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ABSTRACT

Experiments were carried out with 1 micron copper powder compacts
containing up to 7,5 vol % ,018 micron alumina, and with varioﬁs types of
lead powder compacts containing up to 20 vol % of various other materials,

The results indicate that dispersion-hardened alloys should be
divided into three groups on the basis of the nature of the second phase,

i) particulate, adherent (not cohereht) with matrix
ii) particulate, non-adherent with matrix
iii) semi~-continuous

It is suggested that the room temperature strengthening of the
second and third groups of alloys may be due primarily to a grain size effect
as described by the Hall-Petch relatiqnship.

The cell-like structure recently proposed for S,A,P, has been
observed in the lead-lead oxide system by electron microscopy.

An explanation of the difference in properties between extruded and
rolled dispersion-hardened alloys has been offered in terms of the directional

deformation caused by rolling,
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INTRODUCT ION

Since the discovery of S;A.P. (sintered aluminium powder)by
Irmann1 numeroﬁs studies have been made of this and other alloys prqdqced
by dispersiné, artificiallf, ; hafd phase in a ductile metai matrix by-‘
pbﬁdervmetallurgical procedures, Among the artificial "dispersion -
hardened" systems which have received laboratory attention and, in some
cases, commercial exploitation, are Al - A1203,Cu - A1203,‘Be - Be,C,
and Ni -VTh02. In such materials the disperséd phase has normally
constituted less than 20 per cent by volume of the alloy, and.interparticle
spacings have been in the<rapge of one-tenth to several microns.

Structurally there are apparent similaritiés between these
artificial alloys and conventional age-hardened alloys in'the overaged'
condition, Additionally, ﬁany natural two-phase alloys, including annealed
and spheroidized steels, .consist of a dispérsed hard phase in a ductile
matrix, and can therefore also be classified as '"dispersion-hardened" éystems.

Early theories of dispersed-particle strengthening were advanced

3

by Orowan2 Fisher et al” and Mott4 principally to explain experimental

s
observations in'age-hardening systems., Attempts to apply these théories to
dispersion-hardened alloys iﬁ general have met with 1itt1g success, especially.
in the case of artificially pr&duced dispersions,

For the early and intermediate stages of age-hardening in suitable
alloys, second phase zones, or ''particles', are present which are cohereﬁt
with the matrix, Strengthening in this‘case is most satisfactorily explained
in terms of coherency strains in the matrix, and the effect of such strains
on'dislocation,propagation, Systemé in&olving a. coherent second phase will
" not be considered as "dispersion-hardened" for purposes of the present work,

It has recently been demonstrated, to a 1arge‘extent by conventional

and thin-film transmission electron microscopy5 that basic differences exist



between the structures and behaviour of differfent dispersion-hardened
systems, and it is thus possible that several different stréngthening
mechanisms may contribute to the overall strengthening,

Tﬁ;re is now evidence that S,A.P, differs basically from most other
alloys in that it contains ar almost continuous, porous network of alumina6
rather than discrete patrticles of the hat¥d phase, The mechanical pfoperties

of S,A,P, are quite different from those of other alloys, See Figure 1,

PRECIPITATION MARDENED
(2018781 Aoy}

60,000 |

40,000 |

TENBILE

. \
DISPERSION MARDENED (3% AI-Cy Atioy)
OLID SOLUTION -HARDENED (3% Al-Mg .Atioy)

COLD WORKED {1100-HI18 Alloy)

20,000 |

Figure 1, The effect of temperature on the strength of a

number of aluminum alloys at_a constant strain

rate € = 5/hr, (after Sherby7)
A unique characteristic of S,A,P, is its measureable creep resistance at
a temperature 50-75°C above the melting point of aluminum, It is postulated
that the porous alumina network is in the form of cells, elongated in the
extrusion direction, It is easy to see how a network of this type could
significantly alter strength and creep behaviour at elevated temperatures,

The observed activation energy for creep of S,A,P, 865 (an alloy containing
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7 vol %‘alumina) above the melting point of aluminum is 150 kilocal/mole

which is comparable to the reported activation energy for diffusion of
oxygen in alumina»of 152 kilocal/molg or the reported activation energy for
creep of alumina,single crystals of 180 kilocai/mole?.

