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A B S TRAGCT

Equipment was constructed which permitted the hot compression
of Armco iron and silicon steel at constant true strain rates of 0.05
to 1/sec over the temperature range 600° to 1,000°C. A maximum true
strain of 1.9 could be attained, followed by immediate quenching or by
isothermal annealing.

True stress-true strain curves were obtained, and the steady-
state flow stress (&), strain rate (£) and temperature (T) were found
to fit the following expression: é = A [binh «xé)]n' exp (- %%). The
constants (A,00, n' and AH) were determined for the two materials. The
substructural changes occurring during hot compression were investigated
by optical and transmission electron microscopy. Under steady-state
conditions, repolygonization occurred and the subgrains remained equiaxed
at all strains. The mean subgrain diameters were found to be related to
the strain rate and temperature by (d'l) = a + b log Z, where
Z = [é exp (ﬁ%)], and to the flow stress by (d'l) =a' +b' log sinh (£6),
where a, a', b and b' are constants.

The room temperature microhardness was proportional to the
(subgrain d:‘Lameter)-!E and dependent on the deformation temperature, the

strain rate, and the extent of recovery following hot compression.
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1 I NTR ODUCTTI O N

1.1 COMPARTSON OF INDUSTRIAL HOT WORKING AND EXPERIMENTAL TESTING
METHODS

Hot working processes play an important role in the fabri-
cation of metals and alloys. This is because much less force is required
to effect equal reductions at elevated temperatures than at homologous
temperatures below 0.5. Furthermore, the ductility of most metals is
also higher during hot working than during cold working. The term hot
working commonly refers to high temperature deformation occurring at

3 to 103/sec1). This distinguishes

strain rates ranging from about 10
it from creep, which takes place at strain rates below 10-3/sec, and
from very high strain rate deformations, such as explosive forming, which
occur atvstrain rates in excess of 103/sec. The present investigation
was limited to hot working strain rates and temperatures, although fre-
quent reference will be made to creep mechanisms and equations. |

Industrial deformation processes are not generally used for
fundamental research work. This is because of the complexity of flow in
these processes (e.g. extrusion, rolling and forging) and also because of
the difficulty of maintaining a uniform and constant temperature in the
test material. For these reasons, simpler testing methods, such as hot
torsion, hot tension and hot compression, have been developed for experi-
mental investigation, These methods will now be compared briefly.

Hot torsion has the advantage that the experimental torque
data need not be corrected for friction and redundant work, while deform-

ations to high values of strain can be achieved. Also, arrangements can

easily be made for the rapid quenching of samples after completion of the



deformation. On the other hand, the variation of the strain rate from
zero at the center to a maximum at the surfacez) causes difficulties in
the calculation of the flow stress from the torque data, and in the correl-
ation of the structure with the deformation variables.

The advantages of hot tension testing are the following. It
is based on room temperature tensile testing, equipment for which is
commonly available. Furthermore, nmo corrections are necessary for frictionm,
and the geometry of flow is easily understood. The main disadvantage is
that these tests are limited to maximum strains ranging from 10 to 30%.
This is because of the incidence of necking, which leads to non-uniform
deformation and eventual fracture. Also expensive accessories are re-
quired to produce constant true strain rates. For the latter reason,
and particularly because of the maximum strain limitation, this method
of testing does not have wide application.

The main problem associated with hot compression testing is
the provision of constant true strain rates. A simple testing machine
producing constant anvil speeds is unsuitable, because the true strain
rate increases as the specimen gets shorter. Constant true strain rates
can, however, be produced mechanically or hydraulically. The mechanical
means for achieving this is the cam p1astometer3’4) which is a somewhat
elaborate and expensive device. Constant true strain rates can also be
produced hydraulically, using open or closed loop servo systems. The
latter means was the one employed in the present investigation. Unlike
the other two test methods considered above, hot compression testing does
involve corrections for friction, and these will be discussed later. Com-

pression tests are, however, more representative of important industrial



working processes such as extrusion, forging and rolling, in which the

forming forces are primarily compressive.

1.2 SURVEY OF PREVIOUS CREEP AND HOT WORKING INVESTIGATIONS

Prior to describing the present investigation, a brief survey
of recent research on high temperature deformation will be presented.
Although the strain rates in creep are several orders of magnitude lower
than those of hot working, the survey will begin with creep, as hot work-
ing is similar in many respects to creep. Also, data'for steady-state
creep are more readily available in the literature than the results of
hot working experiments. Two aspects of creep testing are of particular
interest with regard to hot working. These are: the equations relating
strain rate, stress and temperature; and the microstructural changes tak-

ing place during creep.

Creep Equations. Strain rate equations have been reported

both for steels investigated in the ferritic region5’6’7)

8,9)

and for aus-

10)

tenitic steels and Tall)).

, as well as for other bcc metals, (e.g. W

In these investigations, the stress-dependence of the strain rate has

been given by a power termlo’ll) or a hyperbolic sine term5’6’7’8’9).

Also, the activation energy for creep has been found to be approximately

equal to that for self-diffusion7’11’12). Thus it is generally accepted

that creep is a diffusion-controlled thermally-activated process, although

the same conclusion has not yet been applied to hot working.

Microstructural Changes During Creep. Formation of stable

subgrains during steady-state creep was observed in steels tested at

temperatures in the ferritic range12’13’14’15’16>. The establishment of

this well-developed substructure was due to extensive dynamic recovery,

-3 -



where the subgrains remained unchanged throughout steady-state creep13’15).
Similar substructures were not observed in ferritic steels tested in the
austenitic range, since the networks were destroyed by the phase change

that took place during cooling.

Hot Working. Hot working tests on steel have been carried out

by hot torsionlz’ 17 to 23), hot tension12’13’14’19’20’25’26), and hot

compression3’4’14’27 to 31’32’33). These investigations will be dis-

cussed in greater detail in the appropriate sections below. Before pro-
ceeding, however, some general remarks will be made concerning the present
state of the accumulated data and of inadequacies in the gemeral picture
obtained to date. The most obvious one is the following. Separate in-
vestigations concerning either the flow stress during deformation, the
structure produced by the deformation, or the mechanical properties as a
function of the deformation conditions have been carried out. However,
the interdependence of flow stress, structure and properties does not seem
to have been investigated in detail in a single experiment. Another lack
is that many of the previous investigations were carried out over small
ranges of temperature and strain rate. Furthermore, the study of the
structural changes occurring during deformation, and of their relationship
to the deformation variables, was generally performed by optical microscopy.
These studies are therefore incomplete, and somewhat unreliable with re-’
spect to the dislocation substructure. No data at all were uncovered con-
cerning static recovery after hot working.

Regarding the structural changes associated with hot working,
the following important problems remain to be thoroughly investigated:

(a) 1In the transient region, the process of substructure development and

its relationship to work hardening;



(b) 1in steady-state hot working, the dislocation mechanisms involved,

and the relationship between the microstructures produced and the
deformation variables; |

(c) during isothermal annealing after hot working, the structural changes
caused by static recovery on the one hand and by recrystallization on the
other.

Outline of the Project. The present project was mainly con-
cerned with steady-state hot working. The transient region of hot work-
ing, as well as isothermal recovery and recrystallization after hot
working, were also investigated, but to a lesser extent.  An outline of
the aims of the investigation follows:

1. To determine flow curves for the hot working of Armco iron and
silicon steel in the OC-region, and to establish the extent of the
steady-state region.

2. To determine the temperature and stress dependence of the strain
rate and to calculate material constants for hot working.

3. To study substructure formation during hot compression, and to
investigate the relationship between substructure, mechanical properties,
and the deformation variables.

4. To examine the structure and properties of Armco iron and silicon

steel as a function of annealing time after hot compression.
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2.1 DISLOCATION REACTIONS IN BCC METALS

Less attention has so far been paid to dislocation mechanisms
in becc metals than in fcc metals, as the geometry of slip of the former
is more complicated than that of the latter. Unlike the case of fcc
metals, there are no close-packed planes in bcc metals, There are close-
packed directions, however, which are the slip directions, and these are
the (111> . Some recent work on dislocation reactions, work hardeaing,
and recovery, will be reviewed briefly in the paragraphs below.

S81lip occurs in the <111> directions34’3s), as already men-
tioned above, as these are the directions of closest atomic approach.

It is normally assumed that {112} » €110} and {123} are possible slip
planes, but which of them is operative depends on the homologous temperature.
They change successively from {112} to {110} and to {123} as the temp-
erature increases from -185° to 20°C. 1In ironm, however, all three planes
seem to be operative at once34’36).

In a recent paper, KROUPA and VfTEK35) concluded that the
above-mentioned slip planes are only the "macroscopic'" ones, as observed
by optical or electron microscopy, and that there are other (as yet un-
detected) "microscopic" or elementary slip planes concerned with the
motion of individual dislocations. For example, non-crystallographic

37)

slip has been observed in 3% silicon iron at low strain rates , al-
though at high strain rates and low temperatures, slip was confined to

{110} p1anes38’39).



The stacking fault energy of bcc metals is thought to be high,
since extended dislocations have not been commonly observed40’41). Some
evidence has been accumulated to support the view that the plane of dis-'
sociation of dislocations is a function of the impurity contentaz).

This result is in agreement with other reportsAo) which propose that disg-
locations probably dissociate when particular alloying elements are
present (for example, Si). These elements presumably lower the stacking
fault energy. The-presence of impurities might therefore be the reason

why extended dislocations are sometimes observed on {110} 35,40) and

{112} planes?3»44:43)

The stacking fault energy, however, can also be
influenced by the different types of stress present. The influence of
the mode of deformation on the stacking fault energy has recently been
investigated by testing at 77°K46). In this work it was found that an
applied tensile stress increased the stacking fault emergy on {110} planes,
whereas a compressive stress caused its reduction. It has also been
reported that screw dislocations can dissociate onto {110} and{l12} planes
at the same time35). From the above-mentioned results it can be seen that
stacking fault energies in bcc metals are'generally high, and that the
partial dislocations are not widely separated. Hence cross-slip in bce
metals is relatively easy. On the other haﬁd, the stacking fault energy
can be reduced by the presence of impurities or compressive stress, so
that the width of the extended dislocations increases, making qross-slip
more difficult.

Besides the splitting of dislocations, another important

dislocation reaction occurs in bcc metals which is concerned with work

hardening mechanisms. This reaction occurs when two %a ¢111> dislocations



5
combine to form a {100 sessile dislocation&7). This attractive inter-

action presumably contributes substantially to the flow stress. 1t pro-
bably plays an important role in the work hardening of bcc metals, much

as LOMER-COTTRELL locks do in the work hardening of fcc metals34)

2.2  THE FLOW CURVE AT ROOM TEMPERATURE

2.2.1 WORK HARDENING OF SINGLE CRYSTALS

The plastic flow of fcc single crystals has been extensively

1,34,48,49,50)

investigated and is commonly divided into the following

three stages: easy glide or laminar flow (stage 1), linear hardening or
turbulent flow (stage II) and dynamic recovery (stage II1). Whether this
scheme could also be applied to bcc metals was not clear until recent
investigations in which a certain degree of parallelism between fcc and
bce behavior was demonstratedSI). Although similarities have been found
in the three-stage scheme, the detailed work hardening behavior of bce
metals has not yet been fully established due largely to difficulties
arising from the sensitivity of the plastic properties to the presence
of carbon, nitrogen and oxygen in interstitial solid solution34). Some
of the flow stress theories for bcc metals will now be briefly described,
with particular reference to the behavior of ironm.

The typical stress-strain curve of a bcc single crystal starts
at higher stresses than that of a typical fcc meta134). After stage 1
is complete, the curve for Fe is roughly parabolicsz), as it is for other
bcc metals. The initial flow stress has been found to increase sensi-

tively with decreasing temperature53). The flow stress is believed to

consist of the following components34):
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(a) the flow stress associated with the intrinsic resistance of the
lattice to dislocation motion (i.e. the Peierls-Nabarro force),

(b) the stress attributed to the presence of impurities,

(c) the stress connected with the presence of dislocations (structural
hardening).

Opinions of some investigators about the relative importance of the first
two above-mentioned flow stress components at low temperatures will now
be described briefly.

CONRAD54)

pointed out that the intrinsic lattice resistance
arising from the Peierls-Nabarro force is responsible for the strong
temperature and strain rate dependence of the yield and flow stresses

at low temperatures. However, some objections have been raised against
this theory. For example, MORDIKE and HAASENSZ) have suggested that the
increase in the temperature and strain rate sensitivities of the flow
stress is due to ;he breaking up of the larger insurmountable precipitates
into small thermally surmountable fragments as the strain increases.
Another objection to the theory proposed by CONRAD has been raised by
STEIN et a155). They conducted an investigation of iron single crystals
containing less than 5x1073 ppm carbon and proposed that the dependence
of yield stress on temperature in oﬁ-iron of commercial purity 1is due
primarily to the interaction of mobile dislocations with interstitial
impurities in solid solution. Although the Peierls mechanism is not

too important in fcc metals, NABARRO, BASINSKI and HOLT34) concluded
that in bcc lattices it appears to play a much more significant role,

especially at low temperatures and strains. As far as structural harden-

ing is concerned, it seems that the basic mechanisms here are very
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similar to those operating in fcc lattices; an interaction leading to

the formation of a sessile dislocation takes the place of the LOMER-
34)

COTTRELL interaction, as already mentioned in section 2.1

2.2.2 WORK HARDENING OF POLYCRYSTALS

Commercial metals are polycrystalline and the polycrystalline
flow curves differ from those of single crystals because of the con-
straining effect of neighbouring grains. 1In particular, stage I is
absent as single slip cannot take place in constrained deformation. The
work hardening of polycrystals at homologous temperatures below 0.5 has

56 to 61)

been studied by many investigators , and some of the more import-

ant of these results will now be described.

