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ABSTRACT

The plastic deformation of nonmetallic inclusions in a ductile.
metal matrix was studied. Primary emphasis was on the effects of extru-
sion parameters and sample variations on the fracture and flow of the in-
cluded nonmetallic phase. Secondary emphasis was on strain hardening
and flow patterns during extrusion, effect of extrusion parameters and
sample variations on extrusion pressure, and properties of two phase ma-
terials.

The experimental materials included face~centered cubic metals
(Pb, Al, Ag, Cu, and brass) and inclusions with the NaCl structure (KC1,
NaCl, NaF, and LiF). Samples were prepared using standard powder metal-
lurgical techniques.

Extrusion was used as the deformation method since it provides
stress states the same as, or similar to, those found in the common metal
forming operations, i.e., extrusion, drawing, and rolling. Consequently,
the results should apply for these forming operations.

After extrusion, the samples were sectioned on a symmetry plane
parallel to the extrusion direction. Inclusion length/width ratios were
measured in this plane as an index of the amount of inclusion deforma-
tion while inclusion and matrix hardnesses were used as an index of the
relative properties of the phases.

A modification of Shield's stress analysis for plastic flow in
a converging connical channel was used to calculate stress distributions.
However, accurate stress distributions were not achieved because of an in-
ability to accurately evaluate the stress required to change the direction

XV



of material flow at the die entry and exit sections. As a result, ram
pressure was used as an index of the stress levels in the samples.

The ram pressure required for extrusion can be reduced by
(1) use of more effective lubricants, (2) proper deformation equipment
design, (3) decreasing the sample reduction, (L4) decreasing the extru-
sion velocity, (5) increasing the extrusion temperature, and (6) de-
creasing the sample yield strength.

NaCl=type ionic inclusions were found to have high ductili-
ties when subjected to the confined stress conditions that accompany ex-
trusion.

As the stress levels are increased, three types of inclusion
behavior occur: (1) rigid inclusions, (2) brittle-ductile inclusions
(fracture and deformation occur), and (3) ductile inclusions. For a given
sample, the minimum stress acting on the inclusions is limited by the
relative metal/inclusion hardness ratio.

The amount of inclusion deformation can be decreased by the
following process changes: (1) use of more effective lubricants, (2)
proper deformation equipment design, (3) decreasing the sample reduction,
(4) decreasing the strain rate, and (5) proper operating temperature
selection.

The amount of inclusion deformation can be controlled by the
following material variations: (1) changing the relative yield strengths
of the phases, and (2) changing the relative amounts of the phases. In-
clusion size does not have a major effect on the amount of inclusion

deformation.

Xvi



CHAPTER I

INTRODUCTION

This investigation is concerned with the fracture and plastic
deformation of NaCl-type nommetallic inclusions in a face-centered
cubic metal matrix. The topic is of importance since the deformation,
or fiacture and dispersion, of nommetallic inclusions duvuring forming
operations can have a marked effect on the properties of a metal., 1In
addition, increased usage of two phase materials, such as cermets, has
created interest in the way these materials cform under load.

As a hypothesis, it was suggested that the fracture and plastic
deformation characteristics of an included ionic solid would be governed
by the stress states acting on the inclusions. These stress states are
expected to be influenced by both deformation process variables and
sample parameters. For example, as sample reductions or metal/inclusion
hardness ratios change, the stress levels acting on the inclusions
would be expected to change. This chi.age in stress levels would be
expected to influence inclusion fracture and deformation behavior.

A systematic investigation of the effects of process and sample varia-
tions was undertaken to determine the parameters affecting fracture
and flow characteristics of an included ionic solid.

While primary thesis emphasis was on the fracture and flow
of an included nommetallic phase, supplemental information was obtained
in the areas of strain hardening and flow patterns during extrusion,
effects of extrusion parameters and sample variations on extrusion pres-

sure, and properties of two phase materials.
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A study of sulfide inclusions in steel(l) stimulated the
author's interest in this topic, Consequently, experimental materials
were selected to match the face-centered cubic structure of austenite
and the NaCl structure of MnS., Materials were selected to provide
model systems allowing a broad range of sample variations; and to
permit study at low deformation temperatures. The extensive literature
on the properties of NaCl-type ionic solids makes them advantageous for
study.

Extrusion was used as the deformction method since it permits
the study of a broad range of deformetion parameters., In addition,
extrusion provides stress states which are the same as, or similar to,
those found in common metal forming operations; i.e., extrusion, drawing,
and rolling,

The effects of the following process and sample variations
were studied:

1. Die angle.

2. Per cent reduction in area,

3. Strain rate.

4, Temperature.

5. Per cent nonmetallic material,

6. Nonmetallic inclusion size,

7. Nonmetallic inclusion type.

8. Matrix type,



CHAPTER II

LITERATURE REVIEW

This literature review presents material which is important to
the study and understanding of the thesis topics. Pertinent references
will be considered under the following headings:

A, Deformation of Nonmetallic Materials.

B. Deformation of Included Nonmetallic Materials,

C. Hardness and Yield Strength for Two Phase Systems.

D. Extrusion.

A. Deformation of Nonmetallic Materials

Ionic crystals have a special place in the history of crystal
plasticity since they were among the first to be investigated systemati-
cally. Because of their ionic bonds, ceramic materials generally have
higher stability, melting temperature, hardness, and resistance to chemi-
cal alteration than metals or organic materials,(g) Conseguently, they
are interesting materials for many engineering applications. However,
lack of sufficient ductility limits their application in many cases.

Ionic materials were long thought to be inherently brittle.
However, in 1867, Reusch(B) studied the deformation of rock salt crystals
and reported glide on (110) planes in the [110] directions. In 1903,
Ooblentz(u) reported that NaCl crystals can be plastically bent if their
surfaces are first wetted and 1in 1909, Milch(5) reported that sticks of
rock salt could be bent very readily after heating. Since these early

experiments with NaCl, investigators have demonstrated the ductility of
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many alkali halides, sulfides, and oxides.(6719) Plastic deformation

has been observed in ceramic phases having a wide range of crystal
structures: for example, NaCl structure (MnS, MgO, NaCl, KC1, LiF),(6’7)
CsCl structure (CsBr),(7) CaFp structure (CugS,(8) CaF2(9’lo)), hexagonal
structure (AlQOB,(ll’lg) SiOg,(lB) CaCOB(lh)), and diamond cubic struc=-
ture (diamond).(15)

The greatest ductility has been observed in ionic materials
having the NaCl structure. Because only ionic materisls with the NaCl
structure were used in this thesis, and since the preponderance of the
literature is devoted to such materials, most of the review will be de-
voted to NaCl type materials.

The deformation characteristics of ionic solids will be con-
sidered under the following headings:

1. ©Slip and Fracture Systems.

2. Strength.

5. DPlastic Deformation.

L, TFracture.

The fracture stress for ionic materials is generally lower than the yield
stress. Consequently, factors which control fracture behavior will be
considered in detail.

For a more general discussion of the mechanical properties of
ionic solids, the reader is referred to the classic work of Schmid and
Boas (1956)(16) and the more recent reviews by Laurent (1958),(17) Pask

(1961){*®) ana Gilman (1961).(19)



1. Slip and Fracture Systems

Plastic deformation of ionic crystals occurs by the movement
of dislocations through the lattice. The primary slip system for KC1,

NaCl, NaF, and LiF is (110) [110] while the secondary slip system is

20-24) 22)

(100) [110]0( Buerger( and Tammann and Salge(25) report slip

on the (111) [110] system for NaCl at elevated temperatures. The proba-
bility of (100) [110] slip increases with increasing temperature and in=-
creasing ion polarizabiiity° PbS and PbTe, which have high polarizability,
use the (100) [110] glide system at room temperatureo(22’25’26)

For all active glide planes, the [110] glide direction requires
the least displacement for structure restoration. In addition, like ions
do not pass over each other with this glide direction.

In many crystals, the slip planes are those of widest spacing
(densest packing). These are the (100) planes for NaCl type materials.
Huntington, Dickey, and Thompson(27> made detailed calculations of the
dislocation energies for glide in NaCl. Their calculations show that
screw dislocations have a definite preference for (110) planes rather
than (100) planes. Their results were not as clear for the preference
of (110) planes over (100) planes for edge dislocations.

Tonic crystals cleave along (100) planes with secondary cleav-
age aleng (110) pla,,neso(l9> For cleavage with no accompanying plastic
deformation or step formation, the energy required to form new surface
represents the surface energy of the material. Surface energies calcu-

lated by Van Zeggeren and Benson(28> using the Born Mayer hard sphere

model predict the observed cleavage behavior.



2. Strength of Tonic Solids

In a perfect crystal, dislocation nucleation by the action of
stress alone would be expected to occur with stresses of approximately
G/hno(l9> Searsg(29> Gyulai,(Bo) and Hulse(5l> have shown that "whiskers"
of LiF, NaCl, and MgO can withstand very high stresses without the occur-
ance of plastic flow. Stokes(52> has shown that bulk MgO crystals can
withstand stresses within 1/10 of their theoretical strength. He removed
"fresh" surface dislocations by chemical polishing and "grown in" dislo-

cation sources (inclusions and precipitate particles) by annealing.

3, Plastic Behavior of Ionic Solids

The plastic behavior of ionic solids will be discussed under
the following headings:
a., Yield Stress.

b, Surface Effects.

a. Yield Stress-The yield stresses of ionic crystals are de-

termined primarily by the stresses required to nucleate and move dislo-
cations in them., The effect of dislocation source has been demonstrated
by Stokes(52> for MgC crystals. "Fresh' dislocations; introduced by
cleavage or mechanical contact, move and multiply to generate slip bands
at approximately 3,000 psi. The crystal can be quite ductile under these
conditions. When the "fresh" dislocations are removed by chemical polish-
ing, the crystals have to depend on "grown-in" dislocations which are
considered to be associated with precipitate particles or inclusions.
Chemically polished crystals deform elastically for stresses up to

> 70,000 psi. Crystals which rely on "grown=-in" dislocation sources or



homogeneous dislocation nucleation often fracture at, or soon after,
yield. This is probably a result of crack nucleation at intersecting
slip bands. (See section A=4=b of this chapter.)

When "fresh" dislocations are present in a crystal, the yield
stress 1s determined by the stress required to move dislocations in the
crystal. This was demonstrated by Johnston and Gilman(55) who showed
that the macroscopic yield stresses of crystals are linearly propor-
tional to the stresses required to cause motion of "fresh'" dislocations.
Consequently, when fresh sources are present, the yield stress is de-
termined by the resistance of the crystal to dislocation motion.

Ender,(Bu) Schoenfeld,(55) and Metag(56) show the effect of
various solute additions on the yield strength of NaCl. Luhman and
Gorum(57> and Gorum, Luhman, and Pask(58) made the same type of studies
for AgCl and MgO respectively. In all cases, solute additions increase
the yield strength. The rate of strain hardening was observed to in-
crease with increasing sclute additions. Divalent ion additions to NaCl
and AgCl have a much greater effect than monovalent lons which may be
explained in part by charged dislocations as discussed later in this sec-
tion,

For a given material and temperature, Phillips(59) reports
that an increase in the strain rate results in an increase in the criti-
cal resolved shear stress. He reports that the change in the rate of
strain hardening with log strain rate [d(dc/de)/(d log €)] is independ-
ent of temperature for NaCl, LiF, and MgO.

Strain hardening is essentially linear for ionic crystals, as
can be observed from the stress-strain curves presented by Luhman and

Gorum(37) (AgCl), and Gorum, Parker, and Pask(T) (KC1, KBr, MgO).



In general, a temperature increase would increase the ease of
dislocation motion and thus decrease the yield strength. For NaCl, LiF,

and MgO, Phillips<59) reports the following relationships
oe = oge KT (1)

where o, 1s the critical resolved shear stress, o is a stress con-

0
stant, K is a constant (for constant strain rate), and T 1is the
absolute temperature. A break in the log o, vs. absolute temperature
plot occurs at approximately 300°K for NaCl, 420°K for LiF, and 4L40°K
for MgO. Above these characteristic temperatures, there is a decrease
in the rate of change of log GC/T°

Pratt(uo) points out that dislocations in an ionic crystal
should be charged (have an excess of jogs of one sign). Eshelby,

(41)

et al. suggest that vacancies formed in an ionic crystal will form
a charge cloud around a dislocation which will lock the dislocation in
place. They point out that the addition of divalent impurities to NaCl
would cause maxima and minima to be expected in the yield strength vs.
temperature plot. Maxima and minima were observed by Ekstein(he) and
Eshelby, gz_gga(ul) The dislocation locking effect resulting from di-
valent impurities could account for the previously noted greater yield
strength increase for divalent vs. monovalent solute additions.

Westbrook(MB) reports that the yield stress is given approxi-

mately by the following equation for NaCl type ionic solids

Y.S. = Hy/35 (2)



where Y.S. is the yield stress in Kg/mm® and Hy is the Vickers hardness

in Kg/mm2° Gilman(l7) shows that there is a linear relationship between
elastic modulus and microhardness fér NaCl type ionic solids. The linear
yield stress=-hardness relationship would be expected since the theoreti-
cal stress required to move a dislocation is proportional to the elastic

4l

modulus,(

b. Surface Effects-The surface conditions of ionic crystals

often limit plastic behavior by causing premature fracture, as will be
discussed in the next section. However, surface conditions do not have
a strong effect on the fundamental event in plasticity: the mobility of
dislocations,(l9) Vaughan and Davisson(45) show that the stress required
to move dislocations in a given NaCl crystal is independent of exposure
to air, water, oil, and air aging.
The surface is important as a source of "fresh" dislocations
as pointed out in the previous section and as discussed by Stokes.(Be)
Because the number of dislocation sources in the surface control
the distribution of glide, they also control the rate of strain harden-
ing. As the number of interfering glide bands increases, the rate of
strain hardening increases. The influence of the surface on the rate of

strain hardening of MgO was demonstrated by Stokes,(Bg)

k. Fracture of Ionic Solids

Fracture of ionic solids often occurs at stress levels lower
than those required for appreciable plastic flow. In this section the

factors influencing fracture will be considered under the following
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headings:
a. Surface Effects.
b. Plastic Flow Effects.

c. Stress State Effects.

a. Surface Effects=For all NaCl type ionic solids, ductility

is limited by the presence of surface micro=-cracks. These micro=-cracks
can be introduced by conventional sample preparation techniques such as
cleavage, or sawing, grinding, and wet polishing°(46°48) Stokes, Johnston,
and Li<u7) have recently shown that surface defects can readily be in=-
troduced into polished ionic crystals by conventional handling techniques.
Clarke and Sambell(u5) report that chemical polishing will remove cleav=-
age micro=-cracks and enhance the ductility of MgO crystals 5 to 10 times.
Considering the susceptability of ionic crystals to surface damage and
the marked effect of this damage on their ductility, it is not surpris-
ing that much conflicting data exist in the literature.

Special surface effects have been observed in the water soluble
ionic salts such as KCl, KBr, and NaCl.(7> Freshly cleaved and/or water
polished samples of these materials are ductileo(h9) However, authors(u9'5l)
have reported a loss of ductility with aging in air. The air aging ef-
fects are less or nonexistent for LiF and Mgo.(7) Murray has shown that
air aging raises the ductile=brittle transition temperature for NaCl and
Mgoo(52) Gorum, Parker, and Pask(7) report that the air embrittlement
is caused by oxygen and nitrogen. Aerts and Dekeyser(5o) report that
nitrogen diffuses into NaCl, pins the dislocations, hardens the material,
and leads to premature failure. Class, Machlin, and Murray(5l) have found

that the surface of NaCl reacts with ozone in the atmosphere to form NaClOB,
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Three different mechanisms have been proposed for the air em-
brittlement phenomenon:

1. For a crystal containing flaws, gas absorption will re-
sult in a lowering ol the critical stress for crack
propagation according to the Griffith equation. This
would cause a deterioration of the mechanical proper-
ties.<47)

2. A surface layer is formed which is difficult for the dis-
locations to penetrate.<7)5j) The dislocations pile up
against this surface layer and nucleate a crack.

5. The NaClO§ layer forms a brittle coherent surface film
which can start cracks in the underlying crystal.(5l)

A fourth mechanism might also be considered. The gases tend to pin
"fresh" dislocations at the surface, decreasing the number of active
slip systems. This would lead to fracture at interacting slip planes
as discussed in the next section.