“It"has previously béen suggested that the effect of incoherent
butvdis;ontinuous.hard particles in a ductile matrix is twofold, Firstly,
by inhibiting dislocation motion in a general sense therparticles causé a
directiresistance»to deformation, Secondiy,;by inhibiting grain growth
and increésing the amount of dislocation climb required for a given amount
of creep to occur, ﬁhe‘pérticles increase temperature stability and creep
resistance of the mgtrix.

10,11 which will be examined more closely in

Recent theoriés
discussing results of the present work, deal specifically with incoherent
particle dispersion, and satisfacto;ily éxplain elevated temperature
.proﬁerties-of at least some:such systems,

‘In dispersion-hardened systems, a distinction can be made (but
has not by previous investigators) between those in which the dispersed
phase "adheres'" to the matrix and those in which it does not, '"Adherence"
is used here to imply that work is:needed to separatg,the two solid phases
at a flat interface, analogous to '"wetting'" of a sélid'pﬁase By.ailiquid |
phase, The meéhaniém‘of adherence is notrspecifiéd.'-It may involve local
coherence at the interface arising from structural "fit" between the lattices
of the two solid phases, or ifvmay result from the formation, by chemical
‘interaction and/or diffusion, of a layer which is coherent with both the
dispersed phase and the matrix, Adherence would be said to exist if the
second phase had aqtendencyAto dissolﬁe or-incfease in particle size during

prolonged heating,

Overaged age-hardéning alloys and natural carbide dispersions in
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steels are examples of systems where adherence exists. Copper-alumina alloys
prepared by powdef metallurgical proeedures are'iikely, by contrast;"tov
involve no adherence, provided exiQation of copper has been prevented during

12 '

_ 13
consolidation . It has been calculated thermodynamically that in Ni

o
at 1340° F a particle 200 A in radius of Ni,Al, Fe,C, TiC, or TiN, would

3 3
dissolve .in several minutes whereas a similar particle of A1203 would be
stable for several years.

There is evidence in thelif:erature14 that systems involving
adherent dispersoids have quite different deformation and fracture behaviour
characteristics from those involving non-adherent dispersoids, This is
particularly true at ordinary tempefetures and at strain fates normal to
tensile testing or mechanical forming processes. For example, carbide
dispersions in a-ferrite matrix have a marked room temperature strengthening
effect, whereas alumina dispersed in'copper with a similar amount and
degree of dispersion, gives much less relative strengthening and
considerabl& greater embrittlement of the matrix, At elevated temperateres,
the non-adherent dispersoid gives superior properties, presumably because
it has less tendency to eoarsen and/or cannot be-dissolved by the matrix,
There appears to have been no attempt previously to rationalize differences
between the effects of adherent and non-adherent dispersoids,

AAlthough internal strain eriginatieg from 1érgelscale coherency
beeween dispersoid and matrix is not recognized as a "dispersion-hardening"
mechanism herein,.thereﬂis another;sodree of internal etrain which may be
significant in any two phase alloy., Where the thermal expansion coefficient
of an incoherent dispersed phase differs from that of the matrix, there will
be residual elastic strain in both the particle and the matrix surrounding

it at ordinary temperatures, The magnitude of the corresponding stresses

1
in WC-Co (sintered carbide) has been investigated by Gurland >
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and stresse; ffom %50,000 to -100,000 PSi_were found in the WC ',‘depending
upon the per cent of Co pfesent, This could be an important factor in |
dispersion-hardening systems, particularly those in which the_volpme-frac;ion
and particle size of the sééond phase are relatively large,

In view of evidence that all dispersion hardéning systems are not
~alike in their deformation behaviour at ordinary and eleva§ed temperatures,
an attempt has been made, in the present work, to determine the origin of
the observed differences, Initially it was assumed ﬁhat only two
categories Qf dispersion-hardened.alloys existed; "natural“ alloys such as
overaged Al-Cuand spheroidized steel, and "artificial dispersed-phase alloys"
produced from powders, For the first category, there is abundant reliable
data in the ‘literature and no further experimentation was}wérranted. For
the second category, it was decided to re-examine the copper-alumina system,
since reported data16 for this and similar systems was conflicting., 1In
particular, there was considerable doubt. as to the importance of processing
variables (consolidation, sintering, etc.) on the pr&ferties of the dense
'3110YSo17' Also it was not certain whether adherence occurred between
dispersoid and matrix in some or all cases, Itwwas felt that it should be
possible to preveﬁt apprgciable adherence in the,Cu-A1203 ' sy;tem, and’
thus to examine the impoftance of this variable more closely,

