a process suggests that the size of the subgrains chould be
dependent on stress. Various workers have reported that subgrain size (t)
during high temperature deformation can be related to stress by a relation
of the form

-
g=0 + kt° (
o]

\n
Ry

where x is a congtant of value 1 to 1.5. The best value of x ig at present
uncertain gince accurate determination of subgrain size is experimentally
difficult. However recent statistical analyses chow that for aluminium,

high temperature creep data are best fitted by x = 1 while hot torsion and
hot tensile tests at much faster strain rates are best fitted by x = 1.5 (40).
To understand this discrepancy, it ils necessary to realise that subgrain
boundaeries even at high temperatures can a ct as barricrs to dislocation
novement. Thue Cotner (ho) hag found that vhen both grains and subgrains
are pregent in an aluminium specimen before it is hot worked the subgrains
determine the strength of the specimen during deformation. The strengthening
effect of substructure has been investigated by various workers by deforming
specimecne at low temperature after substructure has been introduced by high
temperature deformation. In this case the value of the constant x in eq. (5)
is 0.5 and has Leen interpreted in terms of pile~ups of dislocations against
the sub-boundaries.

1 the case of creep, the value of x = 1 can be understood from the
inverse relation between stress and slip band spacing originally developed
by Orowan since here the strains are amall and a stable quoﬁurvctu*c develons
from the coarse slip bands produced in the early stages of loading.

However in the wse of repolygonization where the boundaries are being broken
down and reformed, the barrier effect of the sub-boundariecs must be important
and Cotner has suggested that the simulbtancous production of sub-boundaries
and pile-ups of dislocations against them leads to the observed value of

-

% = 1.5.

From an analysis of extrusion data on aluminium, Jonag et al (23)
have reported that the activation energy for repolygonization is 41.8 k cal
nole, i.e. higher than that for self-diffusion. However a more recent
analysis of their data suggests that a better value is 35 k cal mole in linc
with other workers (2&). Such a value implies that the rate determining
gtep in the repolygonization isg igiocabion climb as in the case of creep.

(";

Thc important feature that elge from these resvlte is that in some

materials under hot working conditions dynamic recovery processes can operate



extremecly rapidly to reduce strain hardening and that large strains can
be accommodated by the continucus disintegration and reformation of sub-
boundaries to maintain an equiaxed structure.

If the hot worked material is held at the deformation temperature
for same time prior to cooling, or if cooling is very slow, then the high
temperature structure is not retained and significant structural changes

can occur. Initially there is a sharpening of the sub=-boundaries associated
with gradual softening followed by the appearance of recrystallized grains
associated with a more marked softening (Fig. 12). At higher temperatures,

the structural changes during isothermal annealing proceed more rapidly

and in some cases even the most rapid quenching procedure iz ingsufficient

to retain the high temperature structure. Thus at temperatures of 500~
600°C the rest periods in commercial hot rolling operations on aluminium
are sufficlent to restore the fully annsaled structure before further
deformation, while at lower temperatures, say 400°C, relatively little
change occurs (19). Such structural changes are important when considering
the ductility of material subjected to cycles of deformation followed by
rest periods at tempersture.

Recrystallization as the Softening Process. In the case of 18/8
stainless steel, copper, nickel and nickel=Iron alloys, the activation
energies for the softening process are higher for hot working than for
creep. We identify the creep process with recovery and the hot working
procese with recrystallization. Az noted previously, this view is not i
held by other workers in the field and we will now discuss the experimental ;
evidence for our viewpoint.

For copper and nickel, the activation energies for creep detemined
from steady state conditions are similar to self-diffusion and are associated
with the development of a poorly defined substructure indicating dynamic
recovery as the softening process. Further, observation. on creep of
stainless steels of 18/15 and Type 316 varieties .how subgrain formation
again indicating dynamic recovery as the rate-controlling process (22).

However, in the case of copper and nickel, recrystallization
associated with rapid changes in strain rate can occur during creep.
Similer behaviour has been observed with gold and lead and it has been |
suggested that this behaviour is characteristic of low stacking fault ‘
energy materials where dynamic recovery is expected to be slow (41).

These observations are not disputed but the main point of dispute is

whether such recrystallization can occur during hot working. If dyramic
recovery ls rate controlling, then clearly the activation energy detemined
for hot working should be similar to that for creep and self-diffusion while
if recrystallization is rate controlling then a different activation energy
associated either with boundary migration or grain boundary diffusion should
be appliceble. If one imagines the rapid changes in strain rate occurring
in creep at frequent intervals, then the creep rate detemined for the
process under a given stress will clearly be different from that for the
steady state process. This is the situation that we envisage during hot :
working, i.e. rapid repeated recrystallization.



Observations on specimens quenched rapidly after hot torsion ghow
that recrystallization occurs in 18/8, copper, nickel and nickel alloys
(FPig. 14). Interrupted teste show that the initial deformed grains are
replaced by new recrystallized grains nucleated at original grain:
boundaries and that recrystalligzation proceeds progressively with strain
after the maximum torque (16). Clearly there is a danger that structural
alterations produced in the small time interval of quenching could
obliterate the true high temperature structure. Thus the new grains
often appear to be equiaxed and strain free with ctraight annea*ing twins

suggesting that they form after deformation. TFurbther, if hot worked
materigl is held at the deformation tempersture for some time prior to
cooling, recrystellization rapidly ensues. At higher tam&zhme!ﬂm

recrystallization proceeds extremely rapidly and clearly in some cases
the most rapid quenching procedure is insufficient to retain the high
temperature structure, as in the case of dynamkc recovery discussed
previousls

However close examination of the structures of nickel and copper
after torsional deformation shows that the grain size of the recrystallized
graing increases systematically from surface to centre of the specimen.
Thig variation is conesistent with the strain rate gradient which exists
during torsional deformation and contrasts with the large graine formed
at rendom in a recovered structure in aluminium (Fig. lE(d)) or camerciall,
pure iron held at temperature after deformation (Fig. 13(b)). Also of

interest in thisg respect is the observation that, in zonc—re¢¢ned iron
tested in torsion at 500-900°C, the substructure produced in the early
stages of testing is replaced ay regular equiaxed grains asg the strain
increases (L42). Thig change in restoration process from subgrain formation
to recrystallization with increase in purity is consistent with the
observation that impurities retard both the start of recrystallization and

a .

the rate st which it proceeds during annealing after cold work (52).