In stage 11, the hardening rate of polycrystals is higher

than in single crystals48), which can also be accounted for by the conm-

straining effect of neighbouring grains. The stress-strain curve of poly-
crystalline iron shows a rapid fall;off in the capacity to work‘harden

at low temperaturessa). The temperature and strain rate dependence of

the flow stress in polycrystalline iron is also affected by the presence
of alloying elements. At low temperatures silicon decreases the temper-
ature sensitivity of the flow stress in contrast to manganese and chrom-
1um58). Most of the previous investigations were concerned with the
dependence of flow stress on dislocation density, and with dislocation
configurations at lower stresse860’61). The work hardening behavior of
different metals subject to large plastic strains has recently been
investigated by EMBURY, KEH and FISHER59). They proposed that for large

plastic strains the work hardening process cannot be explained in terms

of any elementary dislocation theory. However, the process may be
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described in terms of the reduction of substructural-barrier spacing
during deformation. The above;mentioned investigators studied a wide
range of polycrystalline materials which enabled comparisons to be made
of the properties of both fce and bcc metals. Fec metals do not harden
as extensively during cold working as do bcc metals; also the decrease
in cell size with strain during cold working is less marked in the former
than in the latter case. The rate of dynamic recovery, which is in-
dicated by the slope of the stress-strain curve in stage 111, is smaller
in bee than in fcc metals. This behavior is presumably associated with

the presence of interstitials in bec materialcs.

2.3 THE FLOW CURVE AT HIGH TEMPERATURE

2.3.1 FLOW CURVES

Hot working investigations are usually concerned with the
relationship between the main deformation variables: i.e. strain (€),
strain rate (é), flow stress (O) and temperature (T). The inter-
dependence of these variables is described by sets of flow curves in
which the true stress is given as a function of true strain at various
constant strain rates and temperatures. The main features of the true
stress-true strain curves reported by previous investigators will now be
discussed, and special attention will be given to the shapes of the curves
obtained from the hot compression testing of steel.

The shape of the flow curve is related to the deformation
mechanism operating in each region of strain. The important features of
stress-strain curves have been discussed by previous investigator821’62’63’64)

and some of their conclusions will now be introduced. It is generally
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known that high temperature stress-strain curves exhibit a transient and
64

12)

a steady-state stress region /. The slope in the transient region is

a measure of the network hardening rate; thé steady-state region is
established when a balance is reached between the rates of work hardening
and of dynamic recovery. Under steady-state conditions, the flow stress
is constant and independent of strain. Some of the metals, such as Ni,
Cu and jy-Fe, when tested in hot torsion, exhibit pronounced stress peaks
just before steady-state deformation sets in, even at high temperaturesZI)

In Fe-25% Cr and in silicon steels, on the other hand, a more gradual
transition is observed21). Stress peaks have also been observed during

the hot torsion and hot tension of ferritic steelslg’zo). In contrast,
compression curves for these materials exhibit a maximum only at high
temperatures and low strain rates4’30). These results suggest that not
only the choice of material, but also the mode and conditions of deform-
ation are responsible for the shape of the stress-strain curve. The strain
at the maximum stress for a particular metal is believed to be somewhat
62,63).

strain rate and temperature dependent The maximum moves towards

higher strains as the temperature drops and the strain rate increaseséz).
So far only a few investigators have presented data concern-
ing the hot compression of iron or steel in the x;region29’30’31). Some
of the curves presented31) did not exhibit a steady-state region; in
other curves the stress rose after large strains. These departures from
steady-state conditions occurred ét extremely high strain rates and at
lower temperatures. The lack of explanation for some of the features

of the flow curves is due to the fact that the mechanisms governing hot

working processes are not yet completely understood.
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2.3.2 THE THEORY OF ACTIVATED COMPLEXES
As hot working is a thermally activated process which involves
both stress and thermal energy, the principles of activated complexes or

65)

rate processes will be described in the following paragraphs.

When a unit of flow consisting of a group of atoms passes

65)

over another group by shear, it has to be excited to an activated state
68)

The driving force for this event is supplied by thermal activation
The free energy of the activated atoms increases from the initial state
to a maximum (the transition or activated state) and decreases again to
another level. To get from the initial energy level to the final one,

the atoms have to overcome this "energy barrier"67)

and the difference
between the initial and the maximum energy levels is called the free
energy of activation or simply the activation energy. Since the volume
changes in condensed systems are negligible, and also the lowering of

the free energy by entropy changes is insignificanth) or not known, the
change of internal energy is commonly used rather than the change of free
energy for the activation energy. It provides a reasonable estimate of
the free energy change and is also approximately equal to the change of
enthalpy.

However, not all the atoms in the body have the required
activation energy at the same time. This is due to the non-uniform dis:
tribution of the thermal energy in the body. The fraction of atoms having
AH,

the required thermal energy is proportional to the exp (-ﬁf)’ where ( AH)

is the activation energy, (R) is the universal gas constant and (T) is

the absolute temperature.
The simultaneous action of stress is believed to decrease the

69)

energy barriers . During plastic deformation the thermal energy can,
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however, activate only a relatively small number of atoms. Thermal energy
is not capable of causing movement of long dislocation segments. When
stress is applied simultaneously with thermal activation, the energy
barriér will be lowered or raised depending upon whether the strain is

in the same direction (61) or opposite to the stress (62). The strain
rate of the process is then proportional to the difference between the
forward and reverse frequencies (‘Dl) and ( Dz), and can be expressed by

the following equation:

: ) . _AB-V6y, L AH#VG, T v
E v U, = B |exp ( T) exp ( T)] (1)

where(V)is a constant. This can be simplified by assuming that 61 = 62 =

=& as follows:
€ =B exp (- %) sinh % (2)

where (B') is a constant:69).

The rate of a single thermally activated process is propor-
tional to the frequency with which the atoms attempt to overcome the
barrier (iq solids it is equivalent to the Debye or vibration frequency)
and to the above-mentioned temperature dependence and stress dependence
terms. . When several mechanisms are involved at the same time , the pro-

cess becomes more complicated and it is very difficult to establish the

rate controlling mechanism,

2.3.3 THE IMPORTANCE OF DIFFUSION
Diffusion is an important thermally activated process. Some
of the main principles of diffusion will now be described briefly,

especlally those related to hot working.

The thermally activated tranmsport of atoms through matter can
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occur by means of the following four ptocesses:ss)
(a) movement within regions of perfect lattice (bulk diffusion);
(b) movement of diffusing atoms along an external surface (surface
diffusion);
(c) movement along internal surfaces, such as grain boundaries (boundary
diffusion); and
(d) movement along dislocations (pipe diffusion).
Diffusion in pure metals is referred to as self-diffusion in contrast to
chemical diffusion, which occurs in heterogeneous matter. Although, from
a technical point of view, the latter is the more important, it has not
yet been completely understood in fundamental terms66). However, the
self-diffusion process is also complex, and in cubic metals it can occur
by four distinct mechanisms:
(1) ring diffusion, where the atoms exchange places by means of "musical
chairs'" movements;
(2) interstitial diffusion, where the atoms move through interstitial
spaces;
(3) vacancy diffusion, which is based on position interchanges between
atoms and vacant lattice sites; and
(4) relaxation diffusion, which is associated with the movement of atoms
in locally disordered regions.
Of the four mechanisms described above, vacancy diffusion is thought to
be the dominant one in metallic self;diffusion7o).
The activation energy for self-diffusion in metals can be

approximated from the following relationship:
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where T, is the melting point temperature (°K), and (‘AHS.D.) is given

in cal/mole. This relation is believed to be accurate to % 20%71). It
has been observed for some time that the activation energy for creep is
approximately equal to that for self;diffusion7’11’12), which has already
been mentioned in section 1;2.

Thus it is fairly generally accepted that creep is a diffusion
controlled process. It is not as well known that hot working is also
diffusion controlled. This is one of the conclusions of the present work
and is based on the observation that the experimental activation energies
for hot working are also approximately equal to those for self-diffusion,
as in the case of creep. The activation energies for hot working and for

creep and self-diffusion will be compared in more detail in the Discussion.

2.4 STATIC AND DYNAMIC RECOVERY

It has generally been observed that metals with high stacking
fault energies do not recrystallize during hot working2’72); the extensive
"softening" occurring during high temperature deformation is produced by
dynamic recovery instead. Also, after deformation is complete, and while
the specimen is cooling down to room temperature, static recovery can take
place. Recovery kinetics and mechanisms will therefore be reviewed
briefly in the following paragraphs.

A distinction has first to be made between:

(a) static recovery, which is associated with the internal stresses pro-
duced by the deformation, and with thermal activation; and
(b) dynamic recovery, which results from the combined influence of

external and internal stresses, and from thermal activation.

Both kinds of recovery lead to changes in physical and mechanical properties,
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and to changes in the dislocation structure. Their effect can be evalu-
ated quantitatively by the dependence of these properties on temperature

and time or strain rate.

By means of static recovery, the properties can never be

reatored completely to their pre-deformation values. Even in deformed

single crystals, static recovery still leaves some non-recoverable

residual stresses68). In aluminum, the éoftening which can be produced

by static recovery after cold working has been reported to be not higher
68,74)

than 30 to 40% 73), or even only 20% of the hardness increase pro-
duced by cold working. Comparable values for steels of commercial purity
deformed to large strains are not available. However, it seems likely
that the fractional restoration of properties by static recovery is as
low for iron as it is for aluminum.

On the other hand, it has recently been shown that dynamic
recovery during the hot extrusion of aluminum75) can lead to much lower
final hardnesses than can be obtained by static recovery after cold
working. The occurrence of extensive dynamic recovery can result in
almost complete softening during hot working. The progress of recovery
during hot working can reduce the density of dislocations in the sub-
boundaries and wifhin the subgrains to a very low level. Thus the material
can resist recrystallization on subsequent heating because of the low

driving force75).

2.4.1 THE KINETICS OF STATIC RECOVERY
The investigation of static recovery after cold working has
uncovered the following features68’76): recovery does not require an

incubation period; the recovery rate decreases with time, and increases
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with increasing annealing temperature. The recovery rate increases also

77) 77)

with decreasing deformation temperature (below 0°C) and with strain’'’.

No data wére uncovered for static recovery after hot working.
The activation energies for static recovery are believed to
be lowef than those for recrystallization78). It has not yet been est-
ablished whether the activation energy during recovery is constant, or
whether it changes with the instantaneous value of the recoverable property68).
In a recent investigation of static recovery in zone;refined iron79), it
was found that the activation energy increased during annealing in the
following way: at the beginning of the annealing cycle the activation energy was
about 1/3 of the self-diffusion value, and at the end of the cycle it was
about the same as the activation energy for self-diffusion. The latter
result is in general agreement with the estimate that the activation
energy for recovery is approximately equal to the activation energy for
self-diffusion reduced by the stored energy of the deformation68).
Although recovefy kinetics cannot be completely satisfactorily
described by simple functions78), over limited time periods, the change
of a selected property can be expressed by the following equation:
InX=A-Bt (4)

where: X

the ;ntensity of the lattice imperfections responsible for

the instantaneous property change,

A = a constant dependent on the intensity of the lattice
imperfections at the start of the recovery treatment,

B = a temperature-dependent constant, and

't = the time of recovery.

This equation is valid for constant temperatures and is subject to the
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condition that the activation energy remain constant during recoverj.
Equation (4) can also be given in its exponential form, which is:
X = X,exp (- Bt) (5
where (X;) is the value of the property after cold working.
If the activation energy is assumed to be a function of the

instantaneous value of the recovering property, the following equation
can be writtenﬁa):
X =A"-B'"Int (6)
where: A' = a constant dependent on the initial intensity of the
lattice imperfections, the activation energy at the

start of the recovery process, and on temperature, and

Bl

a constant dependent on temperature,

t time,

The application of equation (6) is, however, limited to an intermediate

range of annealing times since, as (t) approaches zero, (X) becomes

infinite.

2.4.2 RECOVERY MECHANISMS AND CHANGES OF MICROSTRUCTURE

Recovery Mechanisms. Various mechanisms are involved in
recovery after plastic deformation, although the de;erminatidn of the
specific mechanism which is rate controlling is very difficult. From
recovery experiments on:iron it has been proposed that vacancy migration
is controlling at the start and self-diffusion is controlling towérds

the end68).

Changes of Microstructure Due to Recovery. Structural changes

are a consequence of the rearrangement of lattice imperfections during

recovery. The most important structural changes are the following: the
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formation of subgrains from cells, and the growth of subgrains. These
will now be described briefly.

It has been commonly observed that cell walls consist of
dislocation tangles. During static recovery, the cell walls become
narrower and better defined, which is due to the partial annihilation
and rearrangement of the dislocations within them. Also the dislocation
density in the cell interiors decreases as the cells are transformed inte
subgrains, The average subgrain size remains about the same as that of
the cells, although it can increase slightly late in the recovery processGa).

At present, the mechanisms of subgrain growth are not fully
understood. It has not yet been determined, for example, whether boundary
migration or coalescence is the more important processGa). Theories

68)

proposing boundary migration as the nucleation mechanism for recry-
stallization are based on the mechanism of grain growth at the expense
of adjacent subgrainsso’al’sz) in locally highly deformed regions. The
alternative coalescence theory83) proposes that the common boundary
between some subgrains is eliminated by the movement of dislocations out
of the disappearing sub-boundary. It can be concluded from this brief
survey that subgrain growth probably occurs by coalescence as well as by
boundary migration.

In contrast to the process of static recovery, which is
associated with a continuous decrease in dislocation density, dynamic
recovery during steady-state hot deformation leads to an equilibrium
between the rate of dislocation generation and the rate of internal

annihilation. Hence the substructural phenomena will be different in each

case. During steady-state hot deformation a constant dislocation density

- 20 -



is maintained, and the overall geometry of the subgrains remains constant.

This has already been reported both for creep13’15’84)

85,86)
ng

and for hot work=-
i . In addition to coalescence and grain boundary migration, which
are operative during static recovery, dynamic récovery is accompanied by
the continuous creation of new subgrains as the material is being deformed.
.The net result is that the subgrains are continually being destroyed and
reformed at an equilibrium spacing. Presumably a limited amount of sub-
boundary'migration is also taking place, which is associated with the climb
of dislocations in the networks. This climb is enhanced by high concen-
trations of vacancies, which are produced by the hot working., The term
"repolygonization' has been proposed by McQUEEN et a186) for this pro-

cess.

2.5 RATE CONTROLLING MECHANISMS IN HOT DEFORMATION

Steady-state hot working is similar to steady-state creep
in that, after a transient period, the stress and strain rate remain
constant at a given temperature. The substructural changes taking place
in both creep and hot working are also substantially similar. These two
observations suggest that the rate controlling mechanisms in hot working
are similar to those in creep.*

SCHOECK87) has suggested that the rate controlling mechanism

for steady-state creep could be one of the following dislocation mech-

anisms:

* The above remarks exclude grain boundary sliding and Nabarro-Herring
creep, which occur during low strain rate and very high temperature
creep, respectively. These mechanisms are not expected to be signifi-

cant at the strain rates involved in hot working.
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(a) The generation of dislocationé}

(b) The movement of dislocations through the lattice;

(c) The annihilation or rearrangement of dislocatioms in a recovery
process.