Stokes, Johnston, and Li(u7) have demonstrated that surface
precipitates formed on improperly dried NaCl crystals lead to premature
failure. They have also shown that air embrittlement is slowed down
markedly if the crystals are stored in a desicator. Moisture in the air
could cause local salt solution and reprecipitation and thus speed up
the embrittlement phenomenon.

The role of gases in air embrittlement phenomena 1s an area
deserving more study for clarification. The major effect of chemical
polishing is probably the removal of surface defects, such as micro-

cracks.
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b. Plastic Flow Effects-Cracks can be nucleated in ionic

crystals by the pile-up of dislocations against an obstacleo(5u'58)
Three types of crack nucleation mechanisms have been observed in MgO.
Stokes, Johnston, and Li(5u)55) report crack formation associated
with the Stroh mechanismo(59) In their compression samples, disloca-
tions were observed to pile up at a kink band and nucleate a crack.
Washburn, Gorum, and Parker(56) observed crack nucleation associated
with the Cottrell mechanismo(6o) They observed this type of crack
formation in tension samples. Dislocation pile up on two intersecting
(110) slip bands leads to crack nucleation along a (100) plane. Keh,
Li, and Choul57T) proposed a third type of mechanism to account for (110)
crack formation around hardness indentations in LiF and MgO. For their
mechanism, an immobile dislocation is formed in a (112) plane having the
vector l/2a[lIO]a Dislocations generated on the two intersecting slip
planes (011) and (101) will pile up against this immobile dislocation
and initiate a crack in the (110) plane.

The significance of these mechanisms and observations is that
they show cracks can be nucleated as a result of plastic flow. These
crack nuclei can lead to catastrophic failure.

Melankholin and Regel(61)

studied crack formation and propa-
gation in NaCl. They observed that cracks often stop in regions of local
plastic hardening. This observation is substantiated by the later ob-
: ;,(58)
servations of Stokes, Johnston, and Ii.
Stokes, Johnston, and Li(58) state that the amount of plastic

deformation preceding cleavage fracture depends on the density and dis-

tribution of slip sources at the onset of plastic flow. Their reasoning
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follows. A cleavage crack is nucleated at the end of a (IlO) slip band
by the coalescence of edge dislocations, which are held up by an ortho-
gonal intersecting (110) slip band. The crack nucleus propagates parallel
to the (110) plane until halted by another (110) slip band parallel to

the original (110) slip band. The (110) slip band prevents the crack
from propagating further in the [110] direction, but it is free to de-
velop parallel to the [001] line of intersection. For fracture, the

slit transfers to the (100) plane normal to the applied stress. The ef-
fectiveness of the adjacent (IiO) band in halting and stabilizing the
crack nucleus is a function of its distance from the [001] line of nuclea-
tion. This distance determines the crack velocity when it hits the slip
band and the stabilized crack length, which in turn determines its asso-
clated stress concentration.

If all slip bands are parallel, high plastic deformation can
occur. If a high number of intersection slip bands are present, the
cracks are stabilized and high ductility occurs. This mechanism effec-
tively explains the high ductility observed for crystals whose surfaces

were sprinkled with hard powders.

¢, Stress State Effects=The ability of an ionic material to

62)

be plastically deformed is dependent on the stress state. Bridgman(
has shown that the introduction of large hydrostatic pressures markedly
increases the ductility of metals. Bridgman<65) has also shown that the
strength and ductility of NaCl and AlpOz are increased by the application
of hydrostatic pressure. Hydrostatic pressures plus superimposed shear
stresses would also account for the plastic deformation occurring natu-

13,64)

rally in rock stratao(
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Scheil(8) states that MnS inclusions within a steel deform
plastically when the steel is deformed while inclusions fracture in a
polished surface. He suggests that cleavability is suppressed by im-
bedding the inclusions in a metal matrix.

Pask(lB) states that hydrostatic pressures tend to eliminate
pure tensile stresses, allowing the development of sufficiently high

shear stresses to cause plastic deformation.

B. Deformation of Included Nonmetallic Phases

The type, size, shape, and distribution of nonmetallic inclu-
sions can have a marked effect on the properties of a metal. In free-
machining steels, for example, sulfur 1s intentionally added to improve

machinability. (62)  knowlton(66)

and Boulger, §§_§£°(67) have observed
that steels containing globular sulfide inclusions had higher maching-
bility indices. 1Inclusions have a detrimental effect on fatigue proper-
ties, (68=T4) gquctility, (75-77) and impact strength.(7®) Cummings,
§§_§£9<68) and Ransom(Yg) show that inclusion size and shape have a

marked effect on fatigue properties while Gagnebin(75) and Ogawa,

et a1. T") snow that globular, randomly distributed inclusions are a

requirement for high ductility.

The size, shape and distribution of inclusions in metals can
be controlled to some extent by forming operations. Pickering(79) sug=
gests that inclusion fracture during deformation 1s necessary to dis-
perse larger detrimental inclusions into smaller, less harmful particles.
Proper selection of deformation parameters which favor spherical sulfide

inclusions is important to producers of free-machining steels.
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Consequently, parameters affecting inclusion deformation and/or fracture
and dispersion during metal forming operations are important.

No systematic study has been made of the effects of deforma-
tion parameters on the deformation and fracture of included nonmetallic
phases. The material that follows will illustrate the types of studies
that have been made.

In 1955, Scheil and Schnell(go) showed qualitatively that dif-
ferent types of inclusions in steel behave differently during deforma-
tion. Dehlinger(Sl) observed the deformation of FeS, NiS, CuoS, AgpS,
and CuoSe inclusions in their base metal. The inclusions were found to
deform readily. Dehlinger(Bl) suggested that all sulfides, selenides,
and telurides should be expected to deform readily in their base metal.
For MnS, CupS, and AgpS in their base metals, Scheil(8) reported the sul-
fide length/width (L/w) ratio is approximately equal to the square root
of the metal L/W ratio.

Van Vlack(82) studied the effects of composition and mechanical
working on the L/W ratio of inclusions in resulphurized steels. He found
that fracture and diminuition in the size of sulfide inclusions becomes
pronounced on cold working. Deoxidizers, such as silicon and aluminum,
were found to increase the plasticity of sulfide inclusions during hot
rolling.

More recently, Van Vlack, gﬁ_gi,(l) studied the effects of steel
composition and temperature on the equilibrium shape, and type of sulfide
and sulfide-oxide inclusions. MnS deformation was known to increase with
increasing silticon content in the steel°(82) A siliceous liquid was

found to envelop the MnS inclusions with higher silicon levels in the
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steel. It was postulated that this liquid would facilitate the develop-
ment of hydrostatic pressures on the MnS inclusions. MnS deformation
would be facilitated by hydrostatic pressures rather than single shear
stresses.

Scheil(B) and Pickering(79) studied the effects of inclusion
size on deformation. Scheil(8) reports the L/W ratios of CupS inclu-
sions in Cu were statistically independent of their size. Pickering(79)
states that small inclusions deform less readily than large ones.
Pickering also states that larger inclusions fracture earlier. The
probability of fracture increases with increasing deformation.

Scheil(B) and Pickering(79) studied the effects of temperature
on the deformation of inclusions in steel. For a 0.23% S steel, Scheil(8)
found no change in sulfide deformation in the temperature range from =80
to 1250°C, However, the scatter in his data was large. For silicate in-
clusion59 he found low deformation at 700°C. At 900°C, the amount of
inclusion deformation approaches that of the steel. Only slight deforma-
tion increases were observed above 900°C., Except for a 100°C difference
in the brittle-ductile transition, Pickering's(79) silicate curve has
the same shape. Pickering(79) found the silicates were brittle below
1000°C, He found that iron oxide inclusions become increasingly plastic
as the rolling temperature decreases from 1150 to 800°C.

Scheil and Sibert(83) made a statistical study of the extent
to which needle-=like brittle inclusions, such as FeAl and Si, in Al are
broken on rolling. FeAl was found to be more brittle than Si, except

at L100°C where they were about the same.
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Puttick<84) studied the deformation and fracture of pearlite,
He observed plastic deformation of cementite lamellae in pearlite. The
following sequence of events was found during deformation:

1. Fine slip in ferrite near pearlite grains.

2. Large shear deformation of ferrite.

3. Eventual fracture of ferrite and pearlite in regions

of heavy deformation.

Gurland(85) and Nishimatsu and Gurland<86) studied the deforma=-
tion of two=-phase alloys of tungsten carbide and cobalt. WC (94Rp) is
considered to be a rigid, brittle inclusion in the Cobalt (L42Rp) matrix.
The samples deform by plastic flow in the matrix. At stress levels
approaching those required for sample fracture, fracture of WC grains
is observed. In a 50 WC - 50 Co sample, slip lines were observed to
pass through a few WC grains. Thermal history can create stress concen-
trations in the sample. Consequently, slip is observed with lower loads

as the WC content increases.

C. Hardness and Yield Strength

In extrusion theories, ram pressure is linearly proportional
to the average yield strength of the samples. Thus, the experimental
data yield indirect evidence on the effects of sample variations on the
average yield strength. A brief discussion of trends which can be pre-
dicted from the literature will be presented in this section.

Indentation hardness is influenced by yield strength and rate
of strain hardening. Hill(87) states that the indentation force per unit

area is three times the yield stress for a spherical indentor.
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WESthOOK(AB) has shown a linear hardness=yield strength relationship
for face=-centered cubic metals and NaCl-type ionic solids. Hardness
and yield strength will be considered simultaneously, since a factor
which increases hardness will also increase average yield strength.

In general, hardnesses and yield strengthsof two=-phase materials
are structure sensitive. These properties are influenced by the size,
shape, and distribution of the second phase. Generally, the yield

strength would not be expected to follow a simple law of mixtures rule

0sample = Gafa + beb (5)

where o 1s the yield strength and f 1is the volume fraction of the
phase indicated by the subscripts.

Edelson and Baldwin(88) have demonstrated that the second
phase must be harder than the matrix for hardening to occur. Edelson
and Baldwin(88) and Geisler(89) demonstrated that the second phase must
be coherent with the matrix for the occurrence of major yield strength
increases. Particle strenghtening would not be expected when the in-
cluded phase is weaker than the matrix,

Fdelson and Baldwin(88) and Geisler(89) suggest that the yield
strength increase is a function of the mean free path between particles.
For Cu=Cr and Cu=Fe systems, where the second phase 1s coherent, the
yield strength increases for mean free paths below approximately 1270u.
For WC=Co alloys, where the phases are not coherent, the yield strength
does not increase significantly until the mean free path is below lOu,(86)
For noncoherent phases, particle strengthening would not be expected un-

less the mean free path was very small.
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Koppenaal and Parikh(9o) and KEeler(9l) show that the stress
required to initiate slip in the matrix is largely independent of the
amount. of a harder, included phase. This stress is the stress required
to start dislocation motion in the weakest phase. Since the phases
have different expansion coefficients, thermal history can create residual
stress filelds 1n the sample which can modify the applied stress required
to initiate yield. This effect is minimized as the inclusion spacing is
increased.

Koppenaal and Parikh(9o) and KEeler(9l) show data where the
second phase has a marked effect on the rate of strain hardening of the
matrix. As the amount of a hard second phase increases, matrix strain
hardening increases rapidly. Thus, for moderate strains, the yield
strength is influenced significantly by the amount of the second phase.

To date, no general theory exists for predicting the yield

strength of two=phase samples for a broad range of sample variations.

D. Extrusion

The extrusion literature will be considered under the follow=-
ing headings:

1l. Extrusion Methods.

2. Extrusion Pressure Curves.

3, Flow Patterns During Extrusion.

4, Extrusion Theories.

5. Factors Ceontrolling Ram Pressure and Stress State.
For more general reviews, the reader is referred to Pearson and Parkin's
book on extrusion,(92) Bishop's recent review on the theory of extru-

sion,<95) and Wistreich's review on wire drawingo(94)
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1l. Extrusion Methods

Extrusion can be accomplished by either the direct or the in-
direct method (Figure 1). 1In direct extrusion, the billet is pushed
down the chamber and through the die. For indirect extrusion, the billet
is stationary while the die moves. Lower ram pressures are required for
indirect extrusion since sliding friction between the billet and the
chamber wall does not have to be overcome, However, the reduced ram
cross=-sectional area for indirect extrusion often limits the application
of this method.

There are a number of extrusion variables which can be readily
studied, i.e.:

1. Per cent reduction in billet area.

2. Die angle.

5. Ram velocity.

L, Temperature of extrusion.

5. Coefficients of friction along the die and chamber walls.

6. Sample type.

2. Extrusion Pressure Curves

Ram pressure=ram displacement curves are shown in Figure 2,
The ram displacement at point RP corresponds to the ram contacting the
die lip. A hollow conical "pipe" forms at the ram end of the billet.
This hollow "pipe" collapses readily when it enters the die resulting
in the dip at the end of the ram pressure-ram travel curve. The linear
decrease in ram pressure with increasing ram travel represents a de=-

cregase in the contact area between the billet and the chamber wall. As
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Figure 1. Direct and Indirect Extrusion Equipment.
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the frictional forces associated with this area decrease, the ram

pressure decreases.

3. Flow Patterns During Extrusion

The literature on flow patterns during extrusion is summa-
rized by Pearson and Parkinsa(92>

Sachs and Eisbein(95) show the effects of die cone angle on
the flow distribution for tin samples. The flow patterns were obtained
by observing the deformation of a grid inscribed on a plane of symmetry.
As the die cone angle decreases, the amount of grid distortion decreases.
The amount of grid distortion increases as the sample surface is ap-
proached. With small die angles, there is a fairly close approximation
to uniform deformation by simple elongation.

For large die angles and strain-hardening materials, dead metal
zones are observed at the die=-container junctiono(96) Under these con-
ditions, the sample forms its own die surface,

A number of extrusion theories assume that the material in the
die flows radially toward the virtual apex of the die (Point O in Figure
B(a))uExamination of the pictures of gridded samples presented by Sachs
and Eisbein(95> indicate that this is a reasonably good approximation
for small die angles. However, for large die angles the lines become
curved as shown schematically in Figure 3(b).

The use of lubricants decreases the shear distortion near the

sample surface°(92>
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based on results presented by Sachs and Eisbein 95
for gridded tin sample.

Figure 3. Schematic Flow Patterns for Extrusion.
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4, Extrusion Theories

An ideal extrusion theory would allow the prediction of the
optimum combination of process varilables for minimizing ram pressure
and maximizing product quality. However, a rigorous solution to the
apparently simple problem of the extrusion of a cylindrical billet into
a cylindrical rod is not known for the process variables, even under
highly idealized conditionsn(95) The extrusion theories presented in
the literature are for "simplified" cases of the practical problems.
Solutions to actual problems are limited by the complexity of the mathe-
matics involved and in some cases, by knowledge of the metallurgy in-
volved. The solutions to many of these "simplified" problems are diffi-
cult to handle. They do represent a real advance toward the understand-
ing of the extrusion process.

Most extrusion theories simplify the problem by considering
isotropic, incompressible, non=-strain hardening materials. They do not
consider the elastic stress components present in the material, nor in
general, the stress required to change the direction of material flow
at the die entrance and exit sections. Many of the solutions are for
the plane strain rather than the more common axially symmetric case.

For plane strain, the stress and velocity equations are hyperbolic equa-
tions and can thus be treated by known mathematical methods. The balance
of this section will be devoted to various analytical and empirical ex-
trusion theories. Since ram pressure 1s used as an indication of stress
state in the thesis, ram pressure=-process variable relationships will be

presented for the various theories.
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a. Homogeneous Deformation-For homogeneous deformation only

the work required to change the shape of the material is considered.
This derivation does not consider the work required for redundant de=-
formation or for overcoming frictional forces. In 187k, Fink(97) de~
duced the work required to deform a plastic material from observations
on the rolling of metals. Siebel and Fangemeier(98) applied the same
approach to calculate the ram pressure (RP) required for extruding a

cylindrical rod from a cylindrical billet. They obtained the equation
A;
=ag o <_—

where 04 is the tensile yield strength of the material; A,

i is the

initial cross=-sectional area, and As 1is the final cross-sectional area.
Observed extrusion pressures are approximately 45 per cent greater than

those calculated from Equation (k4).

b. Plane Strain Extrusion Without Friction=-Hoffman and Sachs(99)

present a derivation of extrusion stresses for the frictionless case.
The stress components are indicated in Figure L(a) where og and Op 8re the
principal stresses. It is a plane strain solution. The pertinent equa-

tions are

Tr
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b) Plane strain extrusion with friction.