=,
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ize of the recrystallized grains aleo varieg systematically with
stress as shown in Fig. 15 vhere the data indicate that, for copper, nickel
and zone refined iron, the grain size is inversely related to streses in an
analogous manner to that observed for substructure during dynamic recovery.
A similar relation has been observed in hot worked nickel-iron alloys (25).
Such a relationship would not be expected for random recrystallization
over a variety of quenching times at different temperatures and strain rates
but ig not unexpected if one conclderq the model proposed for recrystallization
during creep (43).

Here the initial stage of the deformation process is the formation of
a poorly developed ubstructu,». These sub-bounderies pin sections of the
original grain bounderies which then bulge out and migrate because of a
strain energy difference across the boundary. Clearly the extent of such
migration determines the resulting grain size and under conditions of con-
current deformation it is reasonable to expect the migration to be restricted
by tne scale of the substructures which as we have secen is dependent on

gtresg.
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A Turther objection to recrystallization as a softening process is
that the rate of recrystallization in hot worked structures would be
slow since repolygonization would maintain all boundaries at a similar
migorientation and hence preferential migration would be prevented. This
is certainly true for isothemal annealing of hot worked structures in
aluminium and silicon-iron but under conditions of concurrent deformation
the situation can be altered. Thus in the casc of nickel there is
considerable evidence to show that the time for recrystallization can be
accelerated by stress. Fig. 16 shows that for creep of nickel, the time
to recrystallization decreases as (stress)® and that times of < 1 sec
might reasonably be expected at the operative stresses during hot working.
A similar trend is observed durirng hot torsion testing of nickel -iron
alloys over a wide range of temperaturcs and strain rates (25).

trong evidence for a difference in softening process between aluminium
and commercially pure irons on one hand and copper, nickel and zone refined
iron on the other comes from the form of the torgue-revolution curves.
Aluminium and commercially pure irons exhibit no initial peak in torque
ags expected from a gradual development of substructure. In contrast,
nickel, copper and zone-refined iron exhibit an initial peak followed by
a drop to the steady state region as expected from the more abrupt change
in structure associated with recrystallization. If the materials are
deformed at low rates of strain the differences become more marked in that
the curve for aluminium is falrly smooth while the curves for cdpper and
nickel exhibit marked regular oscillations which can be correlated with
significant changes in grain size (Fig. 9). Such behaviowr is readily
understood if the oscillations are considered as analogous to the changes
in strain rate associated with recpeated recrystallization during creep.
Similarly the torque-revolution curves for Fe-25%Cr and Fe-UhSi which show
only substructure formation are smooth at low strain rates while stainlecss
steel shows oscillations (17). It is interesting to note that carbon
steels In the Y~-range also exhibit marked osgcillations at low rates of
strain and that for these materials the activatior energies for creep and
hot working are higher than for sclf-diffusion. Unfortunately the phase
transformation on cooling masks the true 7 structure but there are indications
that the softening process is recrystallization.

The important feature that emerges from this discussion is that in
some materials under hot working conditiong recrystallization can operate
extremely rapidly to reduce strain hardening and that large strains can
be accommodated by repeated recrystallization to mainbain an equiaxed
structure.

While the distinction between repeated recrystallization and
repolygonization may appear to be academic since both lead to similar
ends, 1t is important since the interaction of the softening process and
the fracturc mechanism determines the ductility during hot working.



Fracture Mechanisms in Hot Working.
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In the case of creep, the rupburc mechanisms have been closely related
to the deformation mechanisms and these are now well undergtood. In the
cage of hot working, 1little has been done t¢ link fracture bchaviour closely
to deformation mechaniems mainly due to the fact that, until recently,
relatively few systematic studies had been reported. Ductility in hot
working must be intimately linked to the deformation mechanisme since any
process which removes strain hardening will allow greater deformation.

Thus ductility, as mcasured by various tests, increases with increased
temperature and with increased strain rate. From our previous discussion
both of thesge factors would be expected to incrcase the rate of dynamic
goftening and hence reduce strain hardening. As with strength, a more
detailed picture of fracturc mechanisms should be obtained from analysis

of data on ductility as a function of stress, rate of strain and temperature
coupled with observations of fracture modes.

Corrclauﬂon,o_ Hot Ductlllry Data. The major difficulty with ccrrelation

of hot ductility data is fhat “ductility measured in one type of stress

system may not be related to ductility measured in another type of stress
system or cven the same strese system with different specimen sizes.

Attemptes have been made to relate ductility to temperature and strain rate,
but until recently, ductility data have not been available over a sufficiently
wide range of strain rates and temperatures.