These mechanisms will now be briefly discussed with respect to hot work-
ing.

(a) The flow stress in hot working is temperature dependent
and therefore the rate controlling mechanism must be thermally activated;
that means, it must have an activation energy less than about 50 to
100 RT, so that appreciable numbers of thermally activated events can
occur72). Thermal energy can aid an applied stress in the activation of
dislocation sources; however, the generation of dislocations by the
operation of sources probably involves too much energy for thermal acti-
vation, so that it is probably dependent almost entirely on the external
stress72).

(b) 1In the second case two further mechanisms are possible:
forest intersection and the diffusion-controlled motion of jogged screw
dislocations. Both mechanisms are important for creep for two reasons.
First, the forcing of a dislocation through the stress field of another
dislocation involves a certain amount of work, an& second, the movement
of jogged dislocations (produced by intersection) can be thermally aided69).
The latter mechanism has been proposed as rate controlling for several

6,5s88), including ferritic steelsl3).

metals
(c) The third group of mechanisms involves both cross-slip and
climb. Climb can release blocked edge dislocations so that they can

overcome obstacles. Climb can also lead to decreases in dislocation
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density by the annihilation of segments of opposite dislocations. The

concept of climbing over obstacles has been used in the models proposed
by WEERTMAN89’90’91).

Although both the model based on the non-conservative motion

of jogged screw dislocations and the other one based on the climb of

edge dislocations represent important mechanisms in creep, it has not yet
been possible to determine which of them is the more importantgo’gz).

On the other hand, the activation energies for creep and hot working are
similar, and are approximately equal to the activation energy for self-

diffusion. This implies that both creep and hot working are diffusion-

controlled and thermally activated, and that recovery mechanisms are of

paramount importance in both processes.
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3.1 MATERIALS

The investigation was carried out with three different ferrous
materials obtained from five commercial heats, as follows:
1) Armco iron - two heats.

2) Armco iron with increased manganese - one heat.
3) Silicon steel - two heats.

The first four shipments were utilized for investigations per-
formed in the temperature range 600°C to 800°C; the last one was used for
tests at temperatures from 600°C to 1,000°C. The materials were of
commercial purity supplied by the following companies:

Ttem 1: A.D. MACKAY, Inc., New York 38, N.Y., as 1 in. rod.

Ttem 2: ARMCO STEEL CORPORATION, Middletown, Ohio, as % in. rod.

Item 3: ALLEGHENY LUDLUM STEEL CORPORATION, Dunkirk, N.Y. as 5/8 in.
and % in. rod.

Chemical analyses were obtained from the suppliers and were
checked through the courtesy of the STEEL COMPANY OF CANADA LID. and the
DOMINION STEEL AND COAL CORPORATION LTD. The averaged results are listed
in Table I.

In addition, some preliminary tests were made on samples of
spectrographically pure iron. However, no full scale tests were carriled

out on the latter material, as strain-annealing did not produce a

reliable grain structure.

3.1.1 PREPARATION OF SPECIMENS

Substructure free cylinders of five different sizes, suitable
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Table I. Chemical Composition of Materials Investigated (in percent)

ELEMENT ARMCO IRON ARMCO IRON ARMCO IRON SILICON STEEL SILXCON STEEL .
1la 1b 2 a b
c 0.02 0.02 0.03 0.03 0.03
P 0,004 0.003 0.005 0.004 0.008
S 0.009 0.010 0.010 0.020 0.020
Mn 0.03 0.06 0.26 0.45 0.39
5i 0.003 0.002 0.15 2.80 2,70
Cu 0.08 0.08 0.13 0.05 0.07
Cr 0.01 0.01 0.01 0.02 0.02
Ni 0.02 0.02 0.05 0.03 0.05
Al 0.01 0.01 0.00 0.05 0.06
N 0.003 0.006 0.007 0.010 0.010




for hot compression with the available facilities, were prepared by

strain-annealing.

determination of the coefficient of friction.

Different ratios of diameter/length enabled the

The resulting mean grain

diameter in 1 in. Armco iron was 4 mm, and 3 mm in the other sizes and

grades,

II.

machine fitted with a magnetic chuck.

The procedure concerning specimen preparation is given in Table

The facing of the specimens was carried out on a horizontal grinding

Table II1. Specimen Preparation Procedure
ARMCO ARMCO IRON SILICON SILICON
OPERATION la,1lb 2 STEEL a STEEL b
Turning Dia.(in.)] 0.98 0.378 0.59 0.378
Length 1.38 0.63 0.32, 0.88 0.44 [0.63 |0.32
Facing Length 1.36 0.622 | 0.311 0.872 | 0.436 | 0.622}0.31
(in.)
Pre- T°C 950 1,100
annealing | Time~ 5 hours 2 hours
Cooling air quench air quench
Straining
by Com- & 0.038 0.035 0.038
pression
Grooving See Fig. 1 and Table ITI
the Faces : g
Strain T°C 850 1,020
Annealing | Time 100 hours 10 hours
Cooling 40°C/hour 50°C/hour
Rate

3.1.2 ANNEALING

BURRELL high temperature furnace with automatic temperature control.
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prevent oxidation, the specimens were sealed in containers made of thin,
low-carbon seamless steel tube and purged with argon gas. Cpromel-
alumel thermocouples were mounted in a few of these containers to check
the temperature inside the container. Prior to any of the annealing
cycles, the specimens were very carefully degreased with acetone, washed
in alcohol aqd dried. After annealing, the samples were pickled for

15 minutes in 10% HCl to remove small amounts of dirt from the surfaces,
although shiny and oxide-free exteriors were obtained by the use of the
controlled atmospheres, as described above. The sealed containers were

exposed to the annealing temperature without preheating.

3.1.3 STRAINING

The specimens were strained using the ram of a 150-ton vertical
hydraulic extrusion press, between two flat highly polished dies, with
lanolin as lubricant. The strains used are indicated in Table II.
Barreling was absent. Prior to the final annealing cycle, the specimen
faces were provided with grooves, which were recommended by previous
investigatorss3’93), to increase the effectiveness of the lubricant

during hot compression. The grooves are shown in Fig. 1 and their dimen-

sions are listed in Table III.

3.1.4 LUBRICANTS FOR HOT COMPRESSION
Powdered glass lubricants were applied to the samples before
hot compression to decrease friction and barreling, following the

practice of previous investigators3’4’33’94),

The most suitable comp-
ositions for the glass powders were determined by the present author

by experiment and adjusted according to the temperature range used.
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Fig. 1 - Grooved Specimen Faces; 1.35 X

Table III. Dimensions of Grooves on the Specimen
Faces (in inches)

SPACING BEIWEEN DEPTH OF
SIZE OF SPECIMEN GROOVES GROOVES
1 dia. x 1.3 0.04 0.006
0.6 dia. x 0.84 0.03 0.004
0.6 dia. x 0.4 0.03 0.004
0.385 dia. x 0.6 0.02 0.003
0.385 dia. x 0.3 0.02 0.003

- 28 -




Fig, 1 - Grooved Specimen Faces; 1.35 X

Table 1I1. Dimensions of Grooves on the Specimen
Faces (in inches)

SPACING BETWEEN DEPTH OF
SIZE OF SPECIMEN GROOVES GROOVES
1 dia. x 1.3 0.04 0.006
0.6 dia. = 0.84 0.03 0.004
0.6 dia. x 0.4 0.03 0.004
0.385 dia. x 0.6 0.02 0.003
0.385 dia. x 0.3 0.02 0.003
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Compositions used by previous workers as well as the ones employed in the
éresent work are compared in Table IV. The powders were applied to the
specimens by two methods: 1 in. and 0.6 in. dia. specimens, by dipping
‘at the working temperature; 0.385 in. dia. specimens, by dipping at
ambignt temperature prior to heating after the samples had been coated.

on their faces with aerosol sprayss).

3.2 MODIFICATION OF THE EXTRUSION PRESS FOR HOT COMPRESSION

3.2.1 GENERAL REQUIREMENTS OF EQUIPMENT FOR HOT COMPRESSION TESTING

Hot compression tests were carried out on an adapted 150-ton
vertical hydraulic extrusion press and also on a modified high temper-
ature creep machine. The modifications had to be carried out for the
following reasons.

The compression of metals at high temperatures requires equip-
ment which has five characteristics:

(a) The ability to provide a constant working temperature over a wide
range.

(b) The ability to vary the force during the testing cycle so as to
maintain constant strain rates.

(c) The availability of a wide range of speeds which can be continuously
decreased during the compression cycle so as to produce different
constant true strain rates.

(d) An arrangement for the rapid release of load and for fast quencﬁing
of specimens after compression has been accomplished.

(e) A means of recording the load, strain, and temperature against time.-

The equipment on hand could at best meet only part of the first
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Table 1V, Composition of Lubricants Used by Other Investigators
and by Present Author

COMPOSITION (%)
TEMPERATURE Window
RANGE (°C) USED BY 510, | By03 |Al,05 | Ca0 [ Mg0 | Nago |K,0 [Pbo |glass
450 - 600 ALDER and - 20.- - - - - - 80.-| -
PHILLIPSS)
600 - 750 27.3 - - - - - 1.5 | 71.-| -
850 - 1,000 69. - 1.2 | 3.4 | 6.1 |3.2) 16.2)0.7 | - -
900 - 1,000 cook®) - 20. - - - - - |- [{s8.-] -
560 - 600 Present - 20, - - - - - - 80.- -
Work
650 - 700 - 15.- - - - - - 75.- | 10.-
750 - 800 - 15.- - - - - - 70.- | 15.-
900 5,- 10. - - - - 10.- | - 50.- | 25.-
1,000 10.- 10.- - - - 5.- | - 25.- | 50.-




and last of these requirements. Furthermore, the extensive financial
resources required for the construction of a cam plastometer were not
available. The following modifications were therefore designed in all
details and constructed in the laboratory. Some novel ideas are des-
cribed below, which enabled the inexpensive realization of apparatus
to provide constgnt true strain rate testing with an arrangement for

rapid quenching.

3.2.2 MODIFIED EXTRUSION PRESS

Figures 2 and 3 show the arrangement of the extrusion press
as modified for hot compression testing at temperatures up to 800°C.
The accessories utilized for adaptation were the following: a high
temperature furnace with built-in upper and lower platens and a trans-
mission assembly which permitted the attainment of logarithmically
decreasing crosshead speeds. The accessories are designated with heavier
lines in Fig. 3.

Specimens were heated to the working temperature for 45 min-
utes in an antimony-lead bath placed in the pre-heating furnace @™,
(Fig. 2). After coating with the powdered glass lubricant, they were
transferred to the hot compression furnace (R) and reheated for several
minutes in a protective atmosphere of argon gas admitted at a flow rate
of 1/2 cu.ft./min. The specimens were then placed on the lower platen
(15) in the hot compression furnace and the pressure of the ram was
transmitted to them via the upper platen (11), suspended on the ram of
the extrusion press (Fig. 3). Contact of the specimens with the cool
ram was thus prevented. After compression, the load was released, and

the top of the furnace was raised at the same time by means of flange (2),
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Fig. 2 - General layout of the hot compression equipment using
the extrusion press.
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fixed on the extrusion ram and sliding over pipe (5). The specimens were

discharged using crucible tongs and quenched in water.

3.2.3 STRAIN RATE CONTROLLING MECHANISM

A constant true strain rate was provided during the compression
cycle by arranging that the instantaneous crosshead velocity of the ex-
trusion press be proportional to the instantaneous specimen height. The
reason for doing so can be seen from the following argument.

The strain & at any moment of a right cylinder undergoing

compression is

hy
é=-1nh

)

where (ho) is the initial height of the cylinder and (h) is the instant-

aneous height,

By differentiation with respect to time, the strain rate can

be expressed as

2 dlnh
€ = 3% (8)

However, 8 = constant €c during constant true strain rate testing.

L.e. dinh = &, dt 9)
But dloh = F dh , so that
1 °
™ dh = £ dt
dh .
and i éE b
dh
However, T =" the crosshead velocity (10)

Thus constant true strain rate testing can be achieved by

decreasing the crosshead velocity as the specimen height decreases; that



is by making
v =&, . h (11)

The steps required to do this mechanically were the following.
As an approximation, the crosshead position during compression was taken
to represent the instantaneous specimen height. This neglected the very
small change in length of the upper ram during the cycle due to elastic
compression. It also neglected the time constant of the hydraulic system,
which was much smaller than the period of the compression. cycle. Under
‘normal extrusion conditions, the crosshead velocity was set on the flow
control valve (V) at the beginning of an experiment, and left unchanged.
Fortunately, the flow control valve had a linear angular displacement/
crosshead vedocity characteristic. Thus a linear linkage between the
crosshead position and the angular position of the control valve could
be used to produce a constant true strain rate during hot compression.

There were two further requirements. One was that the
initial crosshead speed not change during the free travel of the
ram, but only when actual compression of the specimen had begun. This
was achieved by the use of a friction clutch which engaged the linkage
at the appropriate instant,

The other requirement was that the geometry of the linkage
be appropriate to the actual constant true strain rate(ég)being used.
Thus suitable combinations of gears (30) and (38) had to be employed

in order to produce different strain rates (Fig. 3).

3.2.4 TEMPERATURE CONTROL
The temperature of the cycle was controlled by thermocouples

(8) and (19), situated under the surface of the platens, very close to
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the specimen faces (Fig. 3). Each thermocouple operated one of the two
independent heating elements (13) and (14) in the hot compression fur;
nace (R), Fig. 2. The furnace temperature, ram force, and position of
the ram were recorded as functions of time during each test.

The temperature inside the specimens was checked by the use
of small thermocouples during the heating cycle. The thermocouples
were inserted into a hole drilled in a few specimens up to the center
line. These were afterwards placed into the furnace and the extension
wires were passed through the argon jet (6), Fig. 3. The differences in
the readings of the thermocouples recording the temperatures inside and

outside the specimens, were less than 8°C at 800°C.

3.2.5 EXPERIMENTAL CAPABILITIES OF THE BQUIPMENT

As modified, the hot compression equipment was used up to
800°C and permitted quenching after a time lapse of 8 sec following
the completion of compression. Constant true strain rates ranging from
é = 7.5x10-2/sec up to 5x10-1/sec were attained at maximum forces
of 90,000 1b. The maximum true strain was limited to 1.9 by the size
of the platens and by incidence of barreling.