Figure 4. Dimensions for Extruding a Cylindrical Body.
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Note that the principal stress components are independent of the dis-
tance of an element from the center line. This would not be expected

to be the case. Equation (7) is the same as Equation (k4).

¢. Plane Strain Extrusion with Friction-Hoffman and Sachs(99)

present a derivation of stress fields for the extrusion of a cylindrical
billet with friction between the billet and the die wall. A plane strain
analysis is used to determine the stress components shown in Figure 4(b).

The resulting equations are

2B
Ox _1*B [1—(—9—)28 + Oxe. (-1> (8)
T B Ds g, \ Ds
2B 28
f - \_Ln+(\+8>(9—> _ G (-9—> (9)
To B D¢ Go \ Dg

298
RP _ \+B \~(EL_>EB]+ 6§<L<DL> (10)

To B De¢ Jo \ Dk
where
B = M (11)
FTon &
u 1is the coefficient of friction, and o represents the pressure

xf
applied to the rod leaving the die. 1In general, oyp would be set

equal to zero and the last term in the Equations (8) through (11) would
drop out. Treco(loo> has recently extended this analysis to allow for
friction at the chamber wall and at the die exit.

The problem in applying the above equations lies in determining

the value of the coefficient of friction. The coefficients of friction
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are often empirical constants which are used to make the equations fit
experimental data. Treco(loo) has shown that a reasonable estimate of
the coefficient of friction for his extended analysis will lead to maxi-
mum calculated ram pressure values within seven per cent of those ob-

tained experimentally.

d. Slip Line Theories-Iuders lines develop in annealed mild

steel which is deformed slightly beyond the yield point. The Luders
lines are lines of maximum shear stress along which there is relative
movement of the adjacent material. The Luders lines intersect each
other at 90°, The slip line deformation theory is based on the develop-
ment of Iuders lines. For a given deformation process, a slip line
field is assumed which 1is composed of the so-called & and B lines
which are orthogonal. Stress and velocity equations are then developed
for the assumed slip line field. The solutions are developed for plane
strain since the mathematics of the situation become too complex when a
third strain direction is introduced.

The laws governing the properties of slip line fields were de-
veloped by Hencky(lOl) (stress equations) and Geiringer(log) (velocity
equations). Methods of application of slip line theory are discussed
by Hill(87) and by Prager and Hodge,(lOB) Hill(lou) first applied slip
line theory to extrusion in 1948. Johnson(lo5“107) has applied the method
to direct extrusion for a variety of die cone angles, reductions, and
coefficients of friction.

For all slip line solutions, the ram pressure is equal to the

average tensile yield strength times a function which considers the die
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geometry and frictional conditions. As an example, for 50 per cent

104)

reduction in diameter and a square die, Hill( proposes the slip
line field shown in Figure 5. The ram pressure is given by the follow-

ing equation

RP=k(1+T) (12)

where Xk = oO/JB for the Mises yileld condition or 00/2 for the
Tresca yield condition.

Purchase and Tupper(108> have shown that there is good agree-
ment between the experimental and calculated flow pattern for an in-
scribed square grid. The theoretical solution for 50 per cent reduction
in thickness and a square die was compared with the flow pattern obtained
for gridded lead using a square die and 46,7 per cent reduction.

Johnson(lo9) conducted a series of experiments using different
materials, reductions, and friction conditions in an examination of ex-
trusion pressure. His conclusions give a fair summary of slip line
theory. They are listed below:

1. Iubricated extrusions are accompanied by coefficients of

friction which are not small.

2, In the case of lubricated slip over the die face, which

occurs for die semi-angles up to about 60°, pressures
can be reasonably well predicted if a high value of u
is assumed.

3, With large angle or square dies, pressures will be pre-

dicted to better than about 15 per cent by the curves
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associated with the dead metal zone hypothesis and a
rough container wall.

4., The method of allowing for strain hardening by using
an averaged value of the yield stress 1s quite satis-
factory for practical purposes.

5. Distorted grids, as predicted by the thoery, though not
exact, certainly provide very good first approximations.

Dode ja and Johnson(llo) suggest that the values k and o4

be replaced by the average values k and Eb for a strain hardening
material. These average values could be obtained from a true stress-
strain diagram. Eg would represent the average value of true stress
over the strain range of interest. In conclusion (4) above, Johnson
shows that the average value works quite well for computing ram pressure.
However, Eg would not yield an accurate value for the stress state at
various points in the material. Stresses near the die exit would be
higher than the values calculated using Ega The converse would be true

near the entrance section of the die.

(111)

e, Axially Symmetric Extrusion=-Shield presents an analy-

sis for the axisymmetric case of flow through a converging conical chan-
nel, This stress analysis method will be considered in detail in the
thesis. The directions of the nonzero principal stress components are
given in Figure 6. The ram pressure and the principal stress components

are given by the following equations for the von Mises yield condition

RP = Je lo BN (13)
= C lese (3



-33-

of
o R
R\/‘\ﬁ _
~
R \\
Y >
o a
_ [ ) 4 ?
Y4
7~
7~
7~
7~
~
7~
Zg

Figure 6. Dimensions for the Axially Symmetric Ex-
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— T
Tee= 5T (14)

- = Jo -3 |td
Te =T6 ﬁ[ﬁ'(m BJ ﬂ (15)
Tr=Te +ToV1-77 (16)
where T 1is (71 = f(¢p)) obtained from the equation

TNP) +Teatp+2/30TH =C

and

%(RBZ_C\OﬁeR + A (18)

A and C are constants of integration to be determined from the boundary
conditions. The mathematical complexity of the "simplified" axisymmetric

model considered here is readily apparent.

f. Stress Determination from Gridded Specimens-Thomsen and

coworkers(llg"ll6) have experimentally determined stress and velocity
fields for extrusion. A grid 1s inscribed on a plane of symmetry through
the sample and the sample is then extruded incrementally. After each de=-
formation increment, the grid shape is photographed. The velocity field
is found directly by analysis of the deformed grids while the stress field

1s determined from the experimentally determined velocity field.

g. FEmpirical Formulas for Extrusion Pressure-Johnson(lO7>

states that ram pressure curves calculated from plane strain theory can

be expressed empirically in the form

RP _ b e \ ]
T a + 3e[\~r (19)
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where r 1s the reduction and a and b are constants. Since

Y = AI——AF
AL

(20)

Equation (19) can also be stated as

BP _owb loge (B2 (21)

Bishop(95) summarizes values of a and b to be used for various fric-
tional conditions and reductions.

For lead, Johnson(117) found a =0.8 and b = 1.5. For lead,
tin, and super=-pure aluminum, he demonstrates that the use of these
constants in Equation (17) leads to values of RP/QE which are within
seven per cent of experimental RP/EE values. Reductions between 75

and 93.8 per cent were used with square dies.

5. Pactors Controlling Ram Pressure and Stress States

In this section, the effects of extrusion variables on ram
pressure will be considered. A variable which increases the ram pres=

sure will increase the stress levels in the sample.

a. Per Cent Reduction=-As shown in the previous section, experi=-

mental data would be expected to fit Equation (21). Consequently, a

linear relationship would be expected between ram pressure and loge(Ai/Af)°

b. Die Angle-The flow patterns presented by Sachs and Eisbein<95)
show that more uniform deformation is achieved as the die angle decreases.
With more uniform deformation, the amount of redundant work would de-

crease, and the extrusion pressure would decrease. However, for a given
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reduction, as the die angle decreases, the area of contact between the
billet and die wall increases. As this area increases, the ram pressure
would be expected to increase for a fixed coefficient of friection. For
a fixed die angle, the contact area increases with increasing reductions.
These counteracting effects explain the die cone angle effect discrepan=~
cles which are reported in the literature. For a fixed reduction, there
is some optimum die angle. As the reduction increases, the optimum angle
would be expected to increase.

Johnson(106> shows this ram pressure minimum using plane strain
theory. For a reduction of 20 per cent and a coefficient of friction of

0.20, the ram pressure minimum occurs for a die semi=-angle of 17°.

c. Sample Variations=For the extrusion theories, changes in

the sample material are accounted for by yield strength changes. The
theories presume a linear relationship between ram pressure and average
yield strength. The results obtained with empirical formulas indicate

that this is a good first assumption.

d. Temperature=-For the various extrusion theories, temperature
effects would be accounted for in the yield strength term. As the tem-
perature increases, the yield strength and ram pressure would be expected
to decrease, Sehishokin(llB) presents the following empirical formula

for use where temperature is the only variable

RP-——Ae'}‘T (22)

where A and X are constants and T is the extrusion temperature.

This formula would only be expected to be valid for the hot working
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temperature range. For Equation (20) to be valid, the following yield

strength relationship would have to be valid

AT
g, =Be (23)

where B and A are constants and T 1s the temperature.

e. Extrusion Speed~Pearson and Parkins(92) present experimental

data for the effects of extrusion speed on ram pressure. Cadmium and lead
were the experimental materials. The following equations fit the experi-

mental data

V= b(RP)™ (2k)

loge(RP)= (‘°‘1e\/+‘°3‘=c) (25)
a

where V 1is the extrusion speed and a, b and c are constants. As the

extrusion speed increases, the ram pressure would be expected to increase.



CHAPTER III

EXPERIMENTAL PROCEDURE

The following areas were investigated experimentally:
1. The effects of extrusion parameters and sample variations
on inclusion deformation.
2. Strain hardening of copper during extrusion.
5. Hardnesses of pure inclusion materials.
L, Matrix and inclusion hardnesses in as-sintered and as-
extruded samples.
5. Hot hardness of sodium chloride.
6. Compressive yield strength as a function of matrix hardness.
Experimental procedures used for the various studies will be
discussed under the headings:
A. Sample Preparation.
B. Test Methods,
The procedures used for inclusion deformation analysis will be
discussed in Chapter IV. The methods used to treat hardness data are

described in this chapter.

A. Sample Preparation

Sample preparation techniques will be considered under the
following headings, which describe the sample type:

1. Extrusion Samples.

2. Strain Hardening Samples

5. Inclusion Hardness Samples.

-38-
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4. NaCl Hardness Samples.

5. Compressive Yield Strength Samples.

1. Extrusion Samples

Standard powder metallurgical techniques were used to prepare

the extrusion samples.

a. Sample Materials-Face-centered cubic metals (Pb, Al, Ag,

Cu, and 65-35 brass) were used as matrix materials and ionic solids having
the NaCl structure (KCl, NaCl, LiF, and NaF) were used as inclusions.
The sample types and deformation parameters studied are listed in Table I.
High purity aluminum and brass powders were used while all other materials
were reagent grade.

The as=-received KCl, NaF, and LiF powders were too fine for
inclusion use. To produce coarser particles, each inclusion material
was held at a temperature 50°F above its melting point for 1/2 hour in
graphite crucibles and then furnace cooled. This procedure produced
coarse-grained ingots having a grain diameter of approximately l/h to
5/8 inch. Each ingot was crushed and screened to produce inclusions in

the desired size range.

b. Powder Metallurgical Treatment-Granular silver and lead

shot, having a size range of -40 +120 mesh, were used. All other metals
were =120 mesh. The nommetallic inclusions were -60 +80 mesh for all
but the particle size effect samples.

Surface oxides were removed from the lead, copper, and silver
by a hydrogen anneal. The temperature and times used are listed in

Table II.



TABLE I

EXTRUSION SAMPLE TYPES AND DEFORMATION PARAMETERS STUDIED

Type Sample Deformation Parameters Studied

Cu = NaCl Die cone angle
Per cent reduction in area
Per cent nonmetallic material
Inclusion particle size
Strain rate

Temperature
Type of nonmetalllic material
Matrix type
Ag - NaCl Matrix type
Al - NaCl Matrix type
Brass = NaCl Matrix type
Pb - NaCl Matrix type
Cu Temperature
Per cent nonmetallic material
Cu - KC1 Type of nonmetallic material
Cu = LiF Type of nonmetallic material
Cu = NaF Type of nonmetallic material
NaCl Per cent nommetallic material
Temperature
TABLE II

HEAT TREATMENT DATA FOR POWDER PURTFICATION

Metal Temperature, °F Time, hrs.
Ag 1000 1/2
Cu 1000 1/2

Pb 500 1/2
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A magnetic device was used so that the metals could be inserted in the
furnace, annealed, and cooled to room temperature without being removed
from the hydrogen atmosphere. The brass and aluminum powders were not
annealed in hydrogen since the HE/HQO ratio was not high enough to
remove the oxide layer from aluminum and brass powders dezincify during
annealing.

The large metal-nonmetallic phase density difference leads to
phase separation during mechanical mixing. To avbid this problem, hand
mixing, which results in more uniform phase distribution, was used.

The samples were pressed in a single action, 5/8 inch diameter
die, After the initial press, the samples were repressed from the
opposite end. The two step pressing operation maximizes sample densi-
fication (Figure 7(a)) and yields samples which shrink uniformly during
sintering.

The nonmetallic inclusions were flattened during the pressing
operation, as shown in Figures 7(b) and 8. The inclusion length/width
(L/W) ratio was used as an index of the amount of flattening where the
length is measured in the direction of load application. Ideally, the
L/W ratio would equal one in the unextruded sample.

The effect of pressing load on sample density is i1llustrated
in Figure 7(c). Above some optimum load, the samples grow during sin-
tering. The pressing loads listed in Table IIT were selected to mini-
mize inclusion deformation and maximize sample densification. The
samples were pressed at the same load prior to each sinter.

The maximum sintering temperature is limited by the melting

point of the nonmetallic phase for all but the Pb=-NaCl and Al-NaCl
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Figure 8. Microstructures of As-Sintered Samples. 37.5X.
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TABLE III

PRESSING AND SINTERING TREATMENTS

Sample Type Pressing Load, lbs¥ Sintering Temp. °F(+10°F)
Ag - NaCl 1,000 1150
Al - NaCl 4,000 1150
Brass - NaCl 6,000 1430
Cu 6,000 1430
Cu = KCL1 6,000 1380
Cu = LiF 6,000 1430
Cu = NaCl 6,000 1430
Cu - NaF 6,000 1430
NaCl** 6,000 11430
Pb - NaCl 4,000 575

* Load on a 0.375 inch diameter ram.
*¥% The NaCl sample received a single pressing and six hr.
sintering treatment.
samples since liquid inclusions were found to sweat from the samples.
Since densification is controlled by the sintering of the metallic phase,
the sintering temperatures were generally lower than the ideal sintering.
temperature. Pure copper, for example, was found to sinter more rapidly at
1650°F than at 1430°F,
Three pressing and sintering operations were used for each

sample. With the temperature and load limitations, three pressing and

sintering operations were necessary to obtain satisfactory densification.
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The times for the three sinters were six hours, three hours, and three
hours respectively. The sintering temperatures are listed in Table III.

The samples were sintered and cooled in a hydrogen atmosphere.

¢. As-Sintered Sample Properties-The densities andinclusion

L/W'ratiosfor the various as-sintered sample types are presented in

Table IV,

2. Strain Hardening Study Samples

Strain hardening patterns were determined on annealed, high
purity copper. The copper rods were machined to be a slip fit in the
extrusion assembly and the sample length was approximately O.L inches,
The samples were annealed in hydrogen for one hour at 1430°F (+10°)

before and after machining.

3. Inclusion Hardness Samples

Single crystals of KCl, NaF, and LiF were used for hardness
samples, The crystals were cleaved along (100) crystal faces from the
furnace=cooled melts described in section A-l=-a of this chapter. After
cleaving, the single crystals were annealed in hydrogen for the tem-

peratures and times listed in Table V.

4., NaCl Hardness Samples

Room and elevated temperature NaCl hardness measurements were
made on optical quality single crystals purchased from the Harshaw
Chemical Company. Prior to testing, the crystals were annealed in hydro-

gen for the temperatures and times listed in Table V.
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TABLE IV

AS=-SINTERED EXTRUSION SAMPLE PROPERTTIES

Per cent of

Sample Type Theoretical Density L/W Ratio
Brass - NaCl 90.8 0.533
Cu - NaCl 9k.7 0.536
Cu - NaF 92.9 0.620
Cu - LiF 93.3 0.666
Cu - KCl 93.8 0.461
Al - NaCl 9.5 0.71k
Ag - NaCl 96.9 0.745
Pb - NaCl 100.0 0.937
Cu oL.8 -
NaCl 93.1 -
TABLE V

IONIC SINGLE CRYSTAL HEAT TREATMENT DATA

Annealing Temperature

Annealing Time

Sample °F (+10°F) Hrs.
KC1l 1380 2
NaCl 1430 2
NaF 1430 2
LiF 1430 2
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5. Compressive Yield Strength Samples

Compressive yield strength was determined as a function of
matrix hardness using 90 Cu = 10 NaCl extrusion type samples (Section
A-1 of this chapter). The samples were hardened after the final sinter
by repressing the sample from both ends in the original pressing die.