Later it became apparent that two categories of dispersion-hardened
alloys were insufficient, and that perhaps S.A.f. should be considered as a
category of its owﬁ. Rodm temperature tests on the 1ead-1,ea_d"oxide‘system}8
which are effectively high-temperature tests since this is above the
recrystallization temperature for lead; appeared to be qualitatively similar
to results obtained fér S.A;P. Studies of ‘lead with oxide and other |
dispersions were therefore carried oUt in aﬁ éttémpt to detefminerﬁhé' S

mechanisms of strengthening involved in this case,



II EXPERIMENTAL PROCEDURE

This is a general outline of the entire experimental procedure,

Few specimens received the entire treatment, Some were tested in the green
" (unsintered) condition, some in the as-sintered condition, etc,
A, Materials

1., Alumina Powder, ,018 micron alumina powder (Linde B) was obtained
from the Linde Compény of Chicago and was state& to beA99.99+Z A1203.
It was used in the as-received condition,

2.' Copper Powder, 1 micron copper powder (NFIM) was obtained from

Sherritt Gordon, Ltd., with an average particle size of 1.2 microns, The

chemical analysis is as follows.

"~ .Cu - balance
Ni - .087%
Co -.033%
Fe -.007%
S -,011%
Insol, =.03%
Hz.loss - 40%
app, density -.64 gm/cc

3. Lead powder. 3 types of lead powder were obtained from the
Metalead Products Corporation,
(a5 .Superfine»"S". Average particle size of 2,5 microns,
99,575% lead with the major impurity being ,2535% oxygen which is
equivalent to 6,8%, Pb20
(b) Standard, Avefage particle size of 21 microns, 99,825%
lead with ,0035% oxygen which is equivalent to ,1% Pb20
(¢) -84 mesh, Average particle size of approximately 100 microns,

This powder was at least as pure as the standard grade,



B. | Miging

Mixing of copper and alumina was done in a Waring blendor at
apﬁroximately 13,000 rpm for five minute pefiods. The powder was aliswed
to cool between the mixing periods, The total mixing time varied from
10-60 minutes with 20 minutés being used as the standard total,

The copber powder used in this work originally had an apparent
density of ,64 gm/cc, Handling around the laboratory increased this to
1.2 gm/cc, However, upon mixing, the density increased further, to 2.6 gm/cc,
See Figure 2, As ‘it was known that the original powder particles were not
sphericalbthis suggested that some commutation took place during mixing, .
This was verified by electron photomicrographs, See Figure 3, Before
mixing the copper powder appeared to be in clusters of up to 5 microns
diaméter, whereas, éfter mixing, the average parﬁicleAdiameﬁer waé>ésﬁimated '
to be ,2 microns, It ﬁas also observed that, after mixing, the poﬁder
particles had few re-entrant angles and more closely approximated a spherical
shape,

Lead powders and additions were mixed in a modified Patterson-
Kelly twin sheil blendor for Qarious lengths of times,
C. Compacting

(1) Die Compacting, Some copper specimens were compacted in a die
measuring 2,5" x ,375" under arpressure of 50,000 psi, This gave a compact
with sufficient green strength to be easily handled,

(2) Hydrostatic Compacting,- The majority of the copper compacts and
all of the lead compaéts were prepared in fhis manner, The bleﬁded powders
were placed in an impermeable, thin, rubber container, which was then
closed, and immersed in oil, A hydrostafic pressure of 30,000 psi was

used to give cylindrical specimens 3 to 4" Iong.by 1 to 1%" diameter,



DENSITY (gm/cc)

6 2.5 vol.% Alp03.
.4
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o) 10 20 30 40
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- F1G.2. Typical Mixing Gurve




Figure 3‘;)