Actual recorded strain rates were found to differ from the
desired constant true strain rates by less than 15%. In view of the

inexpensive equipment used, this would seem to be a satisfactory result.

3.3 MODIFIED HIGH TEMPERATURE CREEF EQUIPMENT

3.3.1 GENERAL LAYOUT OF THE EQUI PMENT
The general layout of the equipment as finally used is shown

in Fig. 4 and the high temperature furnace itself has been described in
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Fig. 4 - Experimental apparatus for hot compression using the modified
high temperature creep equipment.
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fFlg. 4 - Experimental apparatus for hot compression using the modified
high temperature creep equipment.



detail by AXELRAD’-?%9),

The details of the modifications to the high
temperature furnace are shown in Fig. 5, where the changed or added
parts are distinguished from the original equipment by heavier lines.
The accessories are described in the schedule on the drawing. Further
parts of the adapted equipment consisted of the strain gauges (S), the
displacement transducer (T) and the pneumatic jack (R), and can be seen
in Fig. 4.

The specimens to be compressed were inserted into the high
temperature furnace through the port (P) Fig. 4 and placed by means of
specially designed crucible tongs onto the anvil (15) Fig. 5. After the
furnace had been purged with dry argon, the specimen was heated up to
temperature by two separate electric elements. These were controlled
by two thermocouples, which contacted the cylindrical surface of the
specimens at the top and at the bottom of each specimen. Force was ex-
erted on the ram by an adjustable load (L) Fig. 4, suspended on the
beam (B) and'suppo:ted by the hydraulic jack (J), which was released by
the handle (H). After the compression had been accomflished, the load
was released by the pneumatic jack (R), which was operated by the valve
(V) and powered by compressed air. The forward motion of the jack (R)
released the push-rod lock (14) Fig. 5, shooting the compressed specimen
from the anvil (15) into the basket (7). The specimen dropped through
;he hollow anvil (15), the tubular support (16) and the distance flange
(19) onto the hopper (22). Releasing the counterbalanced hopper by its
weight, the specimen fell into the water tank (25) and was quenched.
The mobile lock (23) was released during the compression cycle and the

counter weight (20) kept the hopper closed preventing air from intruding
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Fig. 5 - Arrangement for hot compression testing in modified high
temperature creep furnace.
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into the furnace.

The strain-time cycle was recorded on a suitable chart by
means of a displacement transducer (T) type 7DCDT-1,000, supplied by
the HEWLETT PACKARD CO., Sanborn Division, Waltham, Mass. The change
of load with time was detected by a strain gauge bridge (S) and recorded
on POLAROID prints by an OSCILLOSCOPE TYPE 531 fitted with a Q-type

PLUG-IN UNIT (0) produced by TEKTRONIC INC,, Portland, Oregon.

3.3.2 STRAIN RATE CONTROLLING MECHANISM

In this case, the constant true strain rate was produced by
means of an open loop control system, with the operator closing the loop
by following a programmer or strain pacer. For each constant strain rate,
an appropriate strain-time curve was prepared and mounted on the strain
recorder. The operator attempted to release the jack (J) in such a way
as to reproduce the desired strain-time curve on the recorder as closely
as possible. After a certain amount of practice, fairly good comstant
true strain rates were achieved, although not in every test. Only those
specimens which had compressive strain rates varying no more than % 15%

from the desired values were selected for further investigation.

3.3.3 EXPERIMENTAL CAPABILITIES OF THE EQUIPMENT

The modified creep equipment enabled compression tests to be
conducted at temperatures up to 1,000°C and at constant true strain rates
ranging from £ =5x 10'2/sec to about 1l/sec . An important feature
of the equipment was that quenching was possible within about 1 sec of
the completion of the deformation. The maximum force used was about

8,000 1b., and the maximum strain was limited to & = 1 by the size of



the platen and of the tubular passages inside the furnace required for

quenching.
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4 EXPERIMENTAL PROCEDURE

4.1 PREPARATION OF SPECIMENS FOR MICROHARDNESS TESTS AND OPTICAL
METALLOGRAPHY

Several different methods were tried to prepare the specimens
for optical observation_of the substructure and for microhardness exam-
ination. Neither mechanical polishing using diamond paste33), nor
electropolishing in acetic-perchloric acid solutionsg7) was completely
satisfactory. Difficulties were also encountered during etching because
of overetching around the numerous impurities present in the commercial
material. The best results were obtained by following the practice

developed by MORRISgs)

, which was modified as described in the following
section. Both the source of direct current and the electropolishing

equipment were designed and constructed by the present author.

4,1.,1 SECTIONING AND MOUNTING OF SPECIMENS

Compressed specimens were sectioned by hand along planes con-
taining thg compression axis. One half of each of the sectioned cylinders
was mounted in a conductive mount 1 1/4 in. in diameter, following the

98). The moulding powder was produced in the

practice developed by MORRIS
laboratory by mixing three untapped volumes of black bakelite with one
untapped volume of iron dust, both sieved to 60-mesh. However, the
mounting technique was modified as follows. To decrease the conductivity
of the mount face contacting the electrolyte, the bottom face of the
ﬁount was provided with a thin layer of plain bakelite as shown in Fig. 6.
Satisfactory contact was thus maintained between the specimen body and

the conductive part of the mount. This arrangement decreased not only

the overall heating of the solution due to the large currents involved,
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but local overheating, causing non-uniform polishing, was also prevented.

After mounting, the surfaces of the mounted specimens were prepared for

surface grinding by passing them through 320-mesh grit to 600-A-mesh

emery papers.

4.1.2 GRINDING AND MECHANICAL POLISHING

During eleétropolishing the distance between the specimen
surface and the electrode plays a very important role and affects the
uniformity of electrochemical attack. A practice was therefore developed
of surface grinding all the mounted specimens to the same height. This
also removed the unwanted thin layer of plain bakelite on the top of
the mount preventing electrical contact with the mount holder.

Prior to electropolishing, the specimen surface was con-
ditioned by grinding on polishing wheels using 15 4¢ diamond paste. After-

wards the specimen surface was degreased with acetone, washed in methanol,

and dried.

4.1.3 ELECTROLYTIC POLISHING

This operation was carried out in a celi as recommended by
MDRRISgs). The cell consisted of a stainless steel dish cooled by water
circulating in stainless steel coils. The conductive bakelite-iron mount

containing the specimen was fixed in a rotating stainless steel jig

driven at a constant 100 * 2 rpm. The composition of the electrolyte

was as follows:
133 ml glacial acetic acid (99.5% by wt. min,)
25 g chromium trioxide CrOg

7 ml water
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The specimen, which was fixed in the rotating jig, was held
at a constant distance of 1/4 in. from the bottom of the stainless steel
dish, which served as the cathode. The operating temperature was main-
tained between 17°C and 19°C. The voltage applied across the cell was

20 V. 1In general, the polishing time did not exceed 6 min.

4.1.4 CHEMICAL AND ELECTROLYTIC ETCHING

After polishing, the Armco iron specimens were rinsed with
acetic acid, washed with methyl alcohol and dried. The silicon steel
specimens were subsequently etched in the same electrolyte for 0.5 to
2.5 minutes at a decreased voltage of 10 V.

The Armco iron specimens were etched in 1% nital for 3 to 5
minutes folloﬁed by a rinse in methyl alcohol. 1f the polishing elect-
rolyte was carefully removed, and the etching followed immediately after
polishing, the substructure was clearly brought out. Etching with nital
was tried on some of the silicon steel specimens and a few Armco iron
specimens were submitted to electrolytic etching at different voltages.
However, no satisfafory results were ever obtained with any of these
alternatives. Other reagents, such as saturated picral or Fry's reagent,
did not reveal the substructure better than 1% nital carefully applied.
This result confirms the reports of previous investigatorsl7). The
electrolytic etching of silicon steel gave satisfatory results and was

found to be very sensitive to the voltage and the etching time used.

4.2 TPREPARATION OF SPECIMENS FOR TRANSMISSION ELECTRON MILCROSCOPY

Specimens of both Armco iron and silicon steel were prepared

for examination by transmission electron microscopy as follows. Sections
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containing the compression axis approximately 0.1 in. thick were sawn
by hand from the compressed cylinders. These had previously been care-
fully pickled in a 5% hydrofluoric acid solution containing hydrogen
peroxide so as to remove the surface layer which was contaminated with
traces of lubricant. Further decreases of thickness down to 0.05 in.
were produced by grinding the specimen on a surface grinding machine
fitted with magnetic chuck.

The rough surface after grinding was polished by hand on
emery papers under watef, starting with a 320-mesh grit and going through
to a 600-A-mesh grit. A simple contrivance,which is shown in Fig. 7, was
constructed to keep the surface flat during grinding. The specimen
thickness was decreased to about 0.04 in. by this method. A rinse with
acetone and with methyl alcohol followed this operation.

The final thinning of the specimens was performed chemically
in a solution suggested by PACKWOODgg) having the following ingredients:

80 ml H202 (30%), 5 ml HF acid (48%), 15 ml H,O.

2
The area selected for examination was cut out under an optical

microscope and placed into the specimen holder of the electron microscope.

The tiny piece was located between two copper mesh grids, the positions

of which were fixed by a spring washer.

An alternative thinning procedure, that of jet-machining
followed by electrolytic thinning, did not yield satisfactory results.
This was attributed to the preferential attack of the areas around: in-
clusions, so that the adjacent areas were unsatisfactorily thinned.

Another possibility was the deflection of the electron beam due to the

magnetic field of the relatively massive rim of the dished specimen.
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4.3 OPTICAL AND ELECTRON METALLOGRAFHY

The optical investigation of the microstructure was carried
out on a VICKERS projection microscope at magnifications ranging from
130 X to 1,550 X. Photomicrographs were taken both on 4 x 5 in. KODAK
M-plates and on 200 ASA POLAROID films. The magnifications were deter-
mined using a stage micrometer.

Transmission electron micrographs of the substructure and
diffraction patterns were taken on SIEMENS ELMISKOP I (100 kv) electron
microscope fitted with a tilting stage at magnifications ranging from
2,000 X to about 50,000 X, Photomicrographs were taken on standard

6.5 x 9 cm KODAK plates.

4.4 DETERMINATION OF SUBGRAIN SIZE

Subgrain sizes were determined by areal analysis of micrographs
taken optically and by transmission electron microscopy. The use of
polarized 1light was tried in an attempt to accentuate the subgrains
observed optically; however, the results were unsatisfactory. Following
the practice used for fhe determination of austenitic grain sizeloo) and
the ASTM recommendationslol) for subgrain size measurement, both com-
parison and counting procedures were used for the determination of the

average subgrain size.

4.4,1 PLANIMETRIC PROCEDURE (ASTM Standard No. E 112-63 section 8)

The magnifications of the optical micrographs were selected
so that each field contained at least 50 subgrains. The sum of all the
complete subgrains plus one half of the subgrains intersected by the

perimeter of the area, was taken as the number of equivalent whole sub-
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grains within the area. 1Instead of circles, rectangular frames were used
for subgrain counting on both the optical and the electron micrographs.
As regards the electron micrographs, when fewer than 50 subgrains were
present on a'given plate, plates of adjacent areas were used to increase
the subgrain count to at least 50.

As the magnifications were not standardized, the ASTM form-

ulae were adapted to suit, and the following equation was used:

4 < 1,000MVA/N (12)

where d = the "diameter" of the average subgrain [microns] ;
A = the plate area over which the size measurement was
made [sq.mm] ;
N = the equivalent number of whole subgrains;

M = the magnification used.

4.4,2 COMPARISON PROCEDURE (ASTM Standard No. E 112-63 section 6)
Subgrain sizes were compared with the standard network

charts published in the ASM METALS HANDBOOK 1948, pp. 402-403, Figs. 3 to
M

My

to allow for the fact that the specimens were viewed at the magnification

8. The resulting ASTM numbers were corrected by the factor Q = 6.64 log:

(M) instead of the basic magnification (MS). The ASTM numbers resulting
from the comparison were rounded off to the nearest approximate unit
listed in Table II. - (Micro-grain size relationships), ASTM Book of
Standards, Part 31, p. 231, and the "diameter" of the average subgrain

was thus obtained.
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4.5 DETERMINATION OF SUBGRAIN MISORIENTATION

Diffraction patterns of neighbouring subgrains were taken
from nearly every specimen examined, using the method described by

102) 103)

THOMAS and others . The electron diffraction patterns were pro-

duced in two alternative ways:

(a) The beam was directed in turn towards the center of two adjacent
subgrains, so that two separately exposed patterns were superimposed on
the £fi1m'°® (Fig. 8).

(b) The beam was directed towards a sub-boundary which separated two
adjacent subgrains and the diffraction pattern of the entire area was
then obtained in one exposure77) (Fig. 9).

The rotation of the patterms about an axis parallel to the electron beam
was then determined. The angles obtained correspond to the tilt com-
ponent of the misorientation for general boundaries which are parallel
to the electron beam. The misorientation components about axes normal to
the beam were estimated to be of the same order as the measured mis-
orientation. This estimation is based on the fact that the longitudinal
sections were taken at random azimuth angles to the specimen exterior.

No misorientation measurements were made on transverse sectionms.

4.6 CALCULATION OF TRUE STRESS-TRUE STRAIN CURVES

Deformation Variables. As mentioned in section 3.2 above,

the following variables were measured in the course of the compression
cycles:
1. ZLoad, recorded with respect to time as follows:

(a) on a 10 in. wide chart running at a constant speed of 0.345 in./sec

(modified extrusion press);
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Fig. 8 - Superimposed transmission electron
diffraction patterns of 2 adjacent subgrains.
Armco iron; 600°C; £ = 0.56.

Fig. 9 - Transmission electron diffraction
pattern of area with 3 subgrains. Silicon
steel; 900°C; €= 0.30.
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Fig. 8 - Superimposed transmission electron
diffraction patterns of 2 adjacent subgrains.
Armco iron; 600°C; & = 0.56.

¥ig. 9 - Transmission electron diffraction
pattern of area with 3 subgrains. Silicon
steel: 900°C; £ = 0.30.



2,

3.

(b) on a POLAROID print by means of a camera fixed to the screen

of an oscilloscope recording the cycle. The adjustable scanning
sensitivity of the oscilloscope ranged from 0.1 to 100 sec/cm

(modified creep machine),

Axial contraction, recorded against time as follows:

(a) on the same chart as mentioned in 1(a), by means of a ten-turn
position potentiometer and a two-pen recorder;

(b) on a 11 in. wide chart running at a constant speed of 0.266 in./sec,
registered by meahs of a linear displacement transducer.