The pressing load-sample hardness relationship is shown in Figure 9.

B. Testing Techniques

The experimental testing procedure will be described under the
following headings:

1. Method of Inclusion Deformation.

2. Metallographic Technlques.

3, Hardness Measurements.

L, Yield Strength Determinations.

5. Sample Density Determinations.

1. Method of Inclusion Deformation

a. Selection of the Deformation Method=Plastic flow in a

deformation study can either be "constrained" or "unconstrained." "Un-
constained"” plastic flow occurs with methods such as tensile testing

(62)

under hydrostatic pressure, as used by Bridgman; or tube testing

under combined tension and torsion, as used by Taylor and Quinneya(ll9)
"Tncongtrained" test methods are useful for determining the yleld strength
of a material. However, continuing changes in sample geometry make these
methods unsuitable for deformations involving large plastic strains.

"Constrained" flow tests, such as extrusion, involve high

frictional forces which are often difficult to evaluate. However, they
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provide constant strain patterns throughout the test. The latter factor
makes "constrained'" methods more suitable for tests involving large
plastic strains.

Extrusion was selected as the test method. A number of fac-
tors influenced this choice:

1l. Extrusion theory is better developed than rolling theory.

2. Ram pressures can be easily measured.

5. Dies can be changed to provide a wide range of stress
distributions in the sample.

4, One die can be used for a number of tests. Consequently,
the effect of individual parameters, such as temperature
and sample type, can be readily determined.

5. Extrusion provides stress distributions the same as, or
similar to, those found in the metal forming processes of
major interest; i.e., extrusion, drawing, and rolling.

The stresses acting on a material element are somewhat similar
for extrusion, drawing, and rolling. The similarities are great enough
that inclusion deformation results for extrusion would be expected to
apply to the other forming operations.

Consider the stresses on the elements shown in Figure 10. The
roll shape can be considered as a conical die with a continually turning
tangent. For sheets with a width to thickness ratio greater than lO/l,
the sheet does not deform significantly in the Z direction. Consequently,

the stress would be compressive in the interior of the sheet. The

Oy,

constraint offered by the rolls would make oCP compressive. For extru-

sion and drawing, the die constraint would make the stresses e and og
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a) Extrusion and drawing

b) Rolling

Figure 10. Stress Components Acting on a Material Element
for Extrusion, Drawing, and Rolling.
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compressive. As a result, a material element in rolling, drawing, and
extrusion is subjected to compressive stresses in two directions. For
all three processes, o 1s compressive for some values of R and
tensile for others. The tensile and compressive regions depend on the
nature of the process and the use of front and back tensions. For ex-
trusion, or 1is primarily compressive while the converse is true for
drawing. The presence of tensile and compressive values of orp in
rolling can be demonstrated by the following analysis.

The sheet velocity increases during rolling since the area is
being reduced. At some point (neutral point), the roll velocity equals
the sheet velocity. From the roll entrance to the neutral point, the
roll travels faster than the sheet. This velocity difference introduces
tensile stress in the R direction. Between the neutral point and the
exit, the rolls move slower than the sheet, introducing compressive

forces in the B_directione

b. Extrusion Equipment=-A series of extrusion dies were used

to permit studies of the effects of per cent reduction in area and in-
cluded dile angle. The geometries of these dies are listed in Table VI.
Extrusions were run at subzero, room, and elevated temperatures.

The basic extrusion equipment shown in Figure 11 was used for all runs.
For subzero runs, the extrusion equipment was immersed in a dry ice-
alcohol bath. The extrusion temperature was assumed to be the sublima-
tion temperature of dry ice (=108.6°F). For elevated temperature tests,
the experimental equipment was inserted in a tube furnace with chromel-

alumel thermocouples placed at the locations indicated in Figure 11.
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The reported extrusion temperature is the average temperature for the

two internal couples.

TABLE VI

EXTRUSION DIE GEOMETRIES

Actual Nominal

Initial Final Reduction Reduction Included

Diameter, Diameter, in Area, in Area, Die Angle

Die No. (inches) (inches) (%) (%) (degrees)
1 0.375 0.1885 4. 73 75.00 60
2 0.375 0.1930 73.51 75.00 90
3 0.375 0.1885 Th. 73 75.00 135
L 0.375 0.1887 74.68 75.00 180
5 0.375 0.3118 30.87 30.56 20
6 0.375 0.2500 55.55 55.55 90
7 0.375 0.1276 88.45 88.89 20

A Baldwin-Southwark tensile machine (60,000 1b. maximum load)
was used in compression to extrude the samples. Prior to each run, the
table speed (and thus the ram velocity) was calibrated. A ram velocity
of 0.10 inches per minute was used for all but the strain rate study
samples. A Baldwin-Microformer-Recorder was used to record ram load as
a function of time. The ram load-time curve and the ram velocity cali-
bration were used to construct ram pressure-ram displacement curves.

A1l die parts in contact with the sample were coated with a
stearic acid-graphite lubricant. Ether was used as the lubricant vehi-

cle,
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2. Metallographic Techniques

Data measurements were made along a symmetry plane parallel to
the extrusion direction. The final polished section was less than
+ 0.0015 inches from the centerline of the extrusion. The tolerance
was generally less than + 0.0005 inches.

The inclusion materials are highly water soluble. Consequently,
ethyl alcohol was used instead of water for wet grinding all samples
containing inclusions. With this exception, standard metallographic

techniques were used. Diamond paste was used for the final polishing.

3. Hardness Measurements

a. Room Temperature Measurements-A standard 136° diamond

pyramid indentor was used with a Tukon microhardness testing instrument
for all room temperature hardness measurements. A 10 gram load was used
for inclusion hardness measurements in extruded samples while a 500 gram
load was used for all other room temperature measurements. Hardness
values obtained with a 10 gram load were 1/5 less than those obtained
with a 500 gram load for the range from 10 to 210 DPH. Since the 500
gram measurements check with the standard hardness block supplied with
the Tukon tester, all 10 gram DPH measurements were corrected by a fac-
tor of 1.5,

Inclusion hardnesses in extruded samples were measured within
0.25 mm of the sample centerline. Annealed inclusion hardnesses were
measured on (100) faces of single crystals. In both cases, the reported

results are the average of six measurements.
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To determine matrix hardnesses, three traverses were made per-
pendicular to the sample centerline. Hardness readings were taken in
mirror image positions across the sample centerline with 0.50 mm or less
between each indentation in the traverse. The average of the six hard-
ness values from equivalent positions was plotted as a function of sample
position (Figure 12). When a single hardness value is reported for a
sample, it is the average of the hardness values across the sample. Matrix/
inclusion hardness ratios were calculated for hardnesses at the center of
the samples.

Strain hardening patterns were determined on partially extruded
copper samples. Hardness traverses were run perpendicular to the extru-
sion direction. These hardness traverses were never more than 1 mm apart
and in regions where the hardness values were changing rapidly, they were
0.5 mm or less apart. The same is true for the distance between indenta-
tions in each traverse. The data were made symmetric by averaging the
mirror image hardness values in each traverse.

Hardness vs. position plots were drawn for lines parallel and
perpendicular to the extrusion direction. From these plots, lines of
constant hardness were drawn as shown in Figure 13. The experimental con-
stant hardness points are shown in the right half of the figure while
smooth curves for the constant hardness profiles are shown on the left.
Since the limit of accuracy for the hardness values is approximately two
per cent, the curves shown in the right half of the figure are not Jjusti-

fied.

b, Elevated Temperature Measurements-Elevated temperature hard-

ness measurements were made on (100) faces of NaCl single crystals. The
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hot hardness device shown in Figure 14 was used with a Vickers hardness
tester. The applied load was calibrated by comparing room temperature
hardness indentations made with the hot hardness arrangement with those
made on the same NaCl crystal with the Tukon tester. A 500 gram load

was used with the Tukon hardness machine to obtain the calibration factor.
The temperature control was + 10°F, The tests were run under a positive
helium pressure equivalent to 1.5 inches of mercury. The indentations
were measured at room temperature using the Filar eyepiece on the Tukon

tester.

L. Yield Strength Determinations

The tensile machine and load recording system used for the ex-
trusion studies {Section B=l=b of this chapter) were also used to deter=
mine compressive yield strength data. Parallel pressing surfaces were
insured by the use of the compression jig shown in Figure 15. A stearic
acid and graphite lubricant was applied to the ends of the sample. The

reported yield strengths were determined by the 0.1 per cent offset method.

5. Sample Density Determinations

Sample density calculations were based on the weight and dimen-
sions of as=sintered sasmples which were weighed to + 0.0005 grams and
measured to + 0.0002 inches. Allowing for scatter between samples, the
minimum accuracy for the per cent of theoretical density figures is + 0.5

per cent.

The following formula was used to calculate the theoretical

density of two phase samples

Pr = pufut prts (26)
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where pp is the theoretical density, py is the metal density, py is
the inclusion density, f) is the metal volume fraction, and fy is the

inclusion volume fraction.



CHAPTER IV

ANALYSTS OF INCLUSION DEFORMATION

The techniques used for the analysis of inclusion deformation
are sufficiently involved to merit a separate chapter. They will be
described under the following headings: (A) Strain Analysis of Deforma-

tion and (B) Stress Analysis of Deformation.

A, Strain Analysis of Deformation

Analytic techniques were used for strain measurements will be
considered under the headings:

1. L/W Measurements.,

2. The "Mean L/W Value."

3. L/W Correction for Density.

L. L/W Correction for As-sintered L/W Ratio.

1. L[W Measurements

Strain measurements were made along a symmetry plane parallel
to the extrusion direction. The inclusion length/width ratios are used
as a measure of the strain (Figure 16). If the inclusions are ellipsoidal,
the L/W ratio in the plane of measurement represents the true inclusion
L/w ratio as demonstrated in Appendix A.

Inclusion L/w ratios were measured using the Filar eyepiece of
a Tukon hardness tester. The micrometer dials on the Tukon are used to
determine the position of each inclusion in the sample. The measured
L/W ratio is accurate to within + 1% of the actual L/W value in the
polished surface. To eliminate end effects, inclusions were not measured

near elther end of the sample.
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Figure 16. Quantities Measured as an Indi-
cation of Strain.
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The extruded inclusions were measured in a series of longitudi-
nal bands 0.30 mm. wide with the exception of the 30.9% reduction sample.
Band widths of 0.50 mm were used for this sample and all as-sintered
samples. To make the data symmetric, bands equidistant from the sample
centerline were considered as pairs. An equal number of L/w values
(10-15) was taken from each band in the pair. These L/w values are pre-
sented in a cumulative plot, as shown in Figure 17 and the 50% point of
the cumulative curve is taken as the L/W ratio of the band pair. The L/W
ratio of each band pair is plotted as a function of normalized position

across the extruded sample, as shown in Figure 18.

2. The "Mean L/W Value"

To illustrate the effects of various parameters on inclusion
deformation, a single strain figure would be desirable for each sample.
The "mean I/W value" was calculated for this purpose where the 'mean L/W
value" of a sample is given by the quantity

= (L/W); AL
At

(27)

where (L/W)i is the L/W ratio of band i, A; is the cross-sectional area
of band 1, and Ay is the total cross-sectional area of the sample. This
quantity serves as a relative index for the amount of nonmetallic defor-

mation occurring in a sample.

3. L/W Correction for Density

Most of the samples have less than theoretical density prior
to extrusion. With the high stresses developed, some densification would

be expected during extrusion and 1if it occurs, the resulting L/W value
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for the bulk sample will be less than the L/W value for a sample having
theoretical density.
The initial and final sample weights (Wt) will be the same.

Thus,
(Wt), = (Wﬂ\c (28)

where the subscripts refer to the states before (o) and after (f) extru-
sion. In terms of density (p), sample length (L) and diameter (W),

Equation (28) becomes
Lo \/‘/oa )Do = L'(: W{: {O_‘_- (29)

or, solving for Ly,

S
L, = Lo Ws Po (30)
£+ = \/\/1-
£ fs
For no density change (p, = pf), the final sample length (L%) would be
2
!
e = LoV (31)
rA
W

For the bulk sample, Wy is fixed by the die opening. Consequently,

dividing Equation (31) by Equation (30) we have

L¥ = f* (32)
L¢ s

The corrected L/W value (L%/Wf) given by

Le  _ (;";)(L;> (33)
\/\/{: Fo W-F

where (Lg/We) is the measured L/W value.

The maximum L/w correction for densification would result when

O is the theoretical density (pT)o Consequently, the maximum correction
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for the bulk sample is given by

<L ) = (£ )(L > (31)
W JcorrecTED  \ Po W / MERSURED

The correction for the bulk sample is assumed to apply to the inclusions.

Since theoretical density would not be expected during extrusion, Equa-
tion (31) probably yields the maximum correction needed.

Unless specifically indicated, this correction factor will not
be applied to the data presented in the thesis. Maximum corrected L/W

values are less than 10% greater than the measured values.

L. L/W Correction for As=-sintered L/W Ratio

The inclusions in the as=-sintered samples have a L/w ratio less
than one and should thus be corrected for an equivalent original L/W
ratio of one. Consider the model shown in Figure 19(a). The shaded area
in the as=sintered inclusion has a L/W ratio of one,while the extruded
L/W ratio for the shaded area is Lf/ao The quantity Lf/S is the cor-
rected L/W ratio. The ratio of the width of the shaded area to the total
inclusion width (L,/W,) would be the same before and after extrusion.
Therefore, d 1s given by

4 = We (Lo__) (35)

(o}

and the corrected L/w ratio is

|
P
31
~

<%%2%>COPQECﬁWTD N %Eéi' NN (36)

—
T
o
~———"
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a) Inclusion deformation near the center of the sample.
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Before extrusion After extrusion

b) Inclusion deformation near the surface of the sample.

Figure 19. Schematic Figures Used for the L/W Correction for
As-Sintered L/W Ratio.
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The corrected L/W'ratio is simply the measured L/w ratio for the extruded
sample divided by the L/W ratio for the as~-sintered sample.

Sachs and Eisbein's(95) results for grid distortion during ex-
trusion indicate that Equation (36) would give a valid correction for
inclusions near the center of the sample. As the sample surface is ap-
proached, however, an originally rectangular region is deformed as shown
in Figure 19(b). Higher shear stresses near the sample surface cause the
change in the flow pattern.

For the case shown in Figure 19(b), the corrected L/W ratio is
B/6 where & is given by Equation (35). Since B < Le, the corrected L/W

value for this case is given by

(37)

(E"_} (L$
(=) =B AW W)
W /coRRECTED ) (Eﬂ% Lo\
Wo —\/‘70
Since LO/Wb is less than one, the correction given by Equation (36) is
too large as the sample surface is approached.
In general, measured L/W values are presented in this thesis.
The measured data accurately indicate trends where the sample type is
held constant. It should be realized, however, that corrected L/W values
will be somewhat greater than the measured values. Where data for several
sample types are considered, a curve for the center L/W values will be
presented. These center L/W values will be corrected for the original

L/W ratio by use of Equation (36).

B. ©Stress Analysis of Deformation

Stress analyses were considered to see if the stress levels act-
ing on the inclusions could be determined. If the inclusion stress state

could be determined, a stress=strain correlation could be attempted.
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1. Extrusion Theory Selection

The extrusion stress analyses presented in the literature are
listed below:

1. Homogeneous deformation.

2, Plane strain extrusion without friction.

3. Plane strain extrusion with friction.

4, Slip line theories.

5. Axially symmetric extrusion.

6. Stress determination from gridded samples.
These methods will be referred to by number in the ensuing discussion.
The extrusions theories associated with these methods are discussed in
Chapter II.

The experimental data available for use with the extrusion
theories are:

1. Die angle,

2. Per cent reduction.

3. Sample yield strength.

4, Ram pressure.