Typical Copper Powder before Mixing ,5000X,

Figure 3 gbz

Typical Copper Powder after 20 minutes.
Mixing, 20,000X,
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D, Sintering

All copper compacts were preheated, sintered, and cooled under
hydrogen, The sintering to precede consolidation was done in a small Nichrome
resiétance furnace at<1050-1070%1for 12;72 hours, Controlled sintering
tests were{carried out in a 15 KW Molybdenum resistance furnace at 9007 10°C,
The -larger capacity of the latter furnace was useful in permitting shorter
heatiﬁg times to be employed, Lead compacts weré not sintered prior to

consolidation,

E. Consolidation

(1) Extrusion, The extrusion press is described in Appendix I, Lead
compacts were extruded at ZOOOF (93°C) under a Preseure.of 15-30,OQOPSi.ﬁ
The extrusion ratio was 45: 1 and the extrusion speed approximately 2'/ min,
.The preheating was doﬁe under hydrogen and ''Never-seez" was used as a
lubricant,

(2) Hot Rolling.b This applies.to‘copper-alumina_biilets ohiy.
vadroétatically compacted billets Were-p;eheated under hydrogen to 800-9009C
and flattengd to approximately 1/2" thickness to facilitate rplling. They
were then hot;rolled at 750-850°C to a thickness of ,070-,090", A graphite
slurry was used as a lubricant througﬁéut thiS‘procedqre. The square billets
produced by die compacting were hot rolled in a similar manner but without,
of course, the flattening operation,

F, Cold Working

The surface scale was removed from the hot rolled billets and
they were cold rolled to approximately .030". This gave a smooth, highly

polished surface,
G, Annealing
Cold rolled specimens were given an‘anﬁealingvtreatment of 1 hbur

at 475 T 10% in an atmosphere of hydrogen,
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N Tensile Specimens

Rolled billets (approximately ,030" thick) were stamped into tensile

specimens of the following dimensions,

i@

3 é.zl
-
A

.

e

14—

-

Figure 4, Dimensions of Strip Tensile Specimens -

Other copper specimens (green, as-sintered, etc,) were machined
into tensile specimens of various shapes, depending upon the original shape,
Lead specimens were tested in the as-extruded shape,

J, Tensile Tests

(1) Copper at Room Temperature, Room temperature tests were carried
out on an Instron Tensile Testing machine using a universal mountiné9 and
friction grips designed for.the specimehs. ‘

(2) Copper at High Temperature, Tests were made at 149% 1°¢ using the

same gripping arrangement in a stainless steel beaker containing silicon oil,

149°C was chosen because of the abundance of published data at 14900. An
Jimmérsion heater was used, and the temperature was controlled by a Precision
Micro-Set Thermoregulator,

(3) Lead at Room Temperature, Sections of lead extrusion were cemented,
with Shell Epon resin, into gripsvdesigned for the purpose, and tested in

the same universal mounting,
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K. Metallography

(1) Low Magnification, Specimens to be viewed were mounted in bakelite
and polished on five, increasingly fine, emery papers, The copper specimens
were then lapped on two alumina wheels, The lead specimens were both

chemically polished and lapped to the final polish, The standard NH4OH,

HZOZ’ HZO etch wés used for copper., The etch used for lead contained
10 gramé Ammonium Molybdate, 25 grams Citric Acid, and 100 ml, water,

(2) High_Magnification, Electron microscopy was used when the‘resolving
power of the optical microscope wés insufficient, The carbon replica technique
was used on polished surfaces, fracture surfaces, and loose powder, It was
not possible to obtain replicas from green copper compacts, The replica
procedure is outlined in Appendix II, Replicas were studied under an RCA
microscope, type EMI, at 3000X, and under a Siemens Elmiskop I microscope

at a variety of magnifications,

L, Density Measurement

The density of the loose powder was obtained in- the following
manner, A 50 ml, graduated cylinder was filled with powdef and random
tapping continued until no further densification took place, The density

of all compacted material was obtained by geometrical measurement,
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III RESULTS AND DISCUSSION

A, Sintering of Copper-Alumina Compacts

The results of 90000 sintering tests afé shown in~Figufes 5 and 6,
.It can be seen that at any given time the density of the compact varies with
the volume percent oxide and that the various compaéts.seem to reach a stable,
end point density in 100 hours; i,e, at thaf time the slope 6flthe curves is.
-effectively zero,