Temperature, measured by contact thermocouples.

The arrangement described under 1(a) and 2(a) supplied data

for the compression cycles of 1 in. dia. Armco iron and 0.6 in dia.

silicon steel. The 1(b) and 2(b) arrangement was used to control and

to record the compression cycles of Armco iron and silicon steel speci-

mens 0.385 in. in diameter.

Calculation of True Stress and True Strain. The true strain

(&) was calculated from the axial contraction as follows:

- he
E= - 1lng 7)
where: h, = specimen height prior to compression,
h = specimen height at any instant.

The corresponding true stress () induced by a uniaxial force (F) is

given by:
6= £
Ay (13)
where: A; = the instantaneous cross-sectional area of the specimen,

which is related to the original area A, as follows:

h
= A, 2.
Ai Oh
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It should be pointed out that the compressive load (F) in-
cludes a contribution due to friction and barreling, as well as the
energy sto;ed during work hardening, Thus it is higher than in the ideal
case of frictionless, homogeneous deformation. Corrections were there-
fore made for friction and barreling, and the procedure used will be
described later in the Results. Figs. 10 and 11 show typical experimental
records, which were used for calculation of the true stress-true strain
curves. The load - time graph in Fig. 11 is a trimmed POLAROID print

of the original record.

4.7 MICROHARDNESS MEASUREMENTS

The microhardness tests were carried out on a TUKON hardness
tester designed for the determination of KNOOP and 136° diamond pyramid
hardness numbers.

According to the literature, a range of loads has been used
for DFH tests of cold worked and annealed Armco iron and silicon steel.

These include the following: 10 kg'C>) 83,105,106) 149 g197)

108
g8

s 1 kg
50 . Most of the test results using loads lower than 100 g have
been presented in the form of distribution curves rather fhan as single
values.

Accordingly, in the present investigation, loads of 100 g
and 1 kg were used, and hardness measurements were made on every second
specimen. Impressions were taken on three rows lying parallel to the
compression axis and at different distances from it. Prior to examin-
ation the specimens were electrolytically polished. The location pattern

of indentations is represented in Fig. 12. Occasionally large variations

were found in the size of adjacent impressions. When the microhardness
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MICRO-HARDNESS SCALE: lin.= 0.5 in.
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Fig. 12 - Location of microhardness impressions.
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difference was more than 10%, a new impression was made in each area and
the average value of the four readings taken. The microhardness of a
specimen was usually detefmined by averaging 12 impressions. In some
cases, when the microhardness was uniformly distributed, only 9 impress-
ions were used. However, 15 or even more tests were done on specimens
which exhibited a large scatter of reéults.

The diagonals of the indentations were measured at 750 X
magnification and objective factors were determined by the use of a
stage micrometer. For each group of tests, the machine was checked by
the use of a standardized test block. About 700 indentations using a
load of 100 g were carried out on 64 specimens, and 18 of them were
rechecked with a load of 1 kg. The differences resulting from the appli-

cation of two different loads were not substantial.
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5 EXPERIMENTAL RESULTS

5.1 TRUE STRESS-TRUE STRAIN CURVES

The true stress-true strain curves shown in Figs. 13a to
24a represent the stresses as calculated from the total work done dur-
ing hot compression, plotted against the true strains. These curves
are only approximate, however, because the total work done during hot
compression is greater than the work of homogeneous deformation. The
total energy expended during hot compression is composed of the following:
(a) the energy required for homogeneous deformation;

(b) the energy required to overcome friction between the specimen and
the anvils;

(c) the energy for the inhomogeneous deformation associated with
barreling;

(d) the energy stored in the lattice during work hardening. (This is
usually considered as part of (a) or (c), but will be discussed
separately below).

In order to derive a general stress,. strain rate, temperature
relationship for hot compression, the flow stress with respect to homo-
géneous deformation must be obtained. There are two ways in which such
a condition can be approximated, one experimental, and the other an;:
lytical. The first is to eliminate friction as completely as possible
by the use of suitable lubricants and thus to prevent barreling. The
second is to allow barreling to take place and to cal;ulate suitable
correction factors. As it is impossible to eliminate friction completely,
especially at large strains, both these methods were used in the present

work and will be described briefly.
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5.1.1 THE EFFECT OF FRICTION

Friction and barreling can be substantially decreased by

3,4,33)

the application of appropriate lubricants , especially when these

maintain a continuous layer on the contact surfaces. Lubrication break-

down is also prevented to a certain extent by grooves33’93)

on the

specimen faces. The machining of the grooves and the composition of the

lubricants used have already beeﬂ described in section (3.1). Other
arrangements leading to decreased friction, e.g. the shaping of the inter-
face, and interrupted "multiple controlled compression', have been
discussed in previous extensive studiesllo), but were not used by the
author.

Given fhat a certain amount of inhomogeneous deformation has
taken place, the following methods have been proposed to correct the
flow stress for the effect of friction and barreling.

'(a) Extrapolation of the data obtained for different ratios of specimen
radius/specimen height to R/h = zerolll). This is valid because
the effect of friction becomes negligible when either (R) approaches
zero or (h) increases to infinity.

(b) Derivation of a stress distribution satisfying the equatiQns of
plasticity and giving zero normal stress on the cylindrical part
of the specimen surfacellz). This approach to the problem is based
on the idea that barreling in compression can be compared to

necking in tension.

(c) Application of empirical formulae concerning correction factors
for friction and barrelingllz). These formulae are dependent on

data obtained from tests carried out with different lubricants.
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The stress data in the present investigation were corrected
for the effect of friction by using the equations of SCHROEDER and

113)

WEBSTER » which fall in category (b) above. These equations were

derived for the forging of round blanks and were adapted by DIETER48)
for the evaluation of compression data for cylinders in plane strain.
The coefficient of friction for use in this equation was determined by
compressing a range of cylinders with different R/h ratios., The results
of the tests were evaluated by means of an equation proposed by SIEBELﬁ).

The above-mentioned equations are quoted below.

SCHROEDER and WEBSTER:

'%:%z[exp(C)-C-lj (14)
SIEBEL: Gy a4+ 2 R .5
where: =

the average stress for a cylinder loaded in compression;

O O

= the flow stress;

R
2¢'ﬁ;

a
[}

50 = the coefficient of friction;
R = the radius of the specimen;
h

the height of the specimen.

The coefficient of friction determined in the present investi-
gation was found to be about 0.1 for all temperatures and materials. The
same value was obtained by C00K4) in the hot compression of steels in
the )V:region.

Equation (14) may be used when both the coefficient of

friction and the ratio of radius to height are small. If the coefficient
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of friction increases to 0.577 or over, the spreading of the material
proceeds by shear deformation within the specimen rather than by the
relgtive motion of the specimen face to the platen surface. This
usually oecurs during hot compression with no lubricants. Inspection
of both equations indicates that, unless the R/h ratio exceeds 3, there

is little difference in the interpretation of the data by either equation.

5.1.2 THE STORED ENERGY AND THE FLOW STRESS

Most of the energy expended during the deformation of metals
is converted into heat. A small remainder is stored in the crystal
lattice. The amount of energy stored in steels after cold working by

compression has been reported to be less than 1%114). Another investi-

15)

gator 1 has proposed that the total energy stored during very rapid
compression (103/sec) is about 10%. No data concerning energy storage
during the hot compression of steels has yet been reported. However,

an estimate can be made as follows. The stresses involved in hot working
to a glven strain are about a fifth or a tenth of the cold working stress
for the same material and the same strain. Thus the work done during

hot working is an order of magnitude smaller than the work done during
‘cold working. The dislocation density increases produced by cold work-

ing are around 1011 to 1013

lines/cmz. An estimate of the dislocationv
densities in unrecrystallized hot worked material suggests that they are
close to those of creeped or polygonized material, and of the order of
108 to 1010 1ines/cm2 5). The density increases during hot working are
thus two or three orders of magnitude below those for cold working, and

the ratio of the density increase to the total work done can be expected

to be lower during hot working than cold working by as much as one or

- 60 -



two orders of magnitude. Thus, only a negligible part of the total work
done can be stored in the lattice during hot working, and it can be con-
cluded that the f\;;‘: mﬁ during hot working is little affected by the
energy being stored as distortions in the lattice. It also follows that
the work of homogeneous deformation, inhomogeneous deformation and
friction are converted almost entirely into heat.

It should be added that the stored energy contribution to the
flow stress can in any event only have an effect during the work harden-
ing part of the stress/strain curve, as once steady-state hot working

is achieved, the rate of energy storage in the form of dislocations is

matched by the rate of energy release by dynamic recovery.

5.1.3 TEMPERATURE RISE DURING DEFORMATION

As described above, the mechanical energy of hot working is
converted almost entirely into heat. This produces a temperature rise
which can be detected at high strain ra'tes, but not easily at low strain
rates, because there is enough time for the heat to escape into the
surrounding medium. For adiabatic compression, the temperature increase
of the specimen is given by the following equation:

_ W
AT = onst. 4. Cy (16)

where: w = the mechanical work per unit volume [Eﬂ = -3-2] 3
cm3

const. the mechanical equivalent of heat [1 gem = 2.35};10'5 cal_]-,

o
[}

the average density over the given temperature range[—%];
cm

cy = the average specific heat over the given temperature
range [cal/g°C];

AT = the temperature increment [°CJ;
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The temperature rises corresponding to the applied strain
rates and temperatures used in the present investigation were calculated
for non-adiabatic and some of them also for adiabatic compression test-
ing. For the non-adiabatic case, coefficients for the temperature in-
crease of steel during hot torsion testing were used, as reported by
REYNOLDS and TEGART17). These were converted for compression and for
the strain rates involved in the present investigation. The initial
compression temperatures, the calculated temperature rises during the

tests and the temperatures used in the calculations are given in Table V

Table V. Temperature Increases for the Maximum Compressive Strains
Attained at the Strain Rates and Temperatures Used

MATERTAL| TEMPERATURE [°C] | STRAIN | SIRAIN | TEMPERATURE INCREASES AT £°cl
INITIAL] OF HOT & RATE € CALCULATED FOR COMPRESSI ON
WORKING [€/sec]| ADIABATIC ACTUAL
590 600 0.85 0.25 26 8
Armco 600 600 0.80 0.075 21 4
iron 690 700 1.45 0.25 not calculated 9.5
800 800 0.40 0.90 8 6.5
800 800 0.60 0.075 5.5 1
620 650 1.55 0.50 65 36
630 650 1.64 0.25 not calculated 18
650 650 1.35 0.075 not calculated 2.5
Silicon 690 700 1.30 0.25 not calculated 14
steel 740 750 1.25 0.25 not calculated 9.5
790 800 1.75 0.25 not calculated 11.5
1,000 1,000 0.50 0.25 4.5 1
1,000 1,000 0.30 0.075 1.5 0.5

Lowered initial temperatures were only used for a few gpecimens, as
indicated in Table V. For the other specimens, where the calculated in-

Creases were less than 7°C, temperature torrections were neglected.
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5.1.4 TRUE STRESS-TRUE STRAIN CURVES WITH CORRECTED STRESSES

These curves were plotted after the stresses were corrected
for friction and some of them also for temperature rige; they are pre-
sented in Figs.13b to 24b. Most of the points in the curves represent
from 2 to 7 specimens, the true stresses for'which were averaged at the
values of true strain, temperature and strain rate indicated. A few of
the points are for single specimens only. Certain specimens were omitted
from Figs.2la, 23a and 24a, as they had very different R/h ratios from
the rest. However, corrected stresses resulting from the deformation

of these specimens were included in the corrected graphs (Figs. 21b, 23b

and 24b).

5.2 A STRESS/STRAIN RATE/TEMPERATURE RELATIONSHIP FOR HOT COMPRESSION

High temperature deformation is a thermally activated pro-
cess in which the four main variables are the following: flow stress,
strain, strain rate, temperature. Once steady-state hot working is
aéhieved, that is, when the rate of work hardening is zero, the strain
is no longer a significant variable, leaving only three, any two of
which can be considered as independent. Given a set of experimental
values of the three variables over a range of temperatures, strain rates
and flow stresses, an equation linking the variables can be obtained.
The values of the constants in this equation, which can be called "material
constants', give an indication of the mechanisms acting during hot working.
The determination of a suitable equation and the calculation of material
constants will now be described.

The true stresses acting under steady-state conditions, when

work hardening is counteracted by recovery, were determined from the
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corrected curves presented in Figs. 13b to 24b. The corrected values of

the true stresses were taken as flow stresses for the compression cycles
investigated. The resulting data were evaluated using the following

equation, first proposed by SELLARS and TEGARTBS) for hot torsionm.

£ = A. [sinh (o%)]n'. exp (-'—%[ (17)

the strain rate [sec™ 1] ;

§-
o
2]
o
m
n

A,dl,n' = material constants independent of temperature;
@ = the flow stress [psi];
AH = the activation energy for hot deformation [cal/mole] H
R = the universal gas constant = 1,987 [cal/mole’K];
T = the deformation temperature [ °K ] .

Inspection of equation (17) indicates that it approximates

to a power law with a constant power (n') at low stresses [i.e. when
%) < 0.23] , whereas it approaches an exponential stress‘ law, when

the stress is high [ i.e. when (£&) > 2.3] 72,85).

These approximations

permit a first estimate to be made of the four material constants,

because creep data for power and exponential law fits are sometimes avail-

able, whereas comparable information for hot working is not as plentiful.
The only data uncovered to date on the high temperature

deformation of Armco iron and silicon steel in the ferritic region are

summarized in Table VI, and these investigations did not include the use

of power, exponential or hyperbolic sine terms.