5. Strain hardening patterns.
The extrusion theory selected should be able to predict stress levels
on the basis of these boundary conditions. The coefficient of friction
between the billet and the die wall is unknown.

Method six was elimirated since (1) incremental deformation
would introduce extraneous variables for elevated temperature studies

and since (2) it is unduly cumbersome for the number of samples to be
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considered. The other extrusion theories are developed for isotropic,
rigid-plastic, incompressible, non=-strain hardening materials. Con-
sequently, consideration of these factors would not lead to the selec-
tion of one theory over another,

The following reasoning was used in selecting an extrusion
theory from methods one through five. Methods one and two were elimi-
nated (1) since they do not consider frictional forces and (2). since
ram pressures predicted from them are significantly low. Method three
was eliminated since (1) the stress components are independent of the
angle ¢ (Figure 4(b)), which would not be expected, and (2) the analy-
sis is for the plane strain case. Shield's(lll) axially symmetric analy-
sis (method f ) was selected over the slip line theory (method 4) since

it can be readily programmed for use with a computer.

2., Application of Shield's Analysis

Shield(lll) applied his analysis for plastic flow in a converg-
ing conical channel to the case of drawing. The mathematic modification
of his analysis for extrusion is presented in Appendix B. The method and
assumptions used in applying the modified.analysis are presented in this
section.

Shj_elcit“s(lll> analysis assumes an isotropic, non=-strain harden-
ing material and does not account for the stress required to change the
direction of material flow at the die entry and exit sections. For the
modified analysis, the samples are assumed to behave isotropically in the
bulk, Since the relative amount of stress required to change the direc-

tion of material flow decreases as the sample reduction increases, this
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stress was assumed to be a negligible portion of the stress required for
extrusion (ram pressure).

Since strain hardening during extrusion can not be neglected,
hardness measurements were used to determine strain hardening patterns
for the various die geometries (Figure 13). The compressive yield
strength of 90 Cu - 10 NaCl samples was determined as a function of
matrix hardness (Figure 20). Based on these two types of data, yield
strength can be determined as a function of position in the extrusion.

The yield strength-sample position data can not be readily
analyzed mathematically. Consequently, an average yield strength value
was used for the calculations. The stress profiles plotted in the re-
sults section are for the stress component divided by the average yield
strength. The actual stress could be obtained by multiplying the plotted
values by the actual yield stress for the position being considered.
However, this correction was not made since the stress profiles were not
believed to be accurate.

The ram pressure value used for the calculations was the extrapo-
lated ram pressure (Chapter II - Section D-2). The extrapolation was made
to eliminate the effects of sliding wall friction between the billet and

chamber.

3. Ram Pressure as a Stress Index

Since an accurate determination of the stress components was
not obtained, ram pressure was used as a stress level index. As the ram

pressure increases, the magnitude of the stress components increases.
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However, for a fixed die and coefficient of friction, the stress distri-
bution would be unchanged. Consequently, ram pressure is a good index

of the relative stress levels acting on the inclusions.



CHAPTER V

EXPERIMENTAL RESULTS

The experimental results will be discussed under the following
headings:

A, BStrain Hardening Patterns.

B. Flow Patterns.

C. Calculated Stress Distributions.

D. Plastic Deformation and Fracture.

E. Effects of Parameters on Inclusion Deformation.

A. Strain Hardening Patterns

Strain hardening patterns for various reductions and included
die angles are presented in Figures 21 and 22. The lines of constant hard=-
ness were determined for low oxygen copper. Rates of strain hardening
can be estimated from the distance between the various constant hardness
lines. The right side of each figure shows lines through the experimentally
determined points while the left side of each figure has the lines smoothed
out to show the more probable constant hardness profiles.

The following observations can be made from the strain harden-

ing patterns:

1. As the die angle increases, (a) the strain hardening patterns
become more complex, (b) regions of softer material begin to
occur near the die-container junction, and (c¢) the maximum
hardness incréases in the region of the die lips.

2. Most of the strain hardening occurs before the sample en-

ters the die,

3. Some strain hardening occurs near the container walls.

-76=-
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c) 180° die

Figure 21. Strain Hardening Patterns for 75 Per Cent Reduction Dies.
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Figure 22. Strain Hardening Patterns.
90° dies were used.
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B. Flow Patterns

Photomicrographs illustrating inclusion deformation between
the die lips are presented in Figure 23. These results are for 90 Cu -
10 NaCl samples which were extruded through a 90° included angle =75 per
cent reduction die. The following observations can be made on the basis
of these photomicrographs:

1. The inclusions are flattened somewhat before they enter

the die. (The L/W ratio in the as=-sintered samples was
0.536.)

2. Most of the deformation occurs in the region of a line
normal to the die wall and originating at the die lips
(line AB).

3. Lines drawn parallel to the long axes of the inclusions
are not directed toward the virtual apex of the cone
formed by extending the die lips.

Inclusion shapes in an extruded 90 Al - 10 NaCl sample are shown
in Figure 24. A 180° included angle -75 per cent reduction die was used.
A longitudinal sample along a symmetry plane is shown in Figure 2u(a).

As the sample surface is approached, the inclusion L/w ratio is observed
to increase, Numerical data illustrating L/W profiles across various
samples will be presented in section E of this chapter. A section normal
to the extrusion direction is shown in Figure 24(b). As the sample is
traversed from surface to center, the inclusion length in the circumfer-

ential direction does not change appreciably.
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a) 0.081 mm inclusions in a copper matrix.
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b) 0.21k mm inclusions in a copper matrix.

Figure 23. Microsturctures Illustrating Inclusion Flow
between the Die Lips. 90° -75% reduction
dies were used. 37.5X.
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a) Section parallel to the extrusion direction.

b) Section normal to the extrusion direction.

Figure 24. Microstructures Illustrating Inclusion Deformation
in an Extruded Sample.
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C. Calculated Stress Distribution

Stress distributions calculated from the modified stress analy-
sis are presented in Figures 25 through 29. The yield strength values
used for the calculations are listed with each figure.

Figure 25 shows the results obtained for the extrusion of a
90 Pb - 10 NaCl sample through a 90° - 75 per cent reduction die. These
results are significant since this sample does not strain harden during
extrusion. Figure 26 shows the results obtained for a 90 Cu - 10 NaCl
sample extruded through the same die where the average value of the ini-
tial and final yield strengths was used in the calculations. The results
obtained from these two calculations are almost identical.

The effect of die angle on stress distribution can be observed
in Figures 26 through 28. An average yield strength value was used for
these calculations. As the die angle increases, the difference between
the surface and center values of the stress components increases. The
effect of using the final value of the yield strength for the calculations
is shown in Figure 29. For all of the calculations, the shear stress

reaches GO/JB well inside the samples.

D. Plastic Deformation and Fracture

Plastically deformed and fractured inclusions are shown in
Figure 30. Typical plastically deformed inclusions are shown in Figure
30(a). Regions where local sections of the inclusion have slipped over
each other can be observed. When fracture occurs during deformation,

the inclusions have the appearance shown in Figure 30(b). Crystallographic
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a) Plastic deformation of
inclusions in a 90 Al -
10 Cu sample. 37.5X.

b) Inclusion fracture during
extrusion in a 90 Cu -
10 LiF sample., 37.5X.

Figure 30. Microstructures Illustrating Plastically Deformed
and Fractured Inclusions. All samples were extruded
through a 90° -75% reduction die.
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fracture planes are observed, metal is occasionally forced between the
fractured pieces of the inclusion, and some inclusion dispersion occurs.
Internal cracks in the inclusions are rapidly etched by the alcohol used
in polishing. Consequently, cracks can be readily observed when they
occur.

It was felt desirable to investigate the effect of initial
inclusion orientation on the final shape of the inclusion. To do this,
cubic NaCl single crystals with known orientations were placed at the

center of copper samples. The inclusions were oriented so that a [111],

[110], or [100] inclusion direction was in the extrusion direction. Radio-
graphs of the samples before and after room temperature extrusion are shown
in Figure 31. The sample having the [100] orientation was not fully ex-
truded and it cracked near the die entrance on removal from the die.

The original inclusion orientation is preserved during extru-
sion for the [111] and [110] samples while the [100] sample tends to ro-
tate so that a [110] direction lines up with the extrusion direction.

The amount of deformation for the [111] and [110] samples is about the

same.

E. Effects of Extrusion Parameters on Inclusion Deformation

In this section, the experimental data obtained as a function
of various extrusion parameters will be presented graphically. The
experimental ram pressure and L/W data are listed in tabular form in
Appendix C while the experimental hardness data are listed in tabular

form in Appendix D. The following plots are used to illustrate the
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= ~ S
[100] [110] [111]

a) Before extrusion.

[100] [110] [111]

b) After extrusion.

Figure 31. Radiographs Illustrating the Effect of Inclusion
Orientation in Inclusion Deformation. The black
dots were caused by lead shot in the clay used to
position the samples.
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effects of the parameters:

1. L/W ratio vs. variable.

2. L(L/W) ki vs. variable.
At
3. Ram pressure vs. variable.

i
i Z( L/W) iAg v
At

S. ram pressure.

In general, the fourth type of curve is a consequence of the factors

governing the second and third types of curves.

1. Effect of Die Angle

(Data and rigures: 75 per cent reduction-variable angle dies,
90 Cu - 10 NaCl samples, Figures 32 through 36.)

As the die cone angle increases, the following effects are ob-

served:
1. There is a rapid increase in the L/w ratio near the sur-
face of the sample. The L/w ratio near the center of the
samples does not change significantly (Figure 32).
2. The amount of inclusion deformation increases (Figure 33).
3. The ram pressure increases (Figure 34).
The bulk L/W value for the sample is approximately 8/1. With the L/W

correction for density and original L/W ratio, the inclusion L/w ratios
are above 8/1 for all positions and die cone angles. Consequently, the

NaCl inclusions are the more ductile phase.
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Figure 32. L/W Traverses for Die Angle Study Samples.
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Figure 34. Ram Pressure versus Included Die Angle.
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Figure 35. Inclusion Deformation - Ram Pressure
Relationship for Die Angle Study
Samples.
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a) Die angle: 60°. b) Die angle: 90°.

e S syt ) ot
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|

c) Die angle: 135°. d) Die angle: 180°.

Figure 36. Microstructures Illustrating the Effect of Die Angle
on Inclusion Deformation. Samples: 90 Cu - 10 NaCl.
Die: 75% reduction. 37.5X.
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2. Effect of Per Cent Reduction in Ares

(Data and figures: 90° = variable reduction dies, 90 Cu -
10 NaCl samples, Figures 37 through 41)

As the per cent reduction in area increases, the following

effects are observed:

1. The inclusion L/W ratio increases for all positions
across the sample (Figure 37).

2. Both the amount of sample deformation and the amount
of inclusion deformation increase. The curves for in-
clusion deformation and bulk sample deformation have
the same general shape (Figure 38).

3. The NaCl inclusions undergo more deformation than the
matrix (Figure 38).

4, The ram pressure increases (Figure 39(a)).

5. The plot of ram pressure vs. log (Aj/Af) is linear

(Figure 39(b)).

3. Effect of Strain Rate

(Data and figures: 90° = 75 per cent reduction dies, 90 Cu -
10 NaCl samples, Figures 42 through 46)
As the strain rate (ram velocity) increases, the following ef-
fects are observed:
1. The amount of NaCl deformation increases (Figures 42 and 43).
2, Ram pressure increases (Figure 4ki(a)).

3. Iog (ram pressure)is a linear function of log (ram velocity)

(Figure L4(b)).
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Figure 37. L/W Traverses for Per Cent Reduction
in Area Study Samples.
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Figure 39. Ram Pressure versus Per Cent Reduction in Area.
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Figure 40. Inclusion Deformation - Ram Pressure Re-
lationship for Per Cent Reduction in
Area Samples.
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¢) Reduction in area: T73.5%. d) Reduction in area: 88.5%.

Figure 41. Microstructures Illustrating the Effect of Per Cent Reduction
in Area on Inclusion Deformation. Samples: 90 Cu - 10 NaCl.

Dies: 90°. 37.5X.
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a) Ram velocity: 0.05 ipm. b) Ram velocity: 0.10 ipm.

c) Ram velocity: 0.30 ipm. d) Ram velocity: 0.7l ipm.

Figure 46, Microstructures Illustrating the Effect of Strain Rate
on Inclusion Deformation. Samples: 90 Cu - 10 NaCl.
Die: 90° -75% reduction. 37.5X.
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L. Effect of Temperature

(Data and figures: 90° - 75 per cent reduction dies, copper,
NaCl, and 90 Cu - 10 NaCl samples, Figures 47 through 53.)
As an indication of the relative property changes of the in-
dividual phases, ram pressure and hardness curves are presented for
copper and NaCl samples. Hardness values presented in Figures 50 and
51 were measured at room temperature after the samples were extruded
at the indicated temperatures. The inclusion hardness values shown in
Figure 51 were measured near the sample centerline. The hardness values
described in Figure 52 were measured at temperature on fully annealed
materials. The copper and NaCl used for the hot hardness measurements
were from a different source than the extrusion materials.
The following temperature effects were observed:
1. The shape of the L/W profile changes above 200°F. Above
this temperature, the L/W'curves do not tend to level off
as the sample surface is approached (Figure 47).

2. A minimum in the amount of inclusion deformation occurs
at approximately 300°F (Figures 47 and 48). More inclu-
sions are fractured in the region of this minimum (200 to
500°F) than at higher or lower temperatures. Above 300°F,
inclusion deformation increases with increasing tempera-
ture.

3. The minimum in the inclusion deformation curve corresponds

to a maximum in the inclusion hardness curve (Figures 48

and 51).
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a) Temperature: -108°F. b) Temperature: 300°F.

\
}

c) Temperature: T10°F. d) Temperature: 1316°F,

Figure 53. Microstructures Illustrating the Effect of Temperature
on Inclusion Deformation. Samples: 90 Cu - 10 NaCl.
Die: 90° - 75% reduction. 37.5X.
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4, Ram pressure decreases with increasing temperature for
copper, 90 Cu - 10 NaCl, and NaCl samples (Figure 49).

5. The cold to hot working region change occurs between 700
and 1100°F for pure copper (Figures 49 and 50).

6. The copper in the 90 Cu = 10 NaCl sample strain hardens
less than in the pure copper sample during extrusion
(Figure 50).

7. For annealed Harshaw NaCl single crystals and high purity
copper, hardness decreases smoothly with increasing tem-

perature (Figure 52).

5. Effect of Per Cent Nonmetallic Material

(Data and figures: 90° = 75 per cent reduction dies, copper-
NaCl samples, Figures 54 through 58)

As the volume per cent NaCl increases, the following effects
were observed:

1. The amount of inclusion deformation decreases (Figures 5k

and 55).

©. Ram pressure decreases linearly (Figure 56).

The NaCl inclusions deform more than the copper matrix for all composi-

tions (Figure 55).

6. Effect of Nommetallic Inclusion Size

(Data and figures: 90° = 75 per cent reduction dies, 90 Cu -
10 NaCl samples, Figures 59 through 62)

The particle size reported is the arithmetic mean for the
screened salt fraction used to make up the samples. A "mean L/W value"

vs., ram pressure plot was not presented since the data reduce to a point.
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Figure 5hk. L/W Traverses for Per Cent Nonmetallic
Material Study Samples. Per cents of
the NaCl phase are indicated.
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Figure 56.

Ram Pressure versus Per Cent NaCl.
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a) Sample: 95 Cu - 5 NaCl. b) Sample: 80 Cu - 10 NaCl.

c) Sample: 50 Cu - 50 NaCl. d) Sample: 100 NaCl,

Figure 58. Microstructures Illustrating the Effect of Per Cent
NaCl on Inclusion Deformation. Die: 90° - 75%
reduction. 37.5X.
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Figure 59. L/W Traverses for Inclusion Size Study Samples.
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Figure 61.

Ram Pressure versus Mean Inclusion Diameter.
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a) Mean inclusion diameter: b) Mean inclusion diameter:
0.048 mm, 0.081 mm.

c) Mean inclusion dismeter: d) Mean inclusion diameter:
0.163 mm, 0.275 mm.