Thus an attempt to link ductility to atomic mobility was made by
Robbing et al (L4k4) who proposed a relation of the form

n

sDZr(x) | | (6)

to desceribe the high temperature ductility of iron in hot torsion at a cons tant
gtrain rate. Here P is ductility (revolﬁ"lonq to fﬁllurc), S 1s a constant
roughly cqual to the number of active slip systems, D ig seif-diffusivity and
L(A) a funection of factorq such as purity, amount of grain boundary sliding,
ete. The exponent of 5 was justified in terms of the atomic processes
involved in selfndiffu31on during deformation. Robbins et al presented
limited data to support thelr proposed relation but later work by Reynolds
and Tegart (45) on irong of similar purity indicated that the initial
agreement was fortuitous. Another attempt to relate ductility to rate of
strain has been made by White and Rossard (46) who showed that for a constant
temperature there was a powver relationship between number of revolutions to
failure and strain rate for an iron-25% nickel alloy tested in hot torsion.
In view of the success of the sinh relationship in correlating strength
ata for both crcep and hot working, it is not unreasonablc to examine the
osgible extension of a similar approach to rupture. Thus for short rupture
imes in creep, the time to rupture (t,) is inversely related to the thady
tate creep rate (22, 47) which in turn can be related to the applied stres

.

hrough the ginh relationship. Thus it 1s possible to write:-

“m crig @
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t, = A”(sinh Qo) ? exp(%/RT) (7)
Af low stress levels, this can be approximated by: -

2 4
t. = A0 exp(Y/RT) | (8)

whilc at high stress levels, this reduces to:-

t = A'ePexp(Y/RT) (9)

r

The validity of such an apprach has been tested using data on a
series of nickel-iron alloys obtained by using hot torsion over a wide
range of strain rates and temperatures. Resilte for a nickel-20% iron
alloy are shown in Fig. 17. Thus Fig. 17(a) is a log-log plot to test
the power relation while Fig. 17(b) is a semilog plot to test the exponcntial
relationship. = The resultant ginh plot is shown in Fig. 17(c) and illustrates
the tcmperature independence of n'.,  The value of n' obtained from gtrength
data is compared in Table 2 with that obtained fram rupture data.

Since the lines are parallcl on the sinh plot it is possible to obtain
a value of Q from a plot of log tn, at constant sinh Qo, against l/T.
Valuce calculated in this manncr are compared in Table 2 with those
calculated from strength data. There 1s a remarkable degrece of agrcement
in the values computed from the two corrclations.

Muller (26) has also applied the proposcd rupturc correlation to his
data on fracture of a scries of nickel-chromium stainlese steels. The
results for the wholly austenitic alloy together with those on two phasc
alloys consisting mainly of austenite fall in a serics of straight lince
on a sinh plot but the data for the wholly ferritic alloy give a poorer
correlation, presumably due to a different fracture mode as discussed later.
In the case of the austenitic alloy, the n’ and ¢ values caleulated from
rupture data are in‘good agreement with thoss calculated from strength data.

As In the case of strength data, the use of a temperature compensated
pareame ter

7 = trexp(~Q/RT) = A"(ginh o)™ ‘ (10)

permits correlation of data for diffcrent temperaturcs on a single straight
linc as shown in Fig. 18. For pure nickel, creep rupturc data can be
correlated with hot torsion rupture data in a similar fashion to strength.
This confirms the close relationship between high temperature creep and hot
working suggested by the strength correlation (21). From a practical
vicwpoint such a rupture correlation could be useful in predicting ruptur
behaviour for different stresses, and hence, from the earlier correlation,
for different temperatures and strain rates.



As In the case of creep, ¢q. (7) - (9) do not provide specific
knowledge concerning the factors which .govern the nucleation and
growth of cavities during hot working . They do indicate however that
nucleation and growth of cavities 1s closely related to deformation
processes during hot working.

In the case of nickel, the values of activation chergy obtained
from strength and rupture data are lower than that for lattice diffusion
but are similar to those for grain boundary migration (Table 1). The
latter values are very dependent on purity and Detert and Dressler (L48)
have recently reported a valuec of 30 k cal mole for grain boundary

migration in zone-refined nickel. However, vhile the value of 54 k cal
mole ig lower than that for lattice diffusion, it is in the range of
values reported for grain boundary diffusion (49). Thus the activation

energy for grain boundary diffusion ig independent of the miefit angle
from 20° to 70° with a value of 26 * 1.5 k cal mole while beyond these limits
the activation cnergy inercases smoothly to the activation encrpy for. lattice
gself=-diffusion.

These results on nickel during hot working can be compared with
those of Hull and Rimmer (50) on creep rupture of copper vwhere the value
of the activation energy for rupture (25 % k cal mole) was also appreciably
lower then that for self-diffusion but close to that expected for grain
boundary diffusion (~ 20 k cal mole). A value of 29 k cal mole was 8lso
obtained by Boettner and Robertson (51) for growth of voids in copper.
On this basis, grain boundary diffusion of vacancics has been identified
as the process controlling intergranular void growth in creep rupture.

Further gupport for this viewpoint comes from the work of Ratcliffe
-and Greenwood (52) who cshowed that cavity development could be eliminated
by the application of a hydrostatic pressure equal to the crecep stress.
Other contributions to the growth process, e.g. by plastic deformation
processcs, were ruled out by the further obeervation that in severely
cavitated specimens no void growth occurred when o hydrostatic pressure
equal bo the crcep stress was applied although the material continued to
creep at a rate uvnaffected by the pressure.

The importance of a hydrostatic component of stress in minimising
cracking is familiar to those engaged in hot working of metals. However
relatively few systematic gtudies are available. Thus Dieter et al (15)
have shown that during hot torsion of Inconel 600 at 650-870°C the application
of a longitudinel compresesive strese equal to 50h of the yield stress
increased the strain to fracture by a factor of 8-10. In contrast the
application of a corresponding tensile stress only reduced the fracture
gtrain by roughly one-third.

While such effects can be understood in terms of a rupture mechanism
based on grain boundary diffusion of vacancies as in cavitation creep, there
l1g considerable evidence to show that triple point cracking occurs
extensively during hot working, as discussed in the next section.  Further,
the success of the proposed correlation for both single phase and two phase
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alloys where interphasc cracking is known to occur (26) suggests that

other processes may control crack growth. It ie thus significant that
recent work of Waddington and Williams (55) shows that, for an aluminium—EO%
zinc alloy which fractures in tensile creep by triple-point cracking, the
application of a hydrostatic pressure equal to the creep stress increases
both fracture life and total clongation at fracture. Since triple point
crackeg nucleate ag a consequence of gitress concentrations produced by
chearing along grain boundaries, nucleation should be unaffected by the
application of hydrostatic pressure equal to the creep stress. Thus the
results of Waddington and Williams clearly indicate that ductility is
altered because the crack growth rate is reduced under hydrostatic pressure.
A rupture mechanism based on propagation of triple point cracks controlled
by grain boundary migration thus offers an alternative explanation for the
effects of hydrostatic stresses in hot working.