:-Kuczynskizo states that surface diffusion is thé primary mechanism
in the eariy stages of'sintering, particulafly for particles of submicron
size, = This process gives rise to a change in pore shape but no overall
densification takes place., The driving force for this mechanism is a'vacancy
concentration gradient between conc;ve and convex surfaces at, and adjacent
to, tﬁe neck formed between particles, As the neck grows, the radius of
curvature increases and the drivingiforce diminishes, Finally this ceases to
be the controlling process and volﬁme diffasion to grain boundaries becomes
the predominant mechanism. The neck surface is again the vacancy source and
grain bqundaries are the sinks, It is during this stage of sintering that
most of the 'densification takes place, From Figure 5 it dan be seen that
éxtensive densification had occurred in fhe copper-alumina compacts beforé
0.4 hours.and therefore the period during which only surface diffusion was
occurring was extrémely short,

Diffusion from necks to grain boundaries continues until stopped
in some manner, This usually occurs wﬁen normal grain growth or secondary
recrystallization results in the pores being no longer glose to the grain
boundaries, |

In the presence of a second, non-adherent phase it is quite likely

that the process may be slowed appreciably by the'foilowing mechanism,
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FIG. 6. Density vs.Volume % Oxide
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Figure 7, Proposed oxide particle motion during sintering

The material transport is from the grain boundary to the neck,
The neck continues to grow until it comes into contact with an oxide particle,
Then, .1f there is no adherénce-bétween'thé two solid surféces,bthé okide is
pushed along as the neck continues to grow, This causes an. agglomeration
of the oxide particles which ultimately fillithe-"pores"vand prevént further
shrinkage of the compact, If, on the other hand, the oxide and the
expanding neck adhere, then, once contact between the two is established,
tﬁis mechanism of sintering might effectively be slowed as vacancy concentration
gradients would probably be reduced.

Calculations based on the above model will be made, using 6,25vol%
alumina as an example, The end point density reached in this case was 6,58
gm/cé,, which is 74% of the theoretical density of pure copper, Assuming a
1 :1 ratio of the number of particles to the number of voids in the copper,
the average pore radius would be 0.07 microns considering the average copper
particle radius to be 0,1 micron, See Figure 3 (b). A pore of this size

has a significant ihtérnal pressﬁre givenbby the equation

e |
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where,8:5V is-the surface tension at the soiid-vapor inﬁerface,.and FP

is the pore radius, This is equivalent to an external hydrostatic
compacting pressure of 5400 psi, using 2{;\, for copper of 1300‘dynes/cmg1
 The',Q18 micron alumina compacted at alpressure of 5500 psi has been found
to héve a bﬁik density . of 0,65 gm/cc, However, .due to the small!nﬁmber

of paftiéleslof alumina per pore, .in sintered copper compacts, packing
would be further from the ideal, and a more reasonable effective density
would be 0,6 gm/cc, Now 6.25 vol% alumina (2.5 Wt%) of effectivé'dénsity
0.6 gm/cc gives a predictgd,theoretical bulk density in the copper-alﬁminaA
compacts of 6,64 gm/cc which is>we11 within the limits of accuracy of the
assumptions and the experimental data when comﬁared to the observed end
point density of 6,58 gm/cc,

A similar calculation for 1,25 vol% alumina gives the following

results,

pore volume 7%
pore radius = 0,042 microns

internal pressure = 9000 psi

density‘of'alumina compécted'af'QOOOI_psi
= 0,8 gm/cc

modified.(as above)to 0.75‘gm/cc
tﬁeoretical bulk deﬁéity = 8,48 gm/cc
‘observed end point densify = 8.39 gm/cc
A plot.of the observed end point densities and the calculatéd
theoretical curve is shown in Figure 8,
| The existence of this type of clustéring and the approximaté

-dimensions of clusters were verified by electron microscopy, See Figure 9,
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Figure 9 Clusters in 2,5 vol % alumina-copper compact, 30,000X,
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B, Strength of Sintered Copper-Alumina