5.2.1 DETERMINATION OF (oC) AND (n')
The following practice was therefore developed to determine

the most appropriate values of the material constants (¢0) and (n') from
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Table VI. Hot Deformation Investigations of Steels in the Ferritic Region
MODE OF HOT
REF. MATERIAL DEFORMATI ON STRESS/STRAIN RATE/TEMPERATURE DATA
Armco Iron Torsion T [°cl] 700 750 800 850
18 #lsec’l] | 0.47 | 0.47 | 0.47 |0.47
99.7% Tmax [Psi] [ 13,000 | 9,000 7,000 | 5,400
Armco Iron Torsion T [°c] 807 851
17 ¥ [sec™]] 0.8 0.8
99, 65% POb-in] | 78.- 62.-
Armco Iron Creep T [°CJ_1 550 650 9 700
12 € [hour” ] 8x10-3 | 7x10°%| 6x10-2
99. 9% 6 [kg/m?] 3 2 1
Steel: Torsion T [°c] 700 700 700
22 0.58% c, S REM] 31.5 [ 213.- 840, -
0.53% Mn, Tmax [kg/m3| 13.5 | 19.- 25.-
0.16% si
Steel 0.45% C Compression T [°c] 700 750
30 of commercial é[sec'l% 1.0 1.0
purity 6 kg/mm] 25.9 25.6
Silicon Torsion T [°c] 1,100 | 1,100 1,100
19 steel 6 [ReM] 316 18.2 4.97
4% si [ke. cnl 9.5 4.5 3.4




the present work. Considering the activation energy and the parameter
(A) to be constant over the range of strain rates and temperatures in-
volved, the relation between (¢C) and (n') was found by the use of

equation (17) in the following form:

1né1 - n'ln [sinh Gﬁdl)] + %%1 = lné2 - n'ln [sinh ¢£€b)]+ %%2 (18)

For a constant temperature the term AH/RT is eliminated, so that
lnél - n'ln [sinh @téi)] = lnéé - n'ln [ sinh @ﬁéé)l (19)

and the material constant (n') can be expressed in terms of (o) as

follows: . .
11'161 - 1n52
n' 1 - - (20)
n [sinh Q»C&)] - 1ln lsinh QxCE)J

The most suitable value of (&) for correlation of the hot
compression data over the full range of temperatures and strain rates
was determined in the following way. A tentative range of (<) values
was selected on the basis of the material constants determined for soft
steels deformed by hot torsion in the X’-region. The work on which
these values were based is iisted as reference 85) in Table XI in the
Discussion. The selected (o{)'s which were in the range 5x10-&5£o
2x10-4 (psi)-l, were then substituted into equation (20), together with
the experimental stresses and (£'s). A range of values of (n') was thus
obtained, corresponding to the full range of stresses, strain rates and
temperatures involved. The resulting (n') values were plotted against
(¢) in the graph shown in Fig. 25, and a set of curves was obtained,
each of which represented the dependence of (n') on (/) at a particular
temperature. It can be seen from the gfaph that as (o) increases above

5x10-5 (psi)-l, the differences between the various values of (n')
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decrease to a minimum, and then become larger again. There is a range of
(cC) between 1.1x10-4 to 1.25x10-54(psi)'1, where the various values of
(n') do not differ greatly. The final value of () was selected by cal-
culating the effect on (n') of variations in (L) over the narrow range
L 1x107% to 1.25x10°% (psi)"l. The most suitable valueleC = 1.15%107%(psi)™ ']
was the one which led to the minimum standard deviation in (n'),5.2% over
the full range investigated.

The above description concerns the method used to fix values
for () and (n') in silicon steel. A similar procedure was followed for
the determination of (£) and (n') for Armco iron. In this case the
standard deviation in (n') was found to be only 1. 4%.

Figs. 26 and 27 show the stress/strain rate/temperature re-
lationship given by equation (17) for the values of (o€) determined as
described above. The slopes represent the values of
n' =[0 1né/ d1n sinh (£6) JT corresponding to the selected values of

(eC). Some data reported by previous investigat0r517’18’19)

which were
referred to in Table VI, were compared to the present results by the
application of the coefficient () and are shown in Figs.26 and 27. The
constants (A), (n') and ( AH) suggested by these results differ slightly
from those of the present investigation. However, such differences as
are shown can be attributed to slightly different material purities, and

to the fact that the limited data abstracted from these authors do not

permit the plotting of curves with any degree of confidence.

5.2.2 ACTIVATION ENERGIES FOR HOT COMPRESSION
Having determined suitable values for (o) and (n'), the

activation energies for hot compression were calculated using equation (18)
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as follows:

logé, - logé, + n'(log sinh (&) - log sinh £6,)]
AH = 2.3 R 2 1 1 T ! % (21)

T '1‘2

At any constant strain rate the above equation will simplify to the

following form:

AH = 2.3Rn' & Eks_iinh ©3)]
d[ﬁ]

(22)

The activation energy can then be calculated from the slope
of the lines in Figs. 28 and 29, that is from plots of log sinh (X3)
against 6%) at constant strain rate. 1In both diagrams the plotted points
were fitted by a straight lime. The single point off the line in the
case of Armco iron is thought to be due to a change of activation energy
associated with the (oC) to () transformation, as will be discussed in
more detail below. The material constants obtained from the present
calculations are collected and shown in Table VII.

Table VII. Material Constants for the Hot Compression
of Armco Iron and Silicon Steel

MATERIAL HOMOLOGOUS TEMPER- oCxlo'f*1 ACTIVATION ENERGY
ATURE RANGE n' | (psi) log A [ cal/mole]
Armco 0.48 - 0.58 4.6 1.17 11.65 66,000
iron
silicon 0.55 - 0.70 4.3 1.15 13.78 80,000
steel

5.3 MICROSTRUCTURAL OBSERVATIONS

Extensive microscopic examination was carried out on the

samples with particular regard to substructure formation and to the
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relationship between the substructure geometry and the deformation vari-
ables (6),(E), (&), (T Recrystallization was prevented, and the as-worked
substructure was preserved for examination, by quenching the samples

within seconds of deformation. Most of the microscopic work was concerned
with the steady-state region; the transient region was given less attention,
as it was not of central interest in this study, and an investigation of

the latter is proposed for future work.

5.3.1 TRANSIENT RBEGION MICROSTRUCTURES

Banded Dislocation Substructure. In both steels the presence
of a band-type substructure was frequently detected by optical examin-
ation. The bands were identified as traces of two slip systems. 1In
silicon steel the bands were closer together than in Armco iron and their
spacing appeared to be temperature dependent (Figs.30 to 33). With in-
creasing deformation temperature, the spacing increased. The broad slip
line spacing and the tangled appearance of the substructure in Fig. 31
were probably due to the dislocation rearrangement taking place during
the time lapse between the end of compression and quenching. Slip lines
were usually more pronounced in the middle of the grains than at the
grain boundaries, which agrees with BARRETT et a113) who pointed out that the
formation of deformation bands near grain boundaries is more difficult
because stress concentration at the grain boundaries activates slip on
more than two systems. Slip bands were virtually absent at temperatures
over 900°C.

Extended Tilt Boundaries. These were seldom detected optically
and were limited to the regions adjacent to high-angle boundaries (Figs.

34, 35 and 36). Their appearance indicated that they had been created
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Fig. 30 - Silicon steel; 560°C; &= 0.11;

&= 0.20/sec; delay 6 sec; electrolytically

polished and etched*); 585 X.

%) In the optical microphotographs which
follow, this will be abbreviated as EPE.

TS

Fig. 31 - Silicon steel; 700°C; €= 0.17;
€ = 0.25/sec; delay 60 min; EPE; 585 X.
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Fig. 32 - Armco iron; 750°C; &= 0.38; €= 0.40/sec;

delay 5 min; electrolytically polished, etched with

1% nital*¥) 220 X

*%) In the optical microphotographs which will follow,
this will be abbreviated as EPNE.

2

Fig. 33 - Armco iron; 750°C; €= 0.38;
delay 1 sec; EPNE; 220 X.
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Fig. 32 - Armco iron; 750°C; &= 0.38; €= 0.40/sec;

delay 5 min; electrolytically polished, etched with

1% nital#*¥) 220 X

#%) In the optical microphotographs which will follow,
this will be abbreviated as EPNE.




Fig. 34 - Silicon steel; 656°C;
delay 90 min; EPE;

A AR

Fig. 35 - Silicon steel; 800°C;
delay 40 min; EPE;
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Fig. 34 - Silicon steel; 650°C; €= 0
delay 90 min; EPE; 220 X.

delay 40 min; EPE; 220 X.
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Fig. 36 - Silicon steel; 800°C;
delay 10 sec; EPE;
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by the glide of individual edge dislocations of the same sign, which

then climbed into walls normal to their Burgers vector and revealed them-
selves as groups of almost parallel lines. This mechanism has previously
been discussedlby B&RNE68). The distance between the polygonized bound-
aries appeared to be the same, or smaller than that of the slip lines,
Stress concentration in the reglons adjacent to high-angle boundaries,
affecting the flow and the shape of polygonized groups, is evident in
Fig. 36. Extended tilt boundaries were never detected by optical

microscopy after deformation to high strains.

5.3.2 EQUIAXED AND STEADY-STATE SUBSTRUCTURES

Most of the substructures observed were composed of equiaxed
subgrains, and their low-angle boundaries contained both screw and
edge dislocations. Transmission electron micrographs of specimens
examined after deformation under different conditions, enabled the de-
pendence of the substructure geometry on the strain rate, temperature
and delay after deformation to be determined. The relationship will be
discussed in more detail later. It is worth pointing out that the
average subgrain size did not change with strain during deformation under

steady-state conditions.

Effect_of Strain. The present investigation demonstrated that
the formation of equiaxed substructure began in the transient region and
that fairly well-formed subgrains were present at strains as low as

£ =0.19. It was also evident that the size of the subgrains did not
change with increasing strain in the steady-state region. This remained

true unless the constant rate of strain was interrupted and replaced by a

different strain rate, or by a period of recovery. The progress of sub-
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structure development with strain is shown in Figs.37 to 40 for Armcp
iron and in Figs.41, 42 and 43 for silicon steel. Similar results were
obtained using electron microscopy.

Effect of Strain Rate. The decrease of subgrain size with
increasing strain rate was expected, because hot deformation is &
thermally activated process and the flow stress increases with the strain
rate. This effect has been observed before by other investigatorsla’aé),
and can be seen in Figs. 46 and 47 and also in the transmission electron
micrographs in Figs 44 and 45 and 48 to 51. The quantitative effect Of,
strain rate on average subgrain size will be discussed in more detail

later.

Effect of Temperature. The influence of temperature on the
subgrain size was marked, as the range of temperatures involved was
considerable. As already discussed in previous sections, and demonstrated
on the true stress-true strain curves, the flow stress decreased as the
temperature was increased. By contrast, the subgrain size increased with
the temperature of deformation. The influence of the working temperature
on the substructure was observed even at very low magnifications, as
shown in Figs. 52 to 56. Substructure size differences due to temper-
ature are presented at higher magnifications in Figs. 57 to 61. Trans-
mission electron micrographs of silicon steel specimens are shown in
Figs. 62, 63 and 64. Typical substructures in Armco iron hot compressed
at different temperatures are shown in Figs. 65, 66 and 67.

Equiaxed Subgrains in the Transient Region. The transient

region was given less attention than the steady-state region; however,

the following observations may be worth noting. Photomicrographs 37, 38
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Fig. 37 - co iron; 750°C; €= 0.2
& = 0.25/sec; delay 1 sec; EPNE; 585

Fig. 38 - Armco iron; 800°C; € = 0.19;
&= 0.25/sec; delay 3 sec; EPNE; 585 X.
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& = 0.25/sec; delay 1 sec; EPNE; 585 X.
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Fig. 38 - Armco iron; 800°C; € = 0.

&= 0.25/sec; delay 3 sec; EPNE; 58
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Fig. 39 - Armco iron; 750°C; €= 0.70; &=
delay 1 sec; EPNE; 220 X.
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Fig. 40 - Armco iron;700°C; € = 1.45; €= 0.27/sec;
delay 15 sec; EPNE; 220 X,
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Fig. 41 - Silicon steel; 700°C;
delay 60 min; EPE;




€= 0.25/sec;

17,

0

€ =

700°C;

Silicon steel;
delay 60 min;
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Fig. 42 - Silicon steel; 750°C; &= 0.70;
& = 0.075/sec; delay 1 sec; EPE; 585 X.

Fig. 43 - Silicon steel; 800°C; €= 1.8;
é= 0.26/sec; delay 18 sec; EPE; 585 X.
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Fig. 42 - Silicon steel; 750°C; &€= 0.70;
= 0.075/sec; delay 1 sec; EPE; 585 X.
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Fig. 43 - Silicon steel; 800°C; &= 1.8;
€= 0.26/sec; delay 18 sec; EPE; 585 X.
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Fig. 44 - Transmission electron micrograph f).
Silicon steel; 750°C;€=0.40; €= 0.06/sec;
delay 1 sec; 5,700 X.

1) In all the transmission electron micro-

graphs which follow, this will be abbreviated
as TEM,

Fig. 45 - Silicon steel; 750°C; €= 1.80;
&= 0.25/sec; delay 10 sec; TEM; 5,700 X.
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Fig. 44 - Transmission electron micrographf).
Silicon steel; 750°C;€£=10.40; €= 0.06/sec;
delay 1 sec; 5,700 X.

1) In all the transmission electron micro-
graphs which follow, this will be abbreviated
as TEM.

-

N

Fig. 45 - Silicon steel; 750°C; €= 1.80;
&= 0.25/sec; delay 10 sec; TEM; 5,700 X.
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Fig. 46 - Armco ironm; 800°C; £= 0.60;

€ = 0.075/sec; delay 15 sec; EPNE; 585 X.

n

Fig. 47 - Armco iron; 800°C; &= 0.61;
E= 0.13/sec; delay 1 sec; EPNE; 585 X.
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Fig. 46 - Armco iron; 800°C; €= 0.60;
& = 0,075/sec; delay 15 sec; EPNE; 585 X.
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Fig. 47 - Armco ironm; 800°C; &€= 0.61;
€= 0.13/sec; delay 1 sec; EPNE; 585 X.




Fig. 48 - Silicon steel; 900°C; & = 0.60; £ = 0.06/sec; delay 1 sec;
TEM; 5,700 X.
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Fig. 48 - Silicon steel; 900°C; &€ = 0.60;
TEM; 5,700 X.

€ = 0.06/sec; delay |

sec,
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Fig. 50 - Silicon steel; 1,000°C; €= 0.
g¢= 0.05/sec; delay 1 sec; TEM; 5,700 X.

.
Fig. 51 - Silicon steel; 1,000°C; €= 0.31;
£§= 0.15/sec; delay 1 sec; TEM; 5,700 X,
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Fig. 50 - Silicon steel; 1,000°C; &€

= 0.29;
€= 0.05/sec; delay 1 sec; TEM; 5,700 X.

3 T
Fig. 51 - Silicon steel; 1,000°C; €= 0.31;
£= 0.15/sec; delay 1 sec; TEM; 5,700 X.
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Fig. 52 - Silicon steel; 560°C; €= 1.67; &= 0.42/sec;
delay 20 min; EPE; 220 X.