Observation of Fracture Modes. In the case of creep-rupture, numerous
observatiocns indicaté The occurrence of apparently two types of fracture.
The first are wedge, or w-type, cracks which are associated with triple
points. Rupture occurs by the joining of fissures generated by these
cracks. The second are round or elliptical, or r-type, voids which are
associated with grain boundaries transverse to the applied tensile stress.
Rupture occurs by the coalescence of a number of such voids. In the case
of creep of Nimonic 90, McLean (54) has rclated the occurrence of these
fracture modes to stress and has shown that w-type cracks are not observed
below a tensgile stress of 5 tcns/in2 at temperaturecs between 750 and 950°C.

However, the problem of nucleation of cracks has recently been
digscussed in some debail by Smith and Barnby (55), and they point out some
corrections and amendments to the previously accepted models for triple point
cracking duec to grain boundary sliding as based on the work of Stroh (56).
The nucleation stress, T, in the modificd form of Stroh's analysis is

(o

= E—?%ﬂ ; (10)

where VB is surface energy of grain boundary,

o

G is shear modulus,

A%

=
n

Poisson's ratio,

L gliding distance (assumed equal to grain diamcter),

[
n

and predicts nucleation to be appreciably casier than the original form of
the equation used, for example, by Mclean (54). For v = 0.3, this becomes:

Lo
T = [WLMJ s (11)
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Smith and Barnby (56) have considered a detailed model of mucleation
in termg of the interaction between two orthogonal dislocation pile-ups
and develop a fracture nucleation criterion of

7 .
T 1600, (12)

where bd is a magnitude of Burgers vector of edge camponents of the
dislocations. This is a lower stress than that deduced from the Stroh
relation with a reasonable assumption of the number of dislocations

d i

involve n this pile-up mechanism, namcly

4
i (13)
leE ‘

T ~

They conclude that the procedure of correlating experimental resulits on
the appearance of triple point cracks with the original Stroh relation i
invalid since nuclecation would be expected to occur at much lower stress
It is suggested that the observed stresses correspond to those required %o
make cracks grow to an observable length since very small cracks can form
at stressce much lower than those predicted by Stroh's original formula.

IS
€e.

The case of w~type cracling corresponds to a sitvation where high
stresses generated by dlslocation pile-ups are supported by an infinite
anount of material. In contrast, r-type voids correspond to a eituation
where the strecsses are supported by finite quantitics of material, ec.g.
grain boundary ledges or preccipitate particles. Smith and Barnby (57) have
considered crack nucleation in such cases and show that, if local stresscs
generated by grain boundary sliding are not relaxed prior to the onsct of -
cracking, then particles of width 2c at an interparticle spacing of 24 in a
boundary can nucleate cracks vhen:

1

i

i [ lyg

T=§(5/ m] (¢ < 3) (1)

~

For a given situation, this expression prcdicts that nucleation will occur
ag a much smaller stress than that from Stroh's analysis using 2d as the
eliding distance in place of L. However in such cases it may not be
possible for subsequent grain boundary sliding to enlarge the nucleated
void up to the critical size required for vacancy growth.

These recent treatments show clearly that the stresses required for
crack nucleation are much smaller than previously belicved. Fur ther they
suggest that the difference between w ard r-type voids is morc apparent
than real since cracks can form rcadily ab both triple points and along grain
boundarics due to stresses gencrated by grain boundary sliding. Their
rate of growth will then determine thelr subseguent size and sheape.

These suggestions are confirmed by recent work. Thus Williams (58)
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studying the propagation of triple point cracks in an aluminium-20% zinc
alloy found that, although crack growth was sensitive %o gbtrese, all the
fracturc times could be correlated with strees according to eq. (9).
Morecover, at low stresses in addition to triple point cracks at grain
boundary junctions, cavities or secondary cracks formed at serrations

in the grain boundariecs. During growth the larger txiple point cracks
linked up with these sccondary cracks. Crack growth wag slow and in
most cases wag proportional to the amount of grain boundary sliding
entering the crack. As a consgequence the growth rate of wedge cracks
was dependent on the angle bebtween the growing crack and the stress axis,
increcasing by an order of magnitude as the anglc changed from 90° to 50-60°.

Taplin and Wingrove (59) in a study of intergranuler failurc of iron
by electron microscopy using replica techniques found that over a wide
range of conditions triple point and grain boundary cracks were developed
simultancously. The subsequent growth of these depended on both temperature
and strain rate with mechanical tearing predominating at low temperatures
and high gtrain rates and with diffusional processes predominating at high
temperatures and low strain rates.

Returning to the case of fracture of nickcl under hot working conditions
we can make an estimate of the stresses for w-type cracking using the value
of 700 ergs/cm? Tor the grain boundary encrgy of nickel at 900°C as suggested
by Imman and Tipler (60). Thus from eq. (12) T = 2.8 x 10® dyne/cn® ~ 4000
psi while from eg. (11) with I = 1072 cm and G = 4 x 10 dynes/cn® (a value
appropriate to 900-1000°C), T = 2.2 x 10°® dynes/cm® ~ 3100 psi, & somewhat
surprising result in view of Smith and Barnby' s conclusions. No quantitative
information on the variation of grain boundary energy with composition is
available but if it is assumed that 7g for the 20% alloy is roughly half of
that for pure nickel (a not unrcasonable agsumption in view of reported
reductions of grain boundary energy due to impurities), then from cg. (12)
T ~ 2000 pei while from cq. (11), T ~ 3100 psi. (in the case of the alloys,
the grain sgize is finer and a value of 5 x 10 ° cm is more appropriate).
Although Smith and Barnby's criterion gives a smaller stress in this case, the
diffcrence is not as marked as they suggest. However such siresses are
recadily reached in tests at high temperatures even at low strain rates and we
expect both triple point and grain boundary cracks in hot worked materials.