Tension tests were performed on copper-alumina compacts which
had been sintered for different periods up to 100 hours at 90000; The .
strength of the compacts is plotted in Figure 10 as a function of percent
of theoretical density,

In view of the model of the structure of as-sintered compacts
which was presented previously, one would not expect alumina content,
per‘se, to have much influence on 'strength, :Sintering behaviour'indicated
that'adherencg does hoﬁ:occur between copper and alumina under thetpresent7 
experimental conditions, Thus the mechanical properties of the sintered
‘compacts would be expected to be determined largely by the relative wvolume
and shape of the pores in the copper, even though these pores are filled

\
with loosely compacted alumina powder, The results in Figure -10 support
this expectation and, in fact, indicate that viftually no direct contribution
to strength is provided by the alumina in the range of compositions considefed.

The absolute values of the ultimate tensile strength'attainéd in
CompéCtS'df high sintered density (e.g, greater than 90% Qf.the-theoretical)
are typiéal only of very fine-grained copper, This suggests that alumina
clusters in fhe compacts may have the effect of preventing or impeding
grain growth of the-the commonly observed in pure metal compacts‘during
the later stages of sintering, and that the alumina is therefore providing
a secondary strengthehing effect, Again, however, the amount of alumina

.present7is not important in the range considered,
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C, Elevated Temperature Strength of Copper-Alumina

Sintered, .rolled, and annealed specimens containing 0,2,5, .and
7.5 vol % alumina were tested in tens;on at room temperature and 14900 at
various strain rates, The results are shown in Figures 11 and 12, There is
an increase .in strength with increésing oxide content which is discussed in
the folléwing section as a grain size effect, There is a &ecrease-in strength
at the higher temperature as would be expected, It is the.shépe and slope of
these curves which warrants discussion at this time,

It was observed (Sge Figures 13 and 14) that the pufe copper rgsults
extrapolated directly onto the.pubiished creep daté fof40HFC coﬁper.at'fhése
temperatures, This is in agreement with the suggestion25 that tension tests
at constanf strain rate are exactly equivalent to creep at constant stress,

It was hoped that long-term creep data might be obtainable from short-term
tension tests, This would be so, were it not for the change in slope of the
curve occasioned by a change in creep mechanism, Frequently the change in
slope occurs at a '"strain rate"'far‘too.ioWyto be determined by constant strain
rate tests,

However, the results of this work are effectively-"éréép“ &éta for'
the range of stresses encountered and, at this juncture, a look at the
prevalent theory for creep of incoherent dispersions would be in order, It
has been showﬁ-by electron microscopy5 that dislocations do not pass fhrough
incoherent particles, provided that the particle is significantly harder than
the matrix, Therefore, if a dislocation is to pass through the alloy,
dislocation climB must occur in the vicinity of abparticle. Ansell and
Weertmanflconsidering climb to be.the.rate controlling process, arrive at ‘the
following greatly simplified equaﬁions for creep rate,

1) k ‘¥:_<{ff at low stresses

4
2) kot ( at moderate stresses.
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Figure 15, Graphical Interpretation of Ansell and
Weertman's Creep Theory

AThe slopes of these curves are in general agreement with the
-published data.26

With a general knowledge of this creep theory an intefbfetati§n of
the results discussed earlier can be given, The slope of the room temperature
curves for 0 and 2.5 vol 7 alumina is approximately 60 which would place the
points well -into the high sﬁress region, equation 3 above, as wouid be expected,
The 7.5 vol % alumina curve has a greater slope placiﬂg it further into the
parabolic region, Hénce-it would be -logical to expect that the curve for this
alloy wouid change to a slope of four at a lower creep rate and, hence; have
-greatly superior creep properties,

The pﬁre éopper;data at 149°C are extrépolated onto the published
data in Figure 14, . Hefe'thé transition to the region of moderate stresses can
-be observed which is in agreement with Weertmans27’28 theory of éreep-in

metals, of which the dispersion hardening theory is merely a modification,
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D, .Grain Size Effects in Copper Alumina

It has been shown in Section IIIB that, in thé porous sintered
structure, the oxide does not appear to stréngthen the alloy and a discussion
of whether or not the oxide exhibits a direct strengthéning effect under any
conditions would seem to be in order atvthis juncture,