Figure 62, Microstructures Illustrating the Effect of Inclusion
Size on Inclusion Deformation, Samples: 90 Cu - 10 NaCl,
Die: 90° -75% reduction. 37.5X.
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The following effects were observed:

1. The L/w profiles across all of the samples are approximately
the same (Figure 59).

2. The amount of inclusion deformation decreases very slightly
with increasing inclusion size (Figure 60).

3. The ram pressure does not change with inclusion size
(Figure 61). A least squares fit of a straight line to
the experimental data indicates a slope of 1000 psi/mm

which is not a significant variation.

T. Effect of Inclusion Type

(Data and figures: 90° - 75 per cent reduction dies, 90 per
cent copper - balance KCl, NaCl, NaF, or LiF samples, Figures 63 through 67)

Inclusion hardness was used as the index of the inclusion proper-
ties. Both average and final inclusion hardness values are plotted. The
average hardness values plotted are the average of the inclusion hardness
values before and after extrusion while the final hardness is the inclu-
sion hardness in the extruded samples. The inclusion L/w ratio in the as=-
sintered samples varies with inclusion type. To eliminate this variable,
the L/W ratio at the sample center was corrected for the as=-sintered L/W
ratio and plotted in Figure 64(a). However, the L/W correction does not
change the results appreciably.

As inclusion hardness increases, the following effects can be
observed :

1. The amount of inclusion deformation decreases (Figures 63

and 64).

2, The ram pressure increases (Figure 65)9
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Figure 63. L/W Traverses for Inclusion Type Study Samples.
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Figure 65.

Ram Pressure versus Inclusion Hardness.
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a) Sample: 90 Cu - 10 KCL. b) Sample: 90 Cu - 10 NaCl.

c) Sample: 90 Cu - 10 NaF. d) Sample: 90 Cu - 10 LiF.

Figure 67. Microstructures Illustrating the Effect of Inclusion
Type on Inclusion Deformation. Die: 90° -75%
reduction. 37.5X.
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KCl, NaCl, and NaF inclusions deformed more than the copper matrix
(8/1) while the converse was true for LiF inclusions (Figure 6k4).
Many of the inclusions fractured during extrusion of the 90 Cu - 10

LiF sample.

8. Effect of Matrix Type

(Data and figures: 90° - 75 per cent reduction dies, 10 per
cent NaCl - balance Pb, Al, Ag, Cu, or 75-35 brass samples, Figures 68
through 72)
Both average and final matrix hardness values were used as an
index of the matrix properties. The average hardness values plotted are
the average of the matrix hardness values before and after extrusion while
the final hardness is the average matrix hardness in the extruded samples.
The L/W values measured at the sample center were corrected for the L/W
ratios in the as-sintered samples and they are presented in Figure 69(a).
As the matrix hardness increases, the following effects were
Oobserved:
1. The amount of inclusion deformation increases (Figures 68
and 69). NaCl inclusions in copper deform more than in
an aluminum or silver matrix. However, the correction for
as=-sintered L/W'ratio must be made for this result to be
obvious (Figures 69(a) and (b)).

2. After a rapid initial increase in the amount of inclusion
deformation, the rate of increase becomes constant at a

lower value (Figure 69).
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a) Sample: 90 Pb - 10 NaCl. b) Sample: 90 Al - 10 NaCl.

c) Sample: 90 Ag - 10 NaCl. d) Sample: 90 Brass - 10 NaCl.

Figure T72. Microstructures Illustrating the Effect of Matrix Type
on Inclusion Deformation. Die: 90° -75% reduction. 37.5X.
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Essentially no inclusion deformation occurs for the lead
matrix. For the aluminum, silver, copper, and brass

matrices, the amount of inclusion deformation is greater
than the amount of matrix deformation (Figures 68 and 69).

Ram pressure increases (Figure 70).



CHAPTER VI

DISCUSSION OF RESULTS

The experimental results will be discussed under the following
headings:

A, Strain Hardening Patterns.

B. Flow Patterns.

C. Calculated Stress Distributions.

D. Effects of Extrusion Parameters on Inclusion Deformation.

E. Plastic Deformation and Fracture.

Conclusions are listed at the end of each section.

A, Strain Hardening Patterns

The strain hardening patterns shown in Figure 21 can be ex-
plained on the basis of the shear stress levels developed in the samples.
For the 60° and 90° dies, the samples slide along the lubricated die sur-
face while for the 135° and 180° dies, shear occurs through the samples.
Consequently, as the die angle increases, the shear stress levels in
the samples increase. This conclusion is consistent with the results of
Sachs and Eisbein(95) and Johnson.(lo9) The former show that the amount
of sample distortion near the sample surface increases with increasing
die angles, Johnson(lo9) states that lubricated slip over the die face
occurs for included angles up to about 120°,

As the die angle increases, (1) the strain hardening patterns
become more complex, and (2) the hardness increases near the die lips.
These changes are a consequence of increasing shear stress levels in

the samples.

_]_59-
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The softer regions near the die=-container junction for the 135°
and 180° dies are the result of shear occurring through the sample. For
these die angles, the samples essentially form their own die surface be-
hind the die lips. Consequently, the amount of strain and strain hard=-
ening ahead of this internal surface is reduced. The region ahead of
this internal shear surface is the so=-called '"dead'" metal region.

The same over-all stress distribution would be expected for
the same die angle, even with different reductions in area. This is
evidenced by the similarities in the strain hardening patterns for the
55.5 and 75 per cent reduction dies (Figure 22). As would be expected
for heavier reductions, the hardness values for corresponding normalized
positions are greater for the 75 per cent reduction die.

Strain hardening near the container wall is a consequence of
sliding friction between the sample and the container. The hardness in-
crease behind the die entrance is greater than the increase between the
die lips. The annealed sample hardness was approximately 40 DPH. Ob=-
servation of the strain hardening patterns indicates that appreciable
hardening occurs even in regions where no macroscopic flow occurred.
This result suggests that appreciable hardening can occur under the in-
fluence of high confining pressures without appreciable plastic flow.
Since the samples fit the chamber snugly, the hardening is not caused by
flow perpendicular to the extrusion direction. The observed hardening
is not the result of a second phase on sample densification since high
purity copper bar stock was used for the samples.

It was found experimentally that 90 Cu - 10 NaCl compacts could

be hardened by pressing in a closed die (Figure 9). The matrix hardness
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increased from 25 to 90 DPH under a pressure of 126,000 psi. These sam-
ples fit the pressing die snugly. However, in these samples the density
was approximately 94 per cent of theoretical and a softer second phase
was present. Consequently, some strain could be expected during pressing.

The evidence is strong that copper canbehardened by the applica-
tion of high hydrostatic pressures. However, further experimental work
would be required to establish this as fact.

Conclusions = (Strain hardening patterns) :

1. As the die angle increases, the shear stress levels near
the sample surface increase.

2. 'Dead" metal zones are formed for 135° and 180° dies.
Shear surfaces are formed within the sample.

3. Strain hardening patterns are quite complex. Conse-
quently, it seems unlikely that simple strain harden=-
ing pattern equations can be developed for use with the
current extrusion theories.

4, There is evidence that materials can be hardened by the

application of high confining pressures.

B. Flow Patterns

The flattening of the inclusions behind the die entry is a con-
sequence of nonhydrostatic behavior of the matrix. The stresses in the
extrusion direction are greater than those normal to the die wall. For
the same pressure, a weaker material would be expected to behave more
hydrostatically. Consequently, the amount of inclusion flattening would
be expected to decrease as the matrix yield strength decreases as ob-

served for the data in Table IV.
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The other observations on inclusion flow are consistent with
the flow patterns for gridded tin presented by Sachs and Eisbeinn<95)

For their approximately 90° included angle die, the bulk of the deforma-
tion of a square element occurs in the region of a line normal to the
die wall and originating at the die lips. Flow is not directed toward
the apex of a cone formed by extending the die lips as is assumed for
some extrusion theories.

The increase in inclusion L/w ratio as the sample surface is
approached results from the shear stress distribution. This will be dis=
cussed more fully in section D=1 of this chapter.

The stress component directions referred to in the ensuing dis-
cussion are presented in Figure 6. The inclusion length in a circumfer-
ential (@) direction was not observed to vary significantly across a
cross section (Figure 24(b)). Thus, the inclusion length in a circum-
ferential direction is approximately equal to the inclusion width at
the sample center. This width can be measured in a symmetry plane paral-
lel to the extrusion direction. Consequently, L/W measurements in a
symmetry plane parallel to the extrusion direction are a good index of
the amount of inclusion deformation.

For Shield's(lll) stress analysis og = Og. For TRg < cO/JB,
op is more tensile (or less compressive) than g and og. The inclusion
deformation at the sample center is a consequence of these stress com-
ponents. As the sample surface is approached, the samples thin rapidly
in the ¢ direction under the influence of the shear stress TRo* There
is no shear stress component in a plane perpendicular to the © direc=-

tion. Inclusion deformation is controlled by both the difference between

or and Op = 06 and by TRgp-
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TR@ increases as the sample surface is approached and results

in a decrease in the difference between op and or. Where there are

moderate to large shear stress values, the inclusion L/W ratio increases

markedly as the sample surface is approached (section D=1 of this chap-

ter). Consequently, the shear stress level has a major effect on the

amount of inclusion deformation. The amount of inclusion deformation

can be minimized by minimizing TRy

Conclusions - (Flow patterns):

l°

Observed inclusion flow patterns are consistent with
the flow patterns observed for gridded tin by Sachs
and Eisbein.(93)

Inclusion flow patterns for 90° and larger angle dies
indicate that flow is not directed toward the virtual
apex of the cone formed by extending the die lips.
Consequently, the assumption of this flow pattern in
an extrusion theory for large angle dies would only
serve as a rough first approximation.

Inclusion length in the circumferential direction does
not appear to be a function of the position of the in-
clusion in the cross-sectlon.

L/W'ratios measured in a symmetry plane parallel to
the extrusion direction are a good index of the amount
of inclusion deformation.

Inclusion deformation is controlled by both TR and

the difference in op and Op = T6°
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6. TFor large values of TR¢, the shear stress can have
a much greater effect on the amount of inclusion defor-
mation than the c¢ - OR difference,

7. For a given sample type and reduction, the amount of
inclusion deformation can be minimized by minimizing

the shear stress (TR¢)°

C. Calculated Stress Distributions

Lubricated slip along the die face occurs for the 60° and 90°

dies (section A of this chapter). The shear stress calculated from the

modified

analysis for these dies reached cO/JB well Inside the sample

which indicates shear through the sample. Consequently, the calculated

stress distributions do not accurately describe the stress state in the

sample,

with the

consider
accurate
pressure

plied to

For this reason, no attempt was made to correlate inclusion strain
calculated stress components.

The failure of the calculations is a result of the failure to
the contribution of the end effects to the ram pressure. An
method of determining the contribution of the end effects to ram
must be established before Shield's stress analysis can be ap-

practical extrusion problems. This statement in no way effects

the validity of Shield's stress analysis.

The contribution of the end effects to ram pressure is large

for a 90° = 75 per cent reduction die. The final matrix yield strength

was used

constant

in the calculations for Figure 29. For the determination of the

C, this yield strength overestimate is equivalent to a 38 per
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cent reduction in the ram pressure. As shown in Figure 29, this reduc-
tion does not reduce the shear stress levels enough.

Figure 25 was determined for a nonstrain hardening matrix (Pb).
Figure 26 was determined for a material with high strain hardening quali-
ties (Cu), using the average of the initial and final yield strengths
for the calculation of the constant C. The fact that these figures are
almost identical indicates that use of the average sample yield strength
for the calculation of C would yield satisfactory results for a strain
hardening material. This value could be used to determine the value of
each stress component divided by 55, The yield strength value at each
position in the sample would have to be used to accurately evaluate the
individual stress. components.

As the die angle increases, the size of the TRcp = GO/JB re=-
gion increases. This is a consequence of both increased shear stresses
in the sample and increased stress required to change the direction of
material flow at the die entry and exit sections.

Conclusions = (Calculated stress distributions):

1. For 75 per cent reduction dies, the stress required to
change the direction of material flow at the die entry
and exit sections is a moderately large portion of the
ram pressure ( > 38 per cent for a 90° = 75 per cent
reduction die).

2. An accurate method of determining the contribution of
the end effects to ram pressure must be established

(111)

before Shield's stress analysis can be applied

to practical extrusion problems.
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5. For Shield's stress analysis, the use of an average
yield strength value for the calculation of the con-

stant C would yileld satisfactory results.

D, Effects of Extrusion Parameters

In this section, the effects of individual extrusion parameters
will be considered under the following headings:
1. Die Angle.

2. Per Cent Reductionm.

W

Strain Rate.

4, Temperature.

5. Per Cent Nonmetallic Material.

6. Nonmetallic Inclusion Size,

7. Inclusion Type.

8. Matrix Type.

Copper = NaCl samples were used to study a number of the extru-
sion parameters. In all cases, the NaCl inclusions deformed more than
the copper matrix. The greater NaCl deformation results from the fact

that NaCl has a lower hardness and yield strength than copper.

1. Die Angle

The effect of die angle can be explained on the basis of the
stress distribution in the sample as discussed in sections A and B of
this chapter. Near the sample center, the shear stress level 1s low.
Consequently, the amount of inclusion deformation depends on the 0p =~ OR
difference. At the sample center, this difference is the same for all

die angles and a fixed reduction in area. Thus, the same center L/W
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ratio would be expected for the samples as is observed in Figure 32.

As the sample surface is approached, the shear stress levels increase
with increasing die angles resulting in increased inclusion deforma-

tion.

In deforming composite samples, the 0cp - OR difference re-
sults in a minimum amount of inclusion deformation. This minimum amount
of deformation is illustrated by the results for the 60° die where the
amount of inclusion deformation is approximately constant across the
sample. As the shear stress levels increase, the amount of inclusion
deformation rapidly exceeds this minimum value. Consequently, inclusion
deformation can be minimized by minimizing the shear stress levels in
the sample.

The increase in ram pressure with increasing die angle is a
consequence of two factors. As the die angle increases, the change in
direction of material flow at the die entry and exit sections increases.
As the die angle increases, the shear stress level increases. Both fac-
tors increase the required extrusion pressure.

Shear occurs through the sample for both the 135° and 180° dies.
As a result, the rate of ram pressure change decreases between these two
die angles.

As seen in the foregoing discussion, a process change which re-
duces shear stress levels will markedly reduce inclusion deformation and
ram pressure. Process changes which lower the shear stress level include:

1. TUse of more effective lubricants.

2. Use of lower angle dies for extrusion and drawing opera-

tions.
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Conclusions - (Die angle):

1. Ram pressure and inclusion deformation can be minimized
by reducing the shear stress levels in the samples.
Shear stress levels can be reduced by the use of more
effective lubricants and proper deformation equipment

design.

2. Per Cent Reduction

The total sample strain and the stress level transmitted to
the inclusions increase with increasing sample reductions. Thus, inclu-
sion deformation would be expected to increase with increasing sample re=-
ductions as is observed in Figure 38.

As the reduction increases, the amount of work increases result-
ing in the ram pressure data shown in Figure 39. The experimental ram
pressure data fit an equation of the form

RP = a\oge(ﬁ\_a - b (38)

A
where a and b are constants. The linear dependence of the ram pressure
on loge (%%) is in agreement with results presented by Pearson and
Parkins(92) and Johnsona(lo7) Since strain hardening increases with in=-
creasing reductions, a plot of RP/EO would have a slightly flatter slope
than that presented in Figure 39(b).

The slopes of the inclusion deformation and ram pressure curves
increase rapidly with increasing reductions. As a result, several reduc-
tions, rather than one large reduction, would reduce the ram pressure re-

quirements. Several reductions would also be expected to reduce the amount
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of inclusion deformation. Pearson and Parkins(92) show that the ram
pressure is a linear function of loge (%%) for strain hardening and
nonstrain hardening materials. Thus, the stress transmitted to the in=-
clusions is a linear function of logg (%%). As a result, less inclu-
sion deformation might be expected if several reductions were used.
This conclusion was not verified experimentally.

Conclusions - (Per cent reduction):

1. Inclusion deformation and ram pressure can be reduced
by reducing the amount of sample deformation.

2, There is evidence that several reductions, rather than
one large reduction, might reduce the amount of inclu-
sion deformation. However, this was not verified ex-
perimentally.