Fig. 53 - Silicon steel; 750°C; & = 0.57; £= 0.15/sec; -
delay 1 sec; EPE; 220 X.
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Fig. 52 - Silicon steel; 560°C; £ = 1.67; €= 0.42/sec;
delay 20 min; EPE; 220 X.

.
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Fig. 53 - Silicon steel; 750°C; & = 0.57; £= 0.15/sec;
delay 1 sec; EPE; 220 X,
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Fig. 54 - Silicon steel; 800°C; &£= 1.46; &= 0.075/sec;
delay 15 sec; EPE; 220 X.
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Fig. 55 - Silicon steel; 900°C; €= 0
delay 1 sec; EPE; 220 X.
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Fig. 55 - Silicon steel; 900°C; &= 0
delay 1 sec; EPE; 220 X,
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Fig. 56 - Silicon steel; 1,000°C; €= 0.31;é=0.15/sec;
delay 1 sec; EPE; 220 X.
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Fig. 57 - Armco iron; 600°C; &= 1.29; = 0.16/sec;
delay 10 sec; EPNE; 950 X.
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Fig. 58 - Silicon steel; 650°C; €= 1

delay 5 sec; EPE; 680 X.
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Fig. 57 - Armco iron; 600°C; &= 1.29; £= 0.16/sec;
delay 10 sec; EPNE; 950 X.

Fig. 58 - Silicon steel; 650°C; &€= 1
delay 5 sec; EPE; 680 X.
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Fig. 59 - Silicon steel; 800°C; &€= 1.70;
& = 0.26/sec; delay 18 sec; EPE; 585 X.

Fig. 60 - Silicon steel; 900°C; €= 0.48;
&= 0.24/sec; delay 1 sec; EPE; 585 X.
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Fig. 59 - Silicon steel; 800°C; &€ = 1.70;
£ = 0.26/sec; delay 18 sec; EPE; 585 X.

Fig. 60 - Silicon steel; 900°C; &= 0.48;
&= 0.24/sec; delay 1 sec; EPE; 585 X.
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1g. 61 - Silicon steel; 1,000°C; &= 0.30;
&= 0.05/sec; delay 1 sec; EPE; 585 X.
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Fig. 61 - Silicon steel; 1,000°C; &= 0.30;

&= 0.05/sec; delay 1 sec; EPE; 585 X.
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Fig. 62 - Silicon steel; 650°C; &
€= 0.09/sec; delay 2 sec; TEM; 5

Fig. 63 - Silicon steel; 650°C; &€= 1.55;
€= 0.50/sec; delay 10 sec; TEM; 5,700 X.
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Fig. 62 - Silicon steel; 650°C; £ = 0.49;
€= 0.09/sec; delay 2 sec; TEM; 5,700 X.

Fig. 63 - Silicon steel; 650°C; &= 1.55;
€= 0.50/sec; delay 10 sec; TEM; 5,700 X.
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Fig. 64 - Silicon steel; 1,000°C; &€ = 0.42;
£= 0.15/sec; delay 1 sec; TEM; 5,700 X.

Fig. 65 - Armco iron; 600°C;£=0.85;
En 0.15/sec; delay 10 sec; TEM; 7,150X.
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Fig. 64 - Silicon steel; 1,000°C; & =
E= 0.15/sec; delay 1 sec; TEM; 5,700 X.

s “ia -
Fig. 65 - Armco iron; 600°C; £ =0.85;
= 0.15/sec; delay 10 sec; TEM; 7,150X.
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Fig. 66 - Armco ironm; 600°C; &= 1.30;
€ = 0.16/sec; delay 13 sec; TEM; 14,300 X.

A -

Fig. 67 - Armco iron; 700°C; £= 1.52;
£ = 0.23/sec; delay 5 sec; TEM; 10,000 X.
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Fig. 66 - Armco iron; 600°C; &= 1.30;
€ = 0.16/sec; delay 13 sec; TEM; 14,300 X.

Fig. 67 - Armco ironm; 700°C; £ = 1.52;
£ = 0.23/sec; delay 5 sec; TEM; 10,000 X.
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and 41 characterize the substructure formed at early stages of hot

compression. They suggest that, at similar strains, the average sub-
grain size becomes smaller as the temperature is increased. This con-
tradicts the observations in the steady-state region and can be explained
by the fact that the actual sub-boundaries are not as well defined at
lower temperatures, and probably do not all show up after electrolytic
etching.

Observations of the substructure formed in the late transient
region, at strains near to those in the steady-state region, were carried
out at different temperatures. It was observed that, gt high temperatures,
there was virtually no différence between the subgrain size corresponding
to the late transient region and that well on in the steady-state.

Equiaxed Subgrains_in the Steady-State Region. The onset
of a steady-state of flow stress can be detected from the true stress-
true strain curves (Figs. 13b to 24b). Microscopic examination con-
firmed the existence of a steady-state as regards the microstructure as
well, beginning at the same strains indicated by the afore-mentioned
curves,

The suBgrain size established at the onset of the steady-
state region did not change with increasing strain. Also the shape of
the subgrains did not change with strain within the steady-state region.
This can be observed in Figs. 43 and 44 and also in Figs. 45 and 63,
where the subgrains remain equiaxed after strains ¥anging up to £= 1.8,
The substructure, even after deformation to a strain of £ = 1.55 at
650°C,/and at strain rates as high as 0.5./sec, remains approximately

/

equiaxed. The individual subgrains appear as if they were created from
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elongated units by the continuous introduction of new sub-boundaries,
thus dividing the deformed units into equiaxed subgrains. 'The subgrains
shown in the latter figure are slightly elongated, which was a general
property of subgrains‘formed at homologous temperatures below 0.50.

The subgrain walls did not seem to form rigid barriers re-
stricting the extension of dislocation loops within the subgrains, as

E62)

postulated by sTlw . In many cases, e.g. Figs. 49 and 51, dis-

locations were observed to move in long lines across the subgrain bound-

aries.

5.4 STATIC RECOVERY AFTER HOT DEFORMATION

Static recovery after hot deformation is closely connected
to hot deformation and proceeds subsequent to dynamic recovery after
the load is released, and while the specimen is cooling. To date,
little attention has been paid to recovery phenomena following hot
deformationlos). Most of the investigations described in the liter-
ature have concerned the progress of recrystallization after hot

deformation27’33’116),

In the present investigation, specimens were held for diff-
erent times at the working temperature after hot compression and then
quenched. Changes both of microhardness and of substructure were
observed, as well as the progress of recrystallization during isothermal
annealing. The results, however, can only be regarded as tentative, as

only a limited number of specimens was examined, and the microhardness

readings were somewhat scattered.
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5.4.1 FEFFECT OF STATIC RECOVERY ON MICROHARDNESS

The change of microhardness with time lapse after hot working
and before quenching was measured and evaluated as shown in Fig. 68. A
simple exponential recovery law was assumed, in which the activation
energy is not a function of the microhardness, but remains constant.

This law was introduced in section 2.4.1.

In Fig. 68, DPH values obtained after different time lapses
following hot deformation are plotted against time on a semilogarithmic
basis. The advantage of using the exponential recovery law and semi-
logarithmic paper can be seen from this graph. Microhardness can be
extrapolated back to zero time, even though the fastest quenches were no
shorter than one second.. Using the logarithmic law and semi-logarithmic
paper, extrapolation to shorter and shorter delay times leads to con-
tinuously increasing microhardnesses, which are clearly incorrect.

From Fig. 68 it can be seen that approximately straight lines
having different slopes can be fitted to the microhardness values obtained
after various time lapses. Althbugh some scatter was obtained, which is
inevitable in microhaxrdness testing, values determined after long delays
enables the determination of the decay slopes at the different temper-
atures. It can also be seen that the softening during hot working due to
dynamic recovery alone (microhardness at zero delay time) is very pro-
nounced, and at high temperatures can be almost complete.

It should be noted that the microhardness decreased more
quickly when the temperature of working was increased, and when the strain
rate and the accompanying work hardening were increased. This was

observed both in Armco iron and in silicon steel. It is also of interest
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that the activation energy of static recovery after hot compression can
be estimated from the above results, with the aid of the exponential
equation. Calculation led to values of 25,000 £ 5,000 cal/mole for
silicon steel and of 22,000 + 2,000 cal/mole for Armco iron. The changes
of slope suggest that the activation energies increase by about 10% as
the deformation temperature is raised. The Armco iron value is in
agreement with that obtained for the onset of recovery in zone-melted
iron by MICHALAK and PAXTON79). The activation energies for the onset

of static recovery represent approximately one third of the values of

the activation energies for self diffusion and for dynamic recovery.

5.4.2 EFFECT OF STATIC RECOVERY ON SUBSTRUCTURE

At high temperatures static recovery after hot deformation
proceeded very quickly, followed by recrystallization. Figs. 71 and
72 show the decrease in the dislocation density in some of the sub-
boundary networks arising from the dislocation rearrangement taking place
due to recovery. The distinction between clearly and slightly visible
low-angle boundaries is probably due to the different susceptibility to
electrochemical attack of the well-defined as opposed to the disintegrat-
ing sub-boundary networks. The dull lines in these photographs represent
low-angle boundaries partially decomposed. After a sufficient time
lapse, some sub-boundaries disappeared completely and recrystallization
was nucleated (Fig. 72).

As the deformaﬁion temperature was decreased, the disinte-
gration of the sub-boundaries due to recovery also proceeded more slowly.
In Figs. 73 to 76, the recovering subgrains can be observed at 900°C

in the presence of already recrystallized areas. Figs. 75 and 76 show
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Fig. 69 - Silicon steel; 1,000°C; £ = 0.53; £ = 0.08/sec;
delay 1 sec; EPE; 220 X.

Y - > 4 PN " D A L L
Fig. 70 - Silicon steel; 1,000°C; & = 0.56; &£ = 0.15/sec;
delay 40 sec; EPE; 220 X.
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Fig 71 - Silicon steel; 1, 000°C €= 0 53
&= 0.08/sec; delay 1 sec; EPE; 585 X.

Fig. 72 - Silicon steel; 1 000°C €= 0.56;
& = 0.15/sec; delay 40 sec; EPE; 585 X.
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Fig. 72 - Silicon steel; 1,000°C; &£ ='0.56
€ = 0.15/sec; delay 40 sec; EPE; 585 X.
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Fig. 71 - Silicon steel; 1,000°C; &€ = 0.53;
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Fig. 73 - Silicon steel; 900°C; € = 0.48; & = 0.19/sec;
delay 5 sec; EPE; 220 X.
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Fig. 74 - Silico

n steel; 900°C; &= 0.48; &= 0.10/sec;
delay 90 sec; EPE; 220 X.
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Fig. 75 - Silicon stel; 900°C; £ = 0.48;

£ = 0.19/sec; delay 5 sec; EPE; 585 X.

Fig. 76 - Silicon steel; 900°C; E = 0.48;
&= 0.10/sec; delay 90 sec; EPE; 585 X.
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= 0.48;
0.19/sec; delay 5 sec; EPE; 585 X.

L A
Fig. 76 - Silicon steel; 900°C; € = 0.48;
£ = 0.10/sec; delay 90 sec; EPE; 585 X.

- 118 -



at higher magnifications the substructures presented in Figs. 73 and 74.
The progress of substructural changes associated with static recovery
after compression at 800°C, is represented in Figs. 77 to 80.

At the onset of recovery after hot working, the higher was
the initial dislocation density, the larger was the driving force and
the faster recovery progressed. The higher dislocation densities were
produced at the higher steady-state flow stresses and the higher values
of the ZENER-HOLLOMON parameter.

The disintegration of low-angle béundaries during static
recovery after hot working is connected with dislocation rearrangement
and results in an increase in the average subgrain size. This can be
observed in the transmission electron micrographs in Figs. 81 to 86.

Evidence of coalescence during recovery can be seen in Fig.
82, where the disappearance of a sub-boundary probably led to the
formation of the neck shown in the centre of the micrograph. Another
neck in the process of forming can be seen in Fig. 83. Fig. 84 shows
an example of another phenomenon observed in a number of samples after
30 or more seconds of delay before quenching. 1In this micrograph, general
sub-boundary disintegration can be seen in progress over a fairly large

area.

5.4.3 THE EFFECT OF ANNEALING TIME ON RECRYSTALLIZATION

The relative times of recrystallization in Armco iron and in
silicon steel over a range of strains and holding temperatures can be
seen in Figs. 87 and 88. The volume fraction recrystallized was deter;
mined by quantitative metallography, as described by HILLIARD and

CAHN117’118). The grid method of point countingllg) was applied for
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Fig. 77 - Silicon steel; 800°C; & = 1.75; £ = 0.26/sec;
delay 18 sec; EPE; 220 X.
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. Fig. 78 - Silicon steel; 800°C; € = 1.75; &
delay 35 sec; EPE; 220 X.
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Fig. 77 -~Silicon sﬁeél; 800°C; & = 1.75;
delay 18 sec; EPE; 220 X.
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Fig. 78 - Silicon steel; 800°C; € = 1.75; €= 0.26/sec;
delay 35 sec; EPE; 220 X.
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Fig. 79=-8ilicon steel; 800°C; & = 1.92;
&= 0.26/sec; delay 13 sec; EPE; 585 X.

_. , - R 3~
Fig. 80 - Silicon steel; 800°C; &= 1.75;
£ = 0.26/sec; delay 35 sec; EPE; 585 X.
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Fig. 79 - Silicon steel; 800°C; & = 1.92;
&= 0.26/sec; delay 13 sec; EPE; 585 X.
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Fig. 80 - Silicon steel; 800°c; &€= 1.75;
£ = 0.26/sec; delay 35 sec; EPE; 585 X.
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Fig. 81 - Silicon steel; 800°C; & = 0.42;

& = 0.15/sec; delay 1 sec; TEM; 11,400 X.
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Fig. 82 - Silicon steel; 800°C; &= 0.60;
& = 0.075/sec; delay 5 sec; TEM; 11,400 X.
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Fig. 81 - Silicon steel; 800°C; & = 0.42;
& = 0.15/sec; delay 1 sec; TEM; 11,400 X.

Fig. 82 - Silicon steel; 800°C; & = 0.60;
€ = 0.075/sec; delay 5 sec; TEM; 11,400 X.
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Fig. 83 - Silicon steel; 800°C; € = 0.60; & = 0.075/sec;
delay 35 sec; TEM; 11,400 X,
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Fig. 84 - Silicon steel; 800°C; € = 0.76;
€= 0.15/sec; delay 40 sec; TEM; 2,850 X.