Wnile various workers have reported some details of fracture modes during
studies of hot working, relatively few systematic studies have been reported.
However the fracture behaviour of several pure irons has heen extensively
studied by Reynolds and Tegart (45) and Keanc et al (42) over the range 700=-
1250°C at strain rates of 0.8 and 8 sec™ using hot torsion. In the & region
where repolygonization is belicved to be the softening wrocess, although small
voide associated with original grain boundarics appear in the specimens, fingl
fracture occurs by propagation of cracks into the specimen from surface
irregularities. In the 7 region where recrystallization is believed to be
the softening process, extensive intergranular cracking occurred at temperatures
low in the 7 range and failure occurred by linking up of these cracks. At
higher temperatures in the 7 range, intergranular cracking was reduced and
extensive small voide were observed. Failure in these caseg occurred by linking
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of these volds by ductile fracturc to gilve large internal cavities. In

the temperaturc rangc o’ the & - 7 transformation, where two vhase structurecs
vere obsgcrved, failure was asgociated with internal volds developed by
interphase cracking.

Recently a systematic study of fract urc modes in an iron-25% nickel
alloy, where recrystallization ig believed to be the softening procese, was
carricd out over a range of strain rates and temperatures by White and
Rossard (L6). In specimens that failcd at low ductilities, they showed
the presence of cracks at both trivple points and at grain boundary

g

irregularitics in the initial grain boundaries (Fig. 19). These then
linked up to give intergramular fracture (Fig. 20(a)).  Although the
triple noint cracks were often larger than the grain bounda

vy cracks, the
differences appear to be associated with the relative amounts of grain
boundary sliding in the two cascg rather than with a difference in
mechaniem in agreement with earlier discussion. In specimens that failed
at high ductilities, the initial 0“°cks were isolated from the original

grain boundaries which disapncared duc to recrystallization (Fig. Zo(b)),
New cracks Tormed in the boundallc of the new grains. Thesge observations
ax strikingly similar to those of Williams (57) discusscd carlier. During

-
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‘urther work on an iron~25% chromivm alloy, where repolygonization is
believed to be the softening process, White (61) observed that fracture
regulted from the formation of very large holes in the interior of the
gpecimen with a distinet absence of marked Intergranuvlar cracking.

These observations suggest that while cracks can be readily nucleated
during high tauperature deformation, thelr subsequent propagation and the
final mode of fallure ig dependent on the interaction betwecen defommation
and fracture mcchanisms.

The Interaction between Deformation and Fracture Mcchanisms in Hot Worklng
The fracturc mechanisms operating during hot working arc similar to

opcrating during crcep yet very much larger straing can be imposed

to fracture in hot working than in creep vacre failure occurs after

er cent clongation. While the preseance of compressive stresscs will

ax d the growth of cracks, there must clearly bec an interaction betwcen

ormation and fracture mechanisms which further slowe down the growth of

cracks during hot working permitting large strains prior to failure.
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Such an inteéraction has been briefly discussed by Davies and Wilshire (62)
when concldcrlpg creep results on various grades of nickel and a nickel slloy.
They suggest that whencver recovery processes in the region of the grain
boundaries cannot take place, low ductilities and a high crack incidence
will result. When either camplete recrystallization in the necking region
or grain boundary migration can occur, ductile fracturcs are obtained, with
little or no intercrystalline cracklng. Similarly Harris (63) suggests that
recrystallization in grain boundary regions leads to enhanced tensile dvetility
of magnesium during high temperature deformation.



-18 -

Rhines and Wray (64) observed a minimum in tensile elongation at an
intermediate temperaturc region in a number of face~centred cubic metals and
alloys and suggested that this resulted from marked grain boundary sliding on
the original grain boundaries below the temperature range for rapid recrystal-
lization which could wipe out the originsgl boundaries and thus reduce grain
boundary sliding. A similar minimum around 760°C was observed during hot
torsion studies on Inconel 600 by Dicter et al (15) while recrystallization in
this material was not observed till 50-60°C higher.

Detvailed studies of interaction under hot working conditions have been
made recently by White and Rossard (L46) using hot torsion of an iron-25% nickel
alloy in which recrystallization igs the softening process, and by White (61)
using hot torsion of an iron-25% chromium 2lloy in which repolygonization is the
goftening process. While some of the observations are specifically related to
the stress system operating during hot torsion (see 'Methods for Studying Hot
ty' ), the ideas are applicable to hot workirg generally. We consider

Workabili
two cages of importance in practice namely continuous and interrupted deformation.

Continuous Deformation. The suggested model 1is that the initial stress
developed for an applicd strain rate is sufficient to form cracks at the original
grain boundaries both at triple points and at irregularitiecs developed in the
boundary. These cracks can then grow under the combined action of vacancy
diffusion along grain boundaries and applicd tensile stresses. (In hot torsion
these are generated by restraint of the specimen but in many working processes
seccondary tensile stresses are operative). Conditions of low ductility corrcs-
pond to the propagation and coalescence of these cracks to give intergranular
rupture along essentially the original grain boundarics.

In the case of materials vhere recrystallization ies the softening process,
conditiong of high ductility correspond to the migration or recrystallization
of the original grain boundaries, thus isolating the initial cracks and
preventing further immediate growth. Further growth occurs by !capturing' a
moving grain boundary for a sufficient time for vacancy diffusion and the
applied tensile stress to lengthen the crack a little before the boundary again
breaks away. New cracks may Form in the boundariss of the recrystallized
grains and these would then proceed to grow in a similar manncr to the initial
cracks. The controlling proccse in crack propagatlon is thus grain boundary
migration.