A.
5. Ram pressure is a linear function of logg (K%)'

3, Strain Rate
Inclusion deformation increases with increasing strain rate
(Figure 43). Since the bulk sample deformation remains constant, the
amount of matrix deformation decreases. This result suggests that the
rate of inclusion strain hardening increases less rapidly than that of
the matrix for increasing strain rates.
The slopes of the strain hardening curve (dc/de) increase signifi-

(120) and NaCl type

cantly with increasing strain rates (&) for both metals
ionic solids,<59) Approximately a two-fold hardness increase occurred for

pure NaCl which was extruded through a 90° - 75 per cent reduction die while

a five-fold hardness increase occurred for pure copper. Thus, for the
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same strain, copper strain hardens much more rapidly than NaCl. There=-
fore, the quantity d(do/de)/dé would be expected to increase more rapidly
for copper than NaCl.

The increase 1in ram pressure with increasing strain rate is a
result of the increase in the rate of strain hardening. A linear relation-
ship exists between loge (RP) and loge (extrusion velocity) which is in
agreement with the empirical relationship presented by Pearson and
Parkins (92) (Equations (24) and (25) in Chapter II).

Conclusions = (Strain rate):

1. Ram pressure and inclusion deformation increase with
increasing strain rates.
2. A linear relationship exists between loge (RP) and

loge (extrusion velocity).

4. Temperature

The shape of the L/W profiles changesabove 200°F (Figure 47),
probably as a result of a change in the coefficient of friction at the
sample surfacef The stearic acid lubricant melts below 200°F and boils
at 721°F. Consequently, as the extrusion temperature increases, there
is a range ﬁhere the stearic acid portion of the lubricant is liquid while
at higher temperatures, most of the lubrication is due to the graphite.
These changes in the character of the lubricant would be expected to have
some effect on the amount of inclusion deformation and ram pressure. How=
ever, the results indicate that this effect is not large. The effect of
the lubricant is minimized at the center of the sample. As shown in
Figure 47, the center inclusion L/w values have the same temperature de-

pendency as the surface L/W values.
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On of the most interesting effects of temperature is the shape
of the inclusion deformation-temperature curve (Figure 48). There is a
minimum in this curve at approximately 300°F. This minimum would not be
expected on the basis of the ram pressure curves (Figure 49) or the hard-
ness curves (Figures 50 and 52) for the individual phases. However, the
final inclusion hardnesses show that a maximum inclusion hardness occurs
at 300°F (Figure 51). Consequently, the L/w minimum at approximately
300°F is the result of an increase in the inclusion hardness.

At elevated temperatures, the inclusion hardness values would be
below the values measured at room temperature. The L/W increase with tem-
perature above 300°F is a result of decreasing inclusion hardness and yield
strength values. In general, the amount of inclusion deformation increases
as the metal/inclusion hardness ratio increases. This will be demonstrated
in section E of this chapter.

The exact reason for the intermediate temperature hardness in=-
crease is not known. It is not associated with pure NaCl, as indicated
by the ram pressure curve (Figure 49) or the hardness curves (Figures 50
and 52). Consequently, it must be caused by an impurity picked up from
the copper during sintering.

To check this, Harshaw NaCl single crystals were heat treated
under copper powder for 30 hours. After heat treatment, they were rapidly
cooled to room temperature. The room temperature hardness was approxi-
mately 3 DPH greater than that shown in Figure 52. The hardness differ-
ential increased up to approximately 500°F and was time dependent. These
results suggest that an impurity was picked up from the copper which leads
to a precipitation hardening reaction. Precipitation hardening and over-

aging would be consistent with the hardness values shown in Figure 51. The
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hardness increase observed for the Harshaw NaCl single crystals was not as
large as that observed for the inclusions. However, the Harshaw crystals
were much larger. Thus, the amount of impurity diffusing into the Harshaw
crystals is probably much smaller.

For 90 Cu = 10 NaCl samples, the shape of the ram pressure curve
is controlled primarily by the copper matrix. As temperature increases,
the amount of strain hardening and hot hardness decrease and thus the yield
strength and ram pressure decrease. This is also true for the pure copper
and pure NaCl samples (Figure 49).

For the copper sample, the change in the ram pressure slope be=-
tween 700° and 1100°F is a result of recrystallization. In contrast, the
hardness curve for copper indicates that recrystallization is complete at
920°F (Figure 50). The difference in the recrystallization range between
the ram pressure and hardness curves results from the time dependence of
recrystallization. The samples were at temperature for approximately five
minutes after extrusion was finished.

The ram pressure required to extrude the 90 Cu = 10 NaCl sample
is less than that required to extrude the pure copper sample. Since NaCl
has a lower yield strength than copper, the addition of NaCl lowers the
sample yield strength and the required extrusion pressure.

The hot hardness curves for annealed, high purity copper and NaCl
have the anticipated shape. As temperature increases, interatomic spacing
increases, and dislocation motion is easier. As a result, the hot hard-
nesses of high purity Cu and NaCl decrease smoothly with increasing tempera-
ture. The hot hardness data indicates that the intermediate temperature
increase in yield strength which was reported for impure NaCl by Ekstein(ug)

and Eshelby; et aloj(ul) does not occur for pure NaCl.
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Conclusions - (Temperature):

1. The amount of inclusion deformation is dependent on the
inclusion hardness (yield strength). 1In general, the
amount of inclusion deformation decreases with increas-
ing inclusion hardness.

2. Ram pressure decreases with decreasing hardness and
yield strength of the sample. Since yield strength
generally decreases with increasing temperature, ram
pressure generally decreases with increasing temperature.

3. The addition of a softer inclusion phase to a material
decreasesthe sample yield strength and the pressure re-
quired for extrusion.

4, The hardnesses of annealed, high purity copper and NaCl

decrease smoothly with increasing temperature.

5. DPer Cent Nonmetallic Material

The shape of the L/W traverses are almost the same for all NaCl
volume fractions and thus it follows that the stress distributions are
approximately the same. The stress level in a sample decreases with in-
creasing NaCl volume fractions, as indicated by Figure 56. Thus, as the
stress level transmitted to the inclusions decreases, the amount of inclu-
sion deformation decreases (Figure 55).

Copper strain hardens more than NaCl for equivalent strains.

As the copper volume fraction increases, the amount of copper deformation in-
creases and the hardness differential between the copper and the NaCl in-

creases. As the hardness differential increases, the stress transmitted
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to the NaCl increases relative to the yield strength of NaCl. Thus, the
curve for NaCl deformation curves upward as the NaCl volume fraction is
reduced. If the inclusion material were more rigid than the matrix, the
opposite effect would be expected. As the volume fraction of the harder
inclusion material increased, the inclusion L/W ratio would increase.
The linear decrease in ram pressure (Figure 56) indicates a
linear decrease in the average sample yield strength., Since the ram
pressure line runs between the ram pressures of the two pure components,

the average yield strength of the two-phase system is given by
OsampLe — Ocu ;cw + Quoct _FNQC\ (39)

where o 1is the average yield strength and f is the volume fraction of
the indicated phases. The inclusions are relatively large and noncoher-
ent. This linear relationship would not be expected for very small,
hard inclusions.

Conclusions - (Per cent nonmetallic material):

1. A decrease in the émount of the metal matrix
reduces inclusion deformation when the inclusion
is the softer of the two phases, The converse
is true when the inclusions are harder than the
metal matrix,

2. Ram pressure decreases linearly with decreasing

average sample yield strengths,

6. Nommetallic Inclusion Size

Inclusion deformation was observed to decrease very slowly as

inclusion size increased (Figure 60). As inclusion size increases,



..]_55_

the amount of copper strain hardening near an inclusion would decrease
slightly since NaCl deforms more than the copper matrix. This results
in a slight decrease in the stress acting on the inclusions as inclu-
sion size increases and explains the observed data trend. For an in-
clusion which deforms less than the matrix, the opposite effect would
be expected; i1.e., inclusion deformation would increase slightly for in-
creasing inclusion sizes as observed experimentally by Pickering.(79)
Scheil(8o) reported no size effect for CuoS in copper which is not in-
consistent with the above interpretation for the scatter in his data.
In any event, inclusion deformation does not change appreclably with in-
clusion size changes.

The ram pressure was independent of inclusion size for inclu-
sion diameters down to 48 microns (Figure 61). The mean free path for
the 48 micron NaCl inclusions is approximately 300 microns. Edelson and

Baldwin(88)

state that the second phase must be harder than the matrix
for particle strengthening to occur. Softer, noncoherent inclusions would
not be expected to cause significant dislocation pile-ups and particle
strengthening. For a hard inclusion phase, particle strengthening would
be expected for low intraparticle mean free paths. The mean free path
required for hardening would increase as the particle coherency increased.
The fact that ram pressure does not change with particle size
suggests that average sample yield strength is determined by the volume

fractions of the sample phases. This result would not be expected for

fine, coherent, harder second phases.
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Conclusions - (Nonmetallic inclusion size):

1. Inclusion deformation is almost independent of inclu-
sion size. The results show a slow decrease in inclu-~
sion deformation with increasing inclusion size.

2. Ram pressure is independent of inclusion size. This
result would not be expected for very fine, hard,
coherent inclusions.

3. Average sample yield strength is determined by the
volume fraction of the phases present. Again, this
result would not be expected for very fine, hard, co-

herent inclusions.

7. Inclusion Type

For a fixed matrix type, inclusion deformation decreases with
increasing inclusion hardness values. This result would be expected since
inclusion yield strength increases with increasing inclusion hardness.

The final hardness values for the copper matrix range from 120.8
to 136.5 DPH. The results indicate that a harder inclusion (LiF) deforms
less than the matrix (Figure 64) while the converse is true for softer
inclusions (XCl, NaCl, NaF). These results are a consequence of the rela-
tive yield strengths of the two phases.

The ram pressure required to extrude pure copper is 110,000 psi.
The results presented in Figure 65 indicate that the addition of a second
phase, which is harder than the matrix, increases the ram pressure while
the converse is true for a softer second phase. Since ram pressure is

linearly proportional to the average sample yield strength, the results
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show that the addition of a harder second phase increases the average
yield strength of a material. The converse is true for softer inclu-
sions. This result would be expected for two reasons:

1. The harder inclusions add to the yield strength on a
volume fraction basis.

2. As the inclusion hardness increases, the amount of in-
clusion deformation decreases. Thus, for a fixed sample
strain, the amount of matrix strain increases as the
inclusion hardness increases and the amount of matrix
strain hardening would increase.

Conclusions - (Inclusion type):

1. Por a fixed matrix type, inclusion deformation de-
creases with increasing inclusion hardness.

2. Inclusions which are harder than the matrix will
deform less than the matrix. The converse is true
for softer inclusions.

3. The addition of a harder second phase increases the
average yield strength of a sample while the converse
is true for the addition of a softer second phase.

4, Ram pressure increases as the average sample yield

strength increases.

8. Matrix Type
The stress levels acting on the inclusions increase as the
matrix hardness increases. Consequently, the amount of inclusion deforma-

tion increases (Figure 69). This trend is not fully evident until the



-158-

measured L/W ratios are corrected for the L/W ratios in the as-sintered
samples.

The lead matrix is softer than the NaCl inclusions while the
converse is true for the other matrix materials studied. When the matrix
1s softer than the inclusions, the matrix undergoes more deformation than
the inclusions (Figure 69)., The converse is true for matrix materials
which are harder than the inclusions.

The sample yield strength increases with increasing matrix
hardness and results in an increase in the average sample yield strength.

Conclusions - (Matrix type):

1. Inclusion deformastion increases as the matrix hard-
ness increases.

2. When the matrix is softer than the inclusions, the
matrix undergoes more deformation than the inclu-
sions. The converse is true for matrix materials
which are harder than the inclusions.

5. Ram pressure increases as the average yield strength

of the sample increases.

E. Plastic Deformation and Fracture

The high ductility possible for NaCl type ionic solids is
illustrated by the L/W results presented in section D of Chapter V. In-
clusions which are softer than the matrix are more highly deformed than
the matrix. Final NaCl L/W ratios of several hundred to one were ob-
tained using a 180° - 75 per cent reduction die. Consequently, with the

proper stress state, NaCl-type ionic solids have high ductilities.
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The results for inclusion type and matrix type suggest that
inclusion deformation is controlled, at least in part, by the relative
hardnesses of the inclusion and matrix involved. To show the correla-
tion more clearly, corrected center L/W ratios were plotted as a func-
tion of metal/inclusion hardness ratio (Figure 73). The center L/W ratio
was used since a correction must be made for the varying L/W ratio in
the as-sintered samples. The hardness of each phase, before and after
extrusion, was averaged to obtain the values plotted.

As indicated in Figure 73, three types of inclusion behavior
are observed as the metal/inclusion hardness ratio increases. These types
of inclusion behavior can be classified as follows:

1. Rigid behavior. Neither deformation nor fracture occur.

2. Brittle-ductile behavior. Both deformation and fracture
occur. In this region, the amount of inclusion deforms-
tion increases and the amount of fracture decreases as
the metal/inclusion hardness ratio increases.

3. Ductile behavior. The inclusions are highly deformed
plastically and fracture is almost nonexistent. However,
highly deformed inclusions do fracture occasionally.

The three regions of inclusion behavior can be explained on
the following basis. The inclusion hardness is directly rglated to the
flow and fracture stress of the inclusions while stress is transmitted
to the inclusions through the metal matrix. Consequently, as the matrix
hardness increases, the stress level acting on the inclusions increases

relative to the flow and fracture stress of the inclusions.
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For low metal/inclusion hardness ratios (M/I ratios), the
stress transmitted to the inclusions is below the flow and fracture
stress of the inclusions. Consequently, the inclusions behave as rigid
bodies in the matrix.

For intermediate M/I ratios, the stress acting on the inclusion
exceeds both the fracture and yield strengths. The hydrostatic stress
levels are not high enough to prevent the development of pure tensile
stresses in the inclusions, and fracture occurs. As the M/I ratio in-
creases in this region, the hydrostatic stress levels increase. Thus,
inclusion deformation increases, and the fracture tendency decreases.

For high M/I ratios, high hydrostatic stresses tend to pre-
vent crack propagation. The stress levels are high relative to the yield
strength of the sample and the inclusions deform readily.

The results from the temperature study should show the same
deformation behavior since the same die was used. Unfortunately, the
phase hardness values are not known at temperature. The room tempera-
ture hardness values were extrapolated on the basis of the derivation
presented in Appendix E and the results are presented in Figure Th.

The extrapolation would be most valid for the -108, 80, and
1316°F points. These points follow the predicted behavior exactly. The
precipitation hardening reaction shown in Figure 51 occurs in NaCl in
the intermediate temperature range. Therefore, the slope of the logg
(hardness) vs. temperature plot would be expected to change from the
slope obtained for pure NaCl in this temperature range. In addition,
with an impurity picked up from the copper matrix, intermediate tempera-
ture NaCl yield strength increases could be expected. These intermediate

temperature increases are predicted by Eshelby, et al.(ul) if divalent lons
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are present in the NaCl lattice. Both factors could increase the in-
termediate temperature inclusion hardress over the extrapolated values
and improve the data fit.

While all of the data from the temperature study do not fall
on the L/w curve predicted from Figure 73, the general trends are the
same. The degree of agreement is all that can be expected within the
limitations of the hot hardness estimates.

As the reduction in area increases, the shape of Figure 73
would be expected to change. The M/I ratio is indirect evidence of the
stress level transmitted to the inclusions relative to the inclusion
yield strength. Increasing the sample reduction increases the stress
level acting on the inclusions which would not be evidenced by the M/I
ratio in non-strain hardening materials. In these materials, an increase
in sample reduction would have the same effect as an increase in the
matrix hardness. The effect of other process variables on the shape of
Figure 73 can be predicted on the basis of their effect on the stress
levels transmitted to the inclusions.

Figure 73 is significant for two reasons. It shows the effect
of stress level on inclusion behavior and it shows the effect of rela-
tive metal and inclusion properties on inclusion behavior. Consequently,
Figure 73 enables predictions to be made about inclusion behavior. Any
deformation parameter which changes the metal/inclusion hardness ratio
will change the inclusion deformation behavior as shown in Figure 73.
For a fixed sample type, the major parameter effecting the M/I ratio is
temperature. Less significant changes can be obtained by varying the

strain rate for strain hardening materials (see section D=3 of this chapter).
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The following discussion applies for dilute inclusion concen-
trations. Sample deformation will not occur until the matrix yield
strength is exceeded. Consequently, the initial M/I ratio for the sample
[(M/I)s] is important. Types of inclusion deformation behavior shown in
Figure 73 for M/I ratios lower than the (M/I)S ratio can not be obtained
by increasing the sample reduction. However, the behavior range for
higher M/I ranges can theoretically be reached by increasing the sample
reduction. This is true for both strain hardening and non-strain harden-
ing materials since, in general, the matrix strain hardens more rapidly
than the inclusions. The same argument can be made for shear stress
(TRp) levels in the sample. If the original (M/I)g value is in the de-
formation range, increasing the shear stress level will increase the
amount of inclusion deformation. However, even when the shear stress
level is reduced to zero, rigid or ductile-brittle behavior would not be
expected. Consequently, for initially ductile inclusions, rigid behavior
or fracture and dispersion could only be obtained by decreasing the M/I
ratio for the sample.