Fig. 85 - Silicon steel; 800°C; &€ = 0.76;
€ = 0.15/sec; delay 40 sec; TEM; 11,400 X.
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Fig. 84 - Silicon steel; 800°C; € = 0.76;
€= 0.15/sec; delay 40 sec; TEM; 2,850 X.
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Fig. 85 - Silicon steel; 800°C; & = 0.76;
= 0.15/sec; delay 40 sec; TEM; 11,400 X.
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Fig. 86 - Silicon steel; 800°C; &= 0.76;
£= 0.15/sec; delay 40 sec; TEM; 28,600 X.
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Fig. 86 - Silicon steel; 800°C; &= 0.76;

£= 0.15/sec; delay 40 sec; TEM; 28,600 X.
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measurements on longitudinally sectioned specimens. The curves in the
above-mentioned figures also show that at the same working and holding
temperatures, recrystallization in Armco iron begins after shorter delays
than in silicon steel. The curves are based on counts made on only 32
samples, and so they can only be used for an indication of the effect

of temperature on recrystallization times.

Some examples of the metallographic evidence for recrystall-
ization after hot compression are shown in Figs. 70,72-75, 77-80 and
89-91. Recrystallized grains were formed within a few seconds after the
conclusion of the hot compression cycle, as can be seen in Fig. 73 at
low magnifications, and in Fig. 75 at high magnifications. As the deform-
ation temperature was decreased, the time lapse between the end of
deformation and the onset of recrystallization increased. An indication
of the effect of working temperature on the speed of recrystallization
can be obtained from Figs. 89 to 91. Approximately the same fraction of
recrystallized grains was produced by a time lapse of 10 minutes at 650°C

as after 25 minutes after deformation at 560°C to the same strain.

5.5 MEAN SUBGRAIN SIZE AND MISORI ENTATION

5

¢

Mean Subgrain Size. Variations in the subgrain sizes reported
by different investigators for hot worked iron are considerable, Most of
the values published, however, resulted from investigations carried out
over a relatively narrow range of temperatures, strains and strain rates.
A short survey of the previous work is given in Table VIII. As can be
seen from these references, no systematic study of subgrain size and mis-

orientation in iron or steel has yet been published.

The results obtained from the present investigation are listed

- 128 -



Fig. 89 - Silicon steel; 560°C; € = 1.67; £ = 0.42/sec;
delay 25 min; EPE; 220 X.
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Fig. 90 - Silicon steel; 650°C; & = 1.64; & = 0.33/sec;
delay 10 min; EPE; 220 X.
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Fig. 89 - Silicon steel; 67
delay 25 min; EPE; 220 X.

Fig. 90 - Silicon steel; 650°C; & = 1.64; & = 0.33/sec;
delay 10 min; EPE; 220 X.
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Fig. 91 - Silicon steel; 650°C; & = 1,29; €= 0.26/sec;
delay 25 min; EPE; 220 X.
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Fig. 91 - Silicon steel; 650°C; € = 1.29; €= 0.26/sec;
delay 25 min; EPE; 220 X.
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Table VIII. Subgrain Sizes Determined in Iron Deformed at High Temperatures
T g é : METHOD OF DE-
MODE OF HOT -1 DELAY | TERMINATION OF MEAN "d" MISORIENT-
INVESTIGATOR __ |MATERIAL | DEFORMATION [°c] [sec” ] | [sec] ngn [ar] ATION 6°
125 Iron -77 to to 4x 5 1.2 to
saLLl2) 99.97% | Tension +500 | 0.28 | 107 43,200 X-Ray 2.9 6° to 22°
REYNOLDS Iron 750 to 4,.6x 1 to 1to2 Not
and 17 High 813 frac- 10-1 15 Optical 2to5 giv
TEGART!7) Purity Torsion 856 ture ~ 5 to 10 ven. ...
CRUSSARD Armco Tension 550 to | 4x Not X-Ray Not 6° to 15°
and 99. 967 and to frac- | 1071 given given
TAMHANKAR 12) - 90% Creep 750 ture | to 4
KEH and 61) Iron Tension 200 2.0 Not
WEI SSMANN % not and 500 Not given 4.0 given
given Creep
BIRANO COHEN, Iron Compression 742 0.2 to Not
E and 99,97% and to 2x given TEM 10.0 Not
UJIIYE ) Creep- 885 1073 given
BARRETT, NIX 3% Si to g Not 2.0 Not
and SHERBY13) iron Creep 643 0.2 10‘ gived TEM 18.0 given
GAROFALO, Iron Creep 600 0.22] Not . Not X-Ray 12.0 24 min
ZWELL, KEH and 50 ppm given givenf of arc
WEI SSMANN15) impuri- TEM 5.0 15 min
ties of arc




in Table IX for Armco iron and in Table X for silicon steel. Given in
these tables are the values of the average subgrain "diameter' (d), as
determined by optical microscopy, using both the comparison and the
planimetric procedures, and by transmission electron microscopy. From
the data in the two tables it can be seen that the optical observations
of substructure lead to somewhat smaller (d) values than transmission
electron microscopic observations in specimens which have been deformed
at the higher stresses. Conversely, in specimens deformed at the lower
stresses, optical microscopy leads to somewhat larger values of sub-
grain size than transmission electron microscopy. The scatter of the
values obtained from optical examination is also considerably higher
than that of the transmission electron microscopy values and so the
optical results seem to be less reliable.

Subgrain Misorientation. Evaluation of the diffraction
patterns gave information about the stability of misorientation with
strain and with changes in strain rate and temperature in the steady-state
region. The values shown in Tables IX and X were obtained by measuring
only one component of misorientation, as already mentioned in section 4.5.
This component represented the rotation about an axis parallel to the
beam and the average component resulting from the measurements was esti-
mated to be of the same order as the average component normal to the axis
of the beam. It can be seen from Tables IX and X that, over the ranges
investigated, the average misorientations do not change significantly with
temperature, strain or strain rate, and remain of the order of a few degrees

for both materials tested.
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Table IX. Experimental Mean Subgrain Size and Misorientation (Armco iron)

- €T -

T | € E DELAY | MICRO- | log Z & | MEASURED VALUES "d" MI SORTENTATION

HARD- TEM OPIICALLY Omax ®avg ®experimEhtaI

NESS COUNTING PLANI- ’ ‘

1 % METRIC j

[°c] [sec” ]| [sec] | [DeH] %) [ksil| [ael [pe] Cocl [ Degrees]
600}10.6 | 0.16 5 (152) 15.7 - 2.7 - - 4.0 3.5 4 - 3
600] 0.6 | 0.16 10 (151) 15.7 }22.70] 3.0 - - 3.0 3.0 3-3
6001 0.6 | 0.16 10 155 15.7 - - . 2.8 2.5 - - -
600 f0.6 | 0.16 300 148 Co- - 2.9 - - 3.0 - -
600 0.9 | 0.25 10 146 15,9 ]24.00| 2.8 - - 4.5 4.5 4% - 4%
600 { 0.9 | 0.075 25 (151) - - - 3.0 2.5 - - -
600{1.1 | 0.16 |1,500 (135) - - - 3.5 2.5 - - -
600{1.3 ]| 0.16 13 (158) - 24,00 2.7 3.5 2.5 7.0 6.8 7-7-6%
650 | 0.6 | 0.13 1 149 14.7 {19.85] 3.1 - - 3.0 2.5 2-2%3
700 0.7 | 0.16 5 138 14.0 |15,70| 3.4 - - 2.5 2.5 2% - 2%
700 | 0.9 | 0.16 10 140 14.0 - - 4.4 4,0 - - -
700] 0.9 | 0.075 10 (138) 13.7 |14.78] 3.4 4.3 5.6 - - -
700 1.5 | 0.23 5 154 - 17.00] 3.2 - - 4.0 4.0
700 | 1.5 | 0.27 15 153 - - - 9.1 5.0 - - -
700 1,5 | 0.12 25 148 - - - 6.7 4.7 - - -
7501 0.5 | 0.25 1 129 | 13.5 |14.20] 3.9 6.7 6.7 2.2 2.2 2.2 - 2,2
750 1 0.6 | 0.40 1 (130) 13.7 - - 3.6 3.3 - - -
750 0.7 | 0.25 1 (130) 13.5 - - 7.9 - - - -
750 | 0.7 | 0.075 50 (126) - - - 5.6 5.6 - - -
800 0.4 | 0.20 1 120 12.8 9.35{ 4.2 - - - - -
800{ 0.4 { 0.31 1 (120) 12.9 - 3.9 6.3 5.6 5.0 4.8 4elebl®-5-5-5
800} 0.6 | 0.075 15 (118) - - - 5.8 6.7 - - -
800 0.6 | 0.13 1 122 12.6 - 4,3 6.4 5.6 3.0 3.0 3-3-3
800)0.6 | 0,12 15 117 - - - 6.5 5.6 - - -

*) Values in parentheses were taken from interpolations in Fig. 68.

*%) Values of log Z are given only for delay times up to 10 sec at 600°to 750°C,
and for delay times up to 1 sec at 800°to 1,000°C.




Table X. Experimental Mean Subgrain Size and Misorientation (Silicon steel)

2 i

T E E DELAY | MICRO- log 2 & | MEASURED VALUES "d" MI SORT ENTATI ON
HARD- TEM OPTICALLY @ max 0.y @
NESS COUNTING | PLANI- . g. experimental
1 %) METRIC
fecl [sec”"]| [sec] |[DPH] *%)  [[ksi] | [ped [ped L[] [ Degrees]
650 |0.5 | 0.09 2 228 17.9 |25.80 3.1 - - 2.0 1.8 2-1.8-1%
650 |1.3 | 0.25 5 225 - - - 2.9 2.5 - - -
650 |1.3 | 0.09 25 (227) - - - 2.7 2.5 - - -
650 {1.3 | 0.25 [1,200 (193) - - - 3.6 4.0 - -
650 |1.6 | 0.50 5 (236) - - 2.2 3.0 2.5 4.0 - -
650 |1.6 | G.25 10 (235) - - - 3.2 2.8 - - -
650 |1.6 | 0.25 300 212 - - - 3.6 4.0 - - -
750 10.4 | 0.06 1 (220) 15.8 [14.80 4.2 - - - - -
750 |0.4 | 0.25 2 221 16.5 |19.00 4.0 - - - - -
750 |0.6 | 0.05 1 216 15.8 - - 3.9 4.0 - - -
750 |0.7 | 0.075 2 219 16.- |16.75 4.0 4.0 4.0 2.0 2.0 2-2
750 {1.8 | 0.25 10 216 - 20.70 3.3 3.4 3.0 - - -
800 |0.4 | 0.15 214 15.4 |14.35 4.2 5.6 5.6 4.0 2.2 1%-2-2-4
800 |0.6 | 0.20 1 216 15.6 |14.50 4,7 - - - - -
800 [0.6 { 0.075 35 205 - - 5.0 - - 3.5 - -
800 |0.8 | 0.15 10 (211) - 1 - - 5,1 4.0 - - -
800 |0.8 | 0.15 40 205 - - 5.9 - - 3.5 - -
800 {1.4 | 0.075 1 (213) 15.2 - - 4.8 4.7 - - -
800 |1.5 | 0.25 15 (210) - - - 4.9 5.0 - - -
800 {1.9 | 0.15 13 211 - 18.60 3.8 5.6 5.6 3.5 3.5 3% 3% 3%
800 1.8 | 0.25 18 (210) - - - 5.1 5.0 - - -

continued




Table X. (continued)

- GET -

T e & DELAY | MICRO- log 2 é MEASURED VALUES 'd" MISORIENTATION
HARD- TEM OPTICALLY ® e (9] i tal
NESS COUNTING [PLARI= max. avg. experimenta
| 1 " METRIC -

[°c] [sec” ]| [sec] |[pPH] *%) | [ksi] | [al] [ped Lol [Degrees]

900 j0.23 | 0,10 1 (203) 13.9 - - 7.9 8.0 - - -

900 }0.3 0.20 1 204 14,2 9.07 6.0 7.7 6.7 2.8 2,2 1%-2-2-2%-2.8

900 0.3 0.17 5 (202) - - - 9.0 7.9 - - -

900 | 0.5 0.24 1 201 14,3 9.50 6.3 10.0 7.9 3.2 2.4 2-2-3,2

900 | 0.5 0.20 5 199 - - - 8.8 6.7 - - -

900 |0.5 0.10 90 192 - - - 11.2 14.4 - -

900 {0.6 0.06 1 203 13.7 7.75 7.1 11.7 7.9 - - -

900 | 0.6 0.10 1 202 - 13.9 8.00 6.0 - - 3.8 3.8 3.8
1,000 0.3 0.05 1 187 12.4 4,62 8.9 12.5 11.2 4.0 2.6 2-2-2.8-4
1,000 10.3 0.15 | 1 194 12.9 5.30 8.2 15.9 15.7 - - -
1,000 | 0.4 0.06 - 1 192 12,5 - - 15.4 11,2 - - -
1,000 | 0.4 0.15 1 192 12.9 5.30 8.1 - - - - -
1,000 0.5 0.15 1 196 12,9 5.30 8.7 15.3 11.2 - - -
1,000 10.5 0.10 1 187 12.7 4,60 8.7 - - 3.0 2.5 2-2%-3
1,000 {0.6 0.15 40 183 - - - 18.3 18.9 - - -

*,%%) See Table IX above.




5.6 MICROHARDNESS RESULTS

The hardening of metals during deformation at elevated temper-
atures is very difficult to determine. Hardness values of undeformed
Armco iron have been measured and recordedlzo) at temperatures ranging
from 0 to $G0°C, with particuléf attention being paid to the hardness
changes associated with the phase transformation. It is much more
difficult, however, to perform hot hardness tests during deformation, and
the hot hardness after deformation would be in error due to the occurrence
of recovery. More commonly, hardness is measured at room temperature,
and this method is used to evaluate the hardening of metals by cold
deformation, or the softening associated with recovery. Similarly, the
amount of work-hardening in hot deformed material can be evaluated by
the increase in the room temperature hardness, measured before and after
hot deformation. These results can be quoted in terms of the '"residual
hardness percent"75), which is the hardness increment due to hot deform~
ation, expressed as a percentage of the hardness increment which would
be obtained on cold deformation