In the case of materials where repolygonization is the softening process,
although the original boundariecs tend to lose their identitics, the migrating
sub-boundaries would not bec expected to sweep through the material in the same
way as grain boundaries. Further, the measured average low angles of mige
oricentation of the sub~boundarics would not favour vacancy diffusion along
boundaries over vacancy diffusion through the lattice and hence growth by this
process would be expected to be slow. However, in localised zones adjacent
to the original grain boundarieg, high misorientations can be achieved and
further cracking can occur at these new triple pointe and boundary scrrations.
Thege can link up under the applied stress giving a serrated, cracked boundary
region as observed by Williams (58) during creep. The controlling process in
crack propagation is thus repolygonization which acts to maintain all sub-
boundaricecs at the same small average misorientation.

During cold working, vhen the applied streses ig high, these materials
are not significantly more ductile than those which recyrystallize, but during
hot working the situation is markedly altered and materials exhibiting
repolygonization arc inherently more ductile. This vicwpoint ls supported

U4
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by some hot torsion results on va r*ouo materials of similar initial grain

size at the same value of r‘—L/G‘?rn = 0.7 (l?) It was found that copper, nickel
and Q-iron (0.2%C) failed at sher st nq of 34, 23 and 34 respecctively while
an iron-3 /4% gilicon alloy, an lron-25% chromium alloy and aluminium failed
at shear strains of 182, 57 and 87 re peutiwe7v The work of White (61) on

an iron-25% chromium alloy leads him to con cludc that, in the absence of
inclusions, the ductility of this material is 'gquasi-infinite'.

The nature of the softening process is thus scen Lo be the major factor
in determining the ductility of pure metals and alloys during continuous
deformation.

Irtcrruntcd Deformation. In many hot working processcs, the workpiece

ot subjected €0 a contlnioquy applied deformation but instead undergoes a
es of deformations separated by various times of holding at temperatures

Yz these holding periods, structural changes can occur and we would expe
hese to be reflected in dhanbes in duetility. Relatively little attenulon

ag been paid to this aspect of hot working. Thus White and Rossard (L6) have
reported results for an Lron~25% nickel alloy under programmed hot torsion while
Cotner (MO) hag studied a series of aluminium-magnesium alloys ueing a gimilar
technigue.
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In the case of the iron-nickel alloy, White and Rosgard cavflﬁd out a
series of tesus aL 1100°C at a strain rate of 2 sec l, uging shear strain
inerements of 3.85 separated by holding times of § seconds , 1 min. or 10 min.
For continuous deformation the specimen failed after a shear strain of Ll
while in Interrupted tests with the above holding times, the specimeng failed
after shear straing of 38, 34 and 54 respectively. In all these tests, the
shcar strain increment of BubS had already been shown to fom grain bound”?y
cracke and a further teest was made in which the deformation wae applied in
shcar strain increments of 0.77 separated by holding times of 1 min. In this
case the specinen falled after a chear strain of 119.

jol}

While these total straing are clearly greater than any imposed in practice,

t ic results indicate the marked effect that deforuwation schedules can have on

uctility. Thus ductility is improved either by applying a large strain coupled
w¢tﬂ a larce time intcervel or a small strain coupled with a small time interval.
In the forrer case the conditions are such that the original grain structure is
replaced by a completely new structure and growth of the i itial large cracks is
inhibited. In the latter case the initial cracks are very smll and although
only partial recrystallization occurs the growth of the cracks is still inhibited.
Hovever a situation can arise vhere the initial cra cks are large and the amount
of recrystallization is insufficient to remove the initial structure. Fur ther
deformation cycles of a gimilar type can then lead to more rapid failure than
in the continuous casc.

In the case of super-purce aluminium and aluminium-magnesivm alloys,
Cotner (UO), carried out a series of tests over the temperature range from
150°C to 600°C at a strain rate of 0.86 sec *. The main features of the resultis

-

are shown by the data in Takle 3 on the 2% magnesivm alloy.

below 350-400°C, programmed deformation leads to greater ductility,
the greatest ductility oc1ng obtained with the longest rest period. However,
above 780 -40C°C, programmed deformation leads to lower ductility, the lowest
duetility being obtaincd with the longest rest period. This behaviour can
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be understood in terms of the competitilon between recovery and recrystal-
lization in this material. As pointed out carlier Tor purc aluminium
isothermal annegling studies of hot worked material show that there is
initially static recovery characterised by a sharpening of the subgrains
with gradual softening followed by recrystallization associated with a more
marked softening. For the aluminium-2% magnesium alloy, Cotner found that
after a ghear strain of 1.27, the times to roughly 50% recrystallization
decreased rapidly with increased temperature as 390 secs at %00°C, 42 secce
at 450°C and 7 secs at 500°C.

Thue, at the lower temperatures, appreciable static recovery during

the rest periods allows migration of the sub-boundaries in the region of the
original grain boundaries so that any initial cracks are isolated and their
ropagation is slowed down. This procese would be enhanced by increased
time allowing greater migration. About the critical range, the time between
rest periods is such that marked migration and rearrangement occurs allowing
some coalescence to give an increased subgrain size and greater angles of
nisorizntation, With only a slight increase in temperature this structure
changes to one consisting of subgrains having such high misorientation that
cracks can develop in a similar fashion to those developed in the original
grain boundaries. With further increase in temperature, recrystallization
occurs to give a completely new grain structure which on further deformation
develops further cracks. These will eventually link up %o give failure but
as the results show, ductility under interrupted deformation is relatively
insensitive to temperature above 400°C. The increased rest period presumably
leads to grain coarsening and hence a greater propensity to cracking.