In general, the shape of Figure 73 is at least qualitatively
consistent with the results reported in the literature. (See section B
of Chapter II.) Pickering(79) reported that iron oxide inclusions be-
come increasingly plastic as the rolling temperature decreases from 1150
to 800°C. The author is not familiar with hot hardness data which would
prove that this decrease is consistent with Figure 75.

Conclusions - (Plastic deformation and fracture) :

1. With the proper stress state, NaCl-type ionic solids

have high ductilities.
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As the stress level transmitted to the inclusions

increases, three types of inclusion deformation be-

havior are encountered.

a. Rigid inclusions. No inclusion deformation occurs.

b. Brittle-ductile inclusions. Both inclusion frac-
ture and deformation occur.

¢. Ductile inclusions. High inclusion deformations
ocecur.

The zones where the various types of deformation be-

havior occur can be related to the metal/inclusion

hardness ratios.

Figure 73 can be used to qualitatively predict the ef-

fect of sample and process changes on inclusion deforma-

tion behavior.

The ability to change the type of inclusion behavior

is limited in part by the metal/inclusion hardness

ratio. Inclusion behavior types occurring for M/I

ratios lower than the sample M/I ratio can not be

achieved by means other than changing the sample M/I

ratio. The converse of this statement is not true.



CHAPTER VII

CONCLUSIONS

The conclusions will be summarized under the following headings:
(A) Extrusion, and (B) Inclusion Deformation. A more detailed presenta-
tion of the conclusions is given at the end of the indicated sections of

Chapter VI.

A, Extrusion
For 75 per cent reduction dies, the stress required to change
the direction of material flow at the die entry and exit sections is a
moderately large portion of the ram pressure. Consequently, an accurate
method of determining the contribution of the end effects must be estab-
lished before Shield's stress analysis can be applied to practical extru-
sion problems. (VI=C)

The ram pressure required for extrusion can be reduced by:

1. Reducing the shear stress levels at the material surface
through use of more effective lubricants and proper de-
formation equipment design (VI-D=l).

2. Decreasing the amount of sample reduction (VI-D-2).

3. Decreasing the extrusion velocity (VI=-D=-3).

4. TIncreasing the extrusion temperature (VI-D-L).

5. Decreasing the yield strength of the material being ex-

truded (VI-D=k, 5, 7, 8).
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B. Inclusion Deformation

With the confined stress states which occur in extrusion,
NaCl-type ionic solids can have high ductilities (VI-E). As the stress
levels increase, three types of inclusion deformation behavior occur:
1. Rigid inclusions (neither fracture nor deformation occur).
2. Brittle-ductile inclusions (inclusion deformation and
fracture oceur).
3. Ductile inclusions (high inclusion deformations occur).
The minimum stress acting on an inclusion is governed by the metal/inclu—
sion hardness ratio (VI-E).
The amount of inclusion deformation can be decreased by the
following process and sample changes:
1. Decreasing the shear stress levels at the material sur-
face by the use of more effective lubricants and proper
deformation equipment design (VI-A, B, D-1).
2, Decreasing the total sample reduction (VI-D=-2).
3. Decreasing the strain rate (VI-D=3).
4, Proper operating temperature selection (VI-D=4).
5. Changing the relative yield strengths of the two phases
(VI-D=7, 8, E).
6. Changing the relative amounts of the two phases (VI=D=5).
Inclusion size does not have a major effect on the amount of inclusion

deformation (VI-D=6).



APPENDICES
APPENDIX A

MEASURED VS. TRUE L/W RATIO FOR AN ELLIPSOIDAL INCLUSION

If the inclusions have an ellipsoidal shape, the measured and

true L/W ratios are the same. The equation of an ellipsoidal inclusion

is
2 2 2
o .
where a, b, and ¢ are constants equal to 1/2 of the major axis of the

inclusion in the x, y, and 2z directions respectively (Figure 75).

Since,

a= L/2 (41)
and

b=w/2
where L and W are the inclusion length and width, we can write

2 2
@X) +,@Y)_+ 2& =1 (42)
L= w# ce

The section through the inclusion in the plane of measurement has a con-
stant value of z. Consequently, Equation (42) can be written as

=2 2 = :
(a£<a> N (B\jg =1- % =E (43)

where E 1s a constant for the plane of measurement, The measured length

of the inclusion (4,) is &x for y = O. Consequently,

g =2x=LIE ()
and
=2y = WIE (45)

Dividing Equation (44) by Equation (45), we have

L. _ L (46)
W W
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Figure 75. Section Through an Ellipsoidal Inclusion.
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Consequently, for an ellipsoidal inclusion, the measured L/W

value (4y/w,) 1is the true L/W value.



APPENDIX B

MODIFICATION OF SHIELD'S STRESS ANALYSIS

The stress analysis used is a modification of Shield‘slll

analysis for plastic flow in a converging connical channel. In this
appendix, the method is modified to apply to extrusion. This modifi-
cation parallels that presented by Shield for wire drawing. The dimen-
sions used for the analysis and the directions of the principal stress
components are shown in Figure 6. The assumptions are the same as

those presented by Shield.

1. General Equations

For the von Mises yield condition, the stress components are

given by the equations

T’?‘P: kT (47)
=05 =%—km: k.;g(R)'ka’Z’oUp (48)
where

%(RS = - C \03@_(9\*/\ (49)

and

kzﬂ_;/ﬁ (50)
The quantity t(p) 1s given by
T+ Teotp +2930-T%) =C (51)

-171-



-172-

é and C are constants of integration to be determined by the boundary

conditions,

At the die surface,

T:R(p: w k (52)

where m 1s a constant < 1. Thus, the boundary conditions on

() are
To)=0
T(x)=m

Since the coefficient of friction at the die surface is unknown, m is

(53)

unknown.

2. Calculation of C

The constant g is determined from the condition at the die

entrance (at Zj). Here, the stress across the section is assumed to equal
the extrapolated ram pressure (RP). The stresses at the die entrance

and exit sections are given by

Tz, =-kC \033(2;3‘*“41_(@) (55)

where

L(g)=A+ .[‘2_1/3(\—'1:“*)('*“'5 2?>’3ﬁ‘°’? "Tsinze (56)

Subtracting (55) from (54), we have

Uz;7 Tz, =kC lo;:.e(zi) (57)
Z;
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Since the ram pressure is compressive, the mean extruding stress over

the entrance section is given by

=
’T\\'Z?"'&n«('RP)=[G~ZLET7’ZE+AWCP seclzp d(P (58)

For the mean stress over the exit section being 0O, we have

jO—ZFE’W"ZE Tmn@ Sec*@ A(P::O (59)

The substitution of Equation (50) into Equation (58) leads to

the result

ranZ' +&nzo‘(_ﬁp)=f[¢z£+ kC‘oSe(_Zif_\]E’W’ZE +cm(PSEc’-CP O’@ (60)

{

Cancelling like terms and using Equation (59), we have

oL
Tofet (RF)=2KC loge(22) [on 500 o (61)

(o]

By noting that

S€C1q0= d (Tan@) (62)
d @
Equation (61) reduces to

-(RP) = kC \oge(Zf_J (63)

z

Substituting Equation (50) in Equation (63) and solving for C leads

to the result

= V3'(RP) -
Jo ‘036 (%%g)

Equation (64) yields the value of the constant C to be used in solving

Equation (51).
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3. Calculation of (o)

Equation (51) can not be solved directly to determine T(cp)°
It was solved incrementally using a computer. The computation was started
with the known boundary condition 7(0) = 0. Using Equation (51) in the

following form, the slope of the 1 vs. ¢ curve was determined for

T=0¢ =0.
AT _ C-Testg -2V30-T»)
N (65)

Multiplying the slope by a small Agp (Ap = P5 41 - @j), the value of
was determined at O35 + 1- This process was continued to obtain
corresponding values of Tt and ¢. Whenever 1 was greater than 1,
T was taken as 1. A value of 1 = 1 corresponds to shear through the

sample,

4, Calculation of the Constant A

The value of A must be known to solve Equations (L8) and
(49). This constant is determined from the fact that the mean stress at
the die exit is equal to zero. From Equation (56), we have
=

E’IT’Z;'JCT'Z_F Tom(P sec*@ olqo =0 (66)

[ed

0z¢ 18 glven by Equation (52) as

Tzp=- kCloge Ze+ k{p\ * %1/3( LY (\+¢°s?cp)-3j’tol‘{’ “Tsin 2@—} (67)

Substituting Equation (66) into (67) and solving for A leads to the
result

_ l [€ oge Z¢ ~ L30T (i+c0s2Q)+ 3[Telp +Tsin2@|Tanp secq d ¢
- 4]
fa Ton @ sec*@ d@

A (68)
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Equation (65) was solved incrementally using a computer.

5. Calculational Procedure

The stress values calculated are all divided by oy. The

following sequence of operations was used:

1.

2.

Calculate C from Equation (64).

Determine 1 as a function ¢ wusing an incremental solu-
tion to Equation (51).

Determine the constant A from Equation (68) using an
incremental solution,

Calculate TR®/EB from Equation (48).

Calculate oR/To, 0@/30; and 0g/Ty from Equations (48),

(49), and (68).
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APPENDIX C

EXBERIMENTAL RAM PRESSURE AND "MEAN I/W VALUE" DATA

*

Ram Pressure,

Measured

i (L/w) AL

Sample Die psi At Variable
90Cu-10NaCl 60° -75% 89.0 6.5 Die Angle

" 90° -75% 104.0 15.4 " o

" 135° -75% 126.0 38.2 " v

" 180° -75% 130.0 55.5 " "

" 90°-30.9% 25.1 4.5 Percent Reduction

" 90°-55.5% 65.0 6.6 " "

" 90° -73.5% 104.0 15.4 " !

" 90° -88.5% 173.6 43,3 " "

" 90° -75% 102.0 14.8 Ram Velocity(0.05ipm)

" " 104.0 15.4 " " (0.10ipm)

" " 106.6 17.2 " " (0.30ipm)

" " 109.3 18.1 " " (0.7Lipm)

" " 137.5 15.0 Temperature (-108°F)

" 1 lOU-.O 15.)4’ 11 (75°F)

1" n 86.5 10.5 1 (2000F>

11" n -—(8.3 6.7 " (BOOOF)

1 " 76.1 . " (395°F)

" ! 67.7 8.3 " (497°F)

" ! 60.5 13.5 " (710°F)

1" " LI-}.O 18.2 1n (920°F)

" " 2k.9 20.3 v (1139°F)

" " 2k.5 2.6 " (1316°F)
95Cu-5NaCl " 109.0 16.6 Percent NaCl
90Cu-10NaCl " 104.0 15.4 " "
80Cu-20NaCl " 90.5 12.5 " "
50Cu-50NaCl " 67.5 9.9 " "
100NaC1 " 31.0 8.0 " "
90Cu-10NaCl 90°-75% 105.5 5.1 Inclusion Size(0.275mm

" " 104.0 15.5 " " (0.21kmm

" " 100.5 14,0 " " (0.163mm

" " 100.0 15.6 " " (0.137mm

B " 102.8 16.0 " " (0.081mm

" " 10%.5 1.7 " " (0.048mm
90Cu-10KC1 " 95.0 17.6 Inclusion Type
90Cu-10NaCl " 104.0 15.4 " "
90Cu-10NaF " 105.0 10.1 " "
90Cu-10LiF " 115.0 3.6 " "
90Pb-10NaCl 90° -75% L.9 1.0 Matrix Type
90A1-10NaCl " 50.3 16.6 " "
90Ag-10NaCl " 79.% 18.1 " "
90Cu-10NaCl " 104.0 15.k " "

90 Brass-10NaCl " 186.5 22.2 " "

100Cu " 147.7 " Temperature (-108°F)
! " 110.0 ; " (82°F)
" ) 95.0 " " (307°F)
1 1 78.0 1" 1 (505°F)
i " 80.9 1" i (705°F)
1 | 51‘1* 1 " (910°F)
" t 5“0 1t 1 (11150F)

*The included die angle and per cent reduction in area are listed.
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APPENDIX D
MATRIX AND INCLUSION HARDNESS VALUES

Matrix Hardness Inclusion Hardne ss
Annealed Single  After

Sample Before Extrusion After Extrusion Crystals Extrusion
90Pb-10NaC1l k.o 4.0 17.4 26.6
90A1-10NaCl 30.8 60.1 17.4 45.8
90Ag-10NaCl 36.8 97.0 17.k4 3L.4
90Cu-10NaCl Lo.5 120.8 17.4 30.0
90 Brass-10NaCl 61.1 210.2 7.4 k2.2
90Cu-10KC1 o2 131.0 10.9 21.3
90Cu-10NaF 40.5 132.0 58.2 109.7
90Cu-10LiF k2.0 136.5 116.2 193.3
90Cu-10NaC1(-108°F) 4o.5 134.0 17.4 31.4
90Cu-10NaC1(75°F) %0.5 120.8 17.4 30.0
90Cu-10NaC1(200°F) 40.5 110.0 7.4 L2.6
90Cu-10NaC1(300°F) Lo.5 101.0 17.4 52.7
90Cu-10NaC1{L97°F) Lo.5 89.0 17.4 418.5
90Cu-10NaC1(710°F) 40,5 63.0 17.4 37.4
90Cu-10NaC1(920°F) ko.5 54.4 17.4 3L
90Cu-10NaC1(1139°F) Lo0.5 55.9 17.k4 32.3
90Cu-10NaC1(1316°F) 40.5 56.5 7.k 30.6
100Cu (-108°F) k2.0 141.3 ~- --
100Cu (82°F) k2.0 131.0 -- --
100Cu (307°F) ho.0 125.0 -- --
100Cu (505°F) 42.0 117.0 -- --
100Cu (706°F) k2.0 105.3 -- --
100Cu (910°F) k2.0 63.1 -- --

100Cu (1116°F) k2.0 62.7 - --



APPENDIX E

HARDNESS VALUE EXTRAPOLATION

For the temperature effect study, it would be desirable to
know the hardnesses of the sample phases at temperature. Room tempera-
ture hardness values were known for the NaCl inclusions and the copper matrix
after extrusion at elevated temperatures. In addition, the hardness-tem-
perature relationship was known for each pure phase. Based on this infor-
mation, a method was sought to extrapolate the room temperature hardness
data to elevated temperatures. The extrapolation method used will be
presented in this section.

As a first approximation, the hardness was assumed to obey the

following relationship
-BT

H=Ae¢e (69)

where H 1is the hardness, T is the absolute temperature, and A and

B are constants. Differentiating this equation leads to the result

dH _ _
= HB (70)

Equation (70) shows that the rate of hardness decrease with increasing
temperature is a function of the hardness. Between room temperature and
an elevated temperature, the average value of (AH/AE) was known for the
pure annealed phases.

Based on Equation (70), we can write

fdH) _ <__0_LH_\) Hu Ba (71)
kOlT\ U O(T\ P HP BP

where p represents the pure, annealed phase and u represents the
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phase where only the room temperature hardness is known. Assuming

B, = Bp, we can write

dH)_ (dH) H. (72)
AT/, <°‘T7P H e

Using the value of (AH/AT) calculated from Equation (72), the elevated
temperature hardness can be obtained from the following equation

(ﬁ_;i)u (Te = To) = (HeH,) (73)

where the subscripts e and o denote the property of interest at the
temperature of interest and room temperature, respectively.

In general, B, would not equal Bp. The difference between
these two quantities would be expected to increase as precipitation
hardening occured in the NaCl inclusions. Consequently, the extrapola-
tion for NaCl hardness values would get worse in the intermediate
temperature range.

At best, this extrapolation method would only be expected to

yield an approximation to the elevated temperature hardness values.
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