Thug again the nature of the softening process l1s seen to be the major
factor in determining ductility of pure metals and alloys during interrupted
deformation. Further systematic studies are clearly necessary to lmprove
cur understanding of the fracture behaviour of materials in practical hot
working proccesses.

Effect of Inclusions, Impuritics and Structural Irlomogeneities on Ductility
The discussion of the previous section hag been confined to pure metals
and some homogeneous single phase alloys. Waile such materials can give
bagic information on deformation and fracture mechanisms, they constitute
a small fraction of the tonnage of hot worked products and the majority of
materiale contain inclusions, impurities and structural inhomogeneities.
While the effects of some of these can be understood in terms of the basic
ideas presented earlier, in large sections of complex alloys, particularly
in the cast state, inhomogeneity of structure leads to localised gituations
which are not representative of the bulk material. Such situationg which
give rise to many of the problems associated with hot working operations e.g.
hot shortness associated with local melting of a segregated phase or
preferential cracking due to interdendritic segregation or massive carbide
phases, usually cannot be predicted from laboratory testes.
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Much of the published information relates to steels and an excellent
review of factors affecting hot workability has been given by Nicholson (3).
Tn thie final scetion we congider briefly the influcnce of solld golution
alloying, sccond phases, cast structure and inclusions on hot ductility.

Splid Solution Alloying. The general effect of solid solution alloyings
is to Increasc strength and decrease ductility during hot working. However
he effect ig more pronounced in materisle where recrystallization is the
softening process. Thig is not unexpected in view of the more marked
effect of alloying on recrystallizabion than on recovery during annealing
after deformation at low temperatures.

e

Thus copper-nickel alloys under hot torsion show a marked ductility
trough above about 20 per cent alloying element with either copper added
to nickel or nickel added to copper (21). Cleerly the retardation of
recrystallization means that substantial crack propagation can cccur under
the highcr stress required to deform the alloys before recrystallization
operates to slow down crack propagation. In the case of the concentrated
alloye, failure in fact occurs along the original grain boundaries.
Similarly, Wnite (61) has found with an iron-25% nickeél alloy that the
addition of 0.005% boron increases ductility while the addition of 0.15%
copper or 0.10% tin decreases ductility. These trends are similar to the
reported effects of alloying on recrystallization of iron after deformation
at low temperatures (32).

Hot torgion tests of aluminivm-magnesium alloys (40) show that,
although the ductility is decreased by the addition of magneszium, the most
narked decrcase only occurs with alloys near the solubility limit. Thig
cffect must arise from the influence of alloying on the strength of the sub=-
boundaries since, for the same subgrain eize, the aluminium~5% magnes um
alloy has a Tlow stress roughly times that of pure aluminium. Such
strengthening could result in a resistance to migration and to repolygonization
thus allowing greater initial crack development. Fur ther, in contrast to

L ¥ ¢ iron-25% nickel alloys, White (61) found that the
addition of boron, copper and tin had little if any effect on ductility of
o) % chromium alloy. U fortunately the effects of alloying in

the rate of recovery in iron are not yeb clear (52).

b d

EE%%E?Lf,ED S . The presence of a duplex gtructure in an alloy
normally icads to reduced ductility. A good example ig the low ductility
of low carbon stecls when tesied in the (c+7) range (bk, 45). The two

c much less ductile than either of the camponent phascs
due to the. inhomogeneity of deformation in the two phases. If coherency
between the phases is good then fracture can occur in cither phase depending
on the proportions of the phascs and their rclative deformations. If
coherency between the phases is poor, due poseibly to preferential segregation
of impurities, then interphasec cracking occurs. In the case of iron, the
somcalled 'red shortness' around the transformation range has been explained
by thc presence of an extended (oY) region produced by the addition of
impurity elements rather than by scgregation leading to a low melting film
at thc grain boundarics of ferrite (45).

o om



Detailed studics of hot working of two phasc alloys consisting of
austenite + B~ferrite in a series of wrought chromium-nickel steelgs have
been made by Castro and Poussardin (65) using tension and Miller (26)
using torgion. As shown in Fig. 21 there is a ductility trough at about
30% ferrite over a range of tamperatures, Fracture is initiated by inter-
phase cracking which is particularly severe at abou’ 30% ferrite where
most of the deformation is concentrated in the austenite. As noted
earlier, the fracture data on these alloys can be correlated using eq. (7)
indicating that rate of crack propagation rather than the mode of crack
initiation is the important varisble in determining ductility.

The influcnce of composition on ductility can often be rationalised
in terms of the proportion of gecond phase present in a given material.
Thus, for the titanium-12.5% tin-2.5% aluminium allove used by Reynolds (10)
which had a canposition close to the B-phase boundary and a minimum
upsetting temperature of 1100°C, the addition of small amounts of alloying
elemecnts had marked effects on the hot workabllity. Thus additions of
carbon, lead, silicon and zirconium raised the minimum upsetting temperature
by 100°C whereas the remaining additions either had no effect in spite of
increased solute content or reduced the minimum upsctiing by up to 100°C.
However their individual effects could be rationalised in terme of the
proportion of P-phase present in the structure as shown in Fig. L.~

The degree of dispersion of the second phasge is clearly an important
factor and there is some evidence thay ductility of brittle hexagonal
materials can be improved by having a dispersion of fine coherent particles
which restrain grain growth and restrict crack propagation (£6).

Cast Structures. Most of the experimental result s on hot workability
nave been o5taiied "on wrought materials, but in practice, the major problems
in hot working arise during the breakdown of the as~cast structure. There
are formidable experimental difficultiecs assgoclated with the difficulty of
reclating laboratory casts to practical conditions where the different scale
leads to different segregation and structural features and of reproductibility
of results, particularly in situations of Limited ductility, associated with
gampling probleme.

Recently Decroix et al (8) have examined the hot workability of a series
of nickel-chromium stainless stecels cast in 25 kg ingots and a typical result
for an 18% chromium-11% nickel steel is shown in Fig. 2. The hot ductility
ig lower for asw-cast material and the meaximum ductility is reached epproximately
50°C lower than in the forged material. In this case, a distinction was
made between columnar and equiaxed structures. Because of the sgecatter in
data, columnar and equiaxed structures have been grouped together up to the
maximum.  However above the maximum the equiaxed samples exhibited lower
ductilitics than the columnar ones. Fracture in these materidls is
initiated in areas of interdendritic segregation either within ferrite or
at austenite-ferrite interfaces. For an average content of 4 ferrite in the
as-cast eteel of Fig. 2, the equiaxed structure contained 5% ferrite while
the columnar structure contained 3% ferrite; this difference can poesibly
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P

¥ of the equiaxed structure in the higher

1er, in contrast to the forged material

asgoclated with high ductility, no reerystall ization
material.

account for the lower ductilit
range of temperatures. Furth
where recrystallization was
wag observed in the asw-cas

- It 1g clear from this brief discussion that a cwmbination of the
factors discussed in the earlier scctione is operative in the inhomogeneous
regiong of cast materiales.

Incl@qionv. The deletorious effect of certain inclusions on hot
duetility IS well known. However it should be ncted that the deletorious
effect is very dependent on the stress system imposed during hot working
€.g. 1t may be possible to successfully extrude or even wll a meterial
containing inclusions but such a material will not stand up to rotary
plercing operations Further, the initiation of Ffracture at inclusions
is dependent on the rClutAVL deformation characteristics of the inclusion
and the matrix. Thus the cffecte of sulphur, oxygen and manganese on
ductility of iron alloys have been rationalised in terms of th ¢ change of

.

shape and distribution of inclusions with change of composition (67).

()5

The initistion of fracture at gsulphide and silicate inclusions in mild
steel under con@ itiong gi Lulatlng two roll rotary piercing is chown in Fi iz.
22, teken from a recent work of Cottinghan (68). Clearly silicates are
more dangerous than sulphides 3 however, because of their generally la arger
size and poor deformation cha*"actcr1 stics, oxides are much more dangecrous
than sulphides. Cottingham cmphasized the importance of the hydrostatic
tensile stress component in a material in detemining the initiation, rate
of growth of cavitics and coalegcence by internal necking. Thus, using a
notched tensile test, he found a lincar correlation between the volm:mv fraction
of oxides + sulphide inclusions and notch ductility. 1In contrast a normal
tensile test was relatively inscnsitive to the presence of inclugions and
no correlation was obtained.

n

The very dangerous cffccts of oxide inclusions on ductility is illu
drdmatha¢lv by Fig. 23 which contrasts the ductility of a commerci ially ¢
ron with that of the same iron purified by zone refining (L2). The oxygy;
coxtcnu of the iron was reduccd from 1000 ppm to ~ 7 v during the treatment
and examination of the fracture mode indicated that in the commercial 1y pure
iron marked internal cracking was associated with oxide inclusiong while in
the zonec refined iron failure occurred by propagation of cracks from surface

irregularities. The marked reduction of ductility by oxide inclusions is

-

comparable with that reported by White (61) for an lron~25% chromium alloy.
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Table 2 Comparison of Parameters n’ and @ Derived from Strength and

- - - n-—unn-—-—-—um_uuwﬁ o o e o o o g ot 200 S A o T - - WO - o - -

- - n—nn-:——-—-—-——-.-...—u -a—.-n--u - -

Alloy Streggin corrclat“on Fracture correlation
n 0(k cal/mole) n’ o(k cal/mole)
Nickel 5.4 5h 5.1 53
Nickel-5% iron 5.4 71 5.4 5L
lickel-10% iron 5.4 81 5.6 73
Nickel-20% iron 5.2 88 6.3 88

B R e ] —-——--—n-—-—--.--————_- -———---—u—a-n—

Deformation
gchedule Shear Strain at Failure

Shear strain
increments +

oot bimo 150°C 200°C 250°C 300°C 350°C
Continuous 6.3 5.6 6.0 5.3 17
1.27 + 30 sec. 1k 13 16.5 16.5 2
1.27 + 2 min. L5 48 50 L9 46
Loo°c L50°C 500°C 550°C 600°C
Continuous 7L 96 115 2 14k
1.27 + 30 sec. L1 43 Ll N Ly
1.27 + 2 min. 37 32 31 30 28
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FIG. 7 STRESS-STRAIN CURVES DERIVED FROM HOT TORSION TESTS
ON ALUMINIUM AND COPPER AT VARIOUS TEMPERATURES AT

A CONSTANT STRAIN RATE (186)
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FIG. 9 STRESS-STRAIN CURVES DERIVED FROM HOT TORSION TESTS
(cont.) ON COPPER AND ALUMINIUM AT LOW STRAIN RATES (18)
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STRENGTH DATA DERIVED FROM HOT TORSION TESTS OF
ROSSARD AND BLAIN (17)
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(a) immediately quenched {(b) 5 min. anneal

(d}) 30 min. anneal

{c) 10 min., anneal

FIG, 12 STRUCTURES OBSERVED IN PURE ALUMINIUM AFTER A
CIr T et 1 ¢ anlel . ) G Y 3
STRAIN RATE OQF ~ 2 SEC AT 400°C (x 200)
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(a) strain of 1.4 (x 250) (b) strain of 2.3 (x 44)

(c) strain of 10 (x 250)

FIG. 14 STRUCTURES OBSERVED IN O.F.H.C., COPPER AFTER
VARYING AMOUNTS OF STRAIN AT A STRAIN RATE OF
0.5 SEC”Y AT 870°%C
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AND A DILUTE NICKEL~IRON ALLOY
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(a} sulphite inclusion
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(b} silicate inclusion

FIG. 22
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