The porous alioy is usually consolidated into a fully dense alloy
by either hot rblling or extrusion and, in each of these processes, the
".distribution of the oxide is obviously modified, Consider a specimen, the
cross-section of which is to be reduced by a factor of 45:1, In extrusion
the diameter would be reduced by a factor of‘6.7. In rolling thevhorizonta1
dimension remains approximately unchanged and, therefore, the vertical dimension

is reduced by a factor of 45, Pictorially this is as follows,

Figure 16, “ a)  As-sintered Cross-section
b) Extruded Cross-section
c) Rolled Cross-section

Hence, the following situation ﬁertains‘after consolidation, In
extruded material the effective inter-particle gpacing for tension testing
(transverse to the e%trﬁsion-directioﬁ) has a diameter approximately l/7
of the grain size of the as-sintered material, For hot rolled material the

effective interparticle spacing for tension testing is a rectangle of
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horizontal dimension equal to the as-sintered grain size and vertical dimension
equal to 1/45 of this, |
In discussing the strength of consolidated material, onelusually
gpeaks of the ability of the second phase particles to‘"pin" disioqaﬁiéﬁ;.in
‘séme way, but there . is no general agreement as to the most 1ikEIy mechanism,
It is felt, however, that a portion, if not a majority, of the observed

strengthening may be due to a simple matrix grain size effect as described

29
by the Hall-Petch equation,

o/=o:+k1-%

- wherel = mean grain diameter ‘
k is the slope of the plot of Cr;gainst 1 -k
Cf;-is a lattice friction stress opposing dislocation motion
and (f’ is the streSS‘required to maiﬁéain plastic deformation
» ét anyhgiven strain,
' This means that to produce a given amount of deformation usually
requires an increase in stress as the grain Size ié decreased., The reason
for this, in greatly simplified terms, is that the stfess'required to produce
-deforma;ion in ény given grain is not just the applied stress, There are
stfess concentration factors in the adjacént graihs in the form of dislocation
pile-ups.and the actual stress, .acting on a'given dislocation source, is the
stress at the head of one -of these pile-ups. The stress at the head of a
dislocation pile-up increases with an increase in length of the pile-up, at
a given applied stress and, since the maximum length of a pile-up deperids upon
the grain size, therefore the stress concentration dueAto these;pile-ups is
smaller in a fine grained material, Hence, the externai appliéa stress, for a
given amognt'of deformation, would be greater in a fine grained material,
The sﬁggestion thét grain size may have a sigﬁificénf effecﬁ'in

30
dispersion-hardened alloys was made in 1953 but little work has been done
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on the subject since,
’ 31
The only-data found in the literature for pure copper gives, at
2 -3 2
0,005 strain,<5?:=2.6 Kg/mm and kK = ,36 Kg-mm /2. It has also been suggested3
that k is likely to decrease slightly with increasing strain for pure fecc
metals,
Using typical results from this work and decreasing k from .36

-3
+30 Kg-mm /2 because of the larger strains at which stresses were determined,

the following table was compiled,

TABLE I
Stress (psi)
,02 strain .05 strain
pure copper calc, 11,700 16,600
pure copper 1544 obs., 15,000 20,100
pure copper .laq calc, ‘ 54,000 59,500
2,5 vol 7% alumina  obs. 20,000 25,000
7.5 vol % alumina obs, 29,000 33,500

All the specimens used for these calculations received identical
processing, including annealing, etec,

.The observed values are the average of at least three points and
the results have been reduced to three significant figures for simplicity
as this is a semi-quantitétive argument,. It is easily seen, however, that
the results of this piece of work could be accounted for in terms of a grain
size effect,

No actual grain sizes could be determined-metallographically for

specimens containing alumina, and the value used; 0,lifijcrons, was estimated

A e
COTINRE. 1)
on the basis of powder particle size as explainedwg‘*yngSly. The reason
. B T
ST 8

that actual grain sizes could not be measured was that};he oxide dispersion

N
3

caused specimens to etch preferentially, and no suc&é?%ful technique for
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revealing grain boundaries was developed, Other workers have also experienced
this problem and_grain boundaries have yet to be observed in the metallic
phase gf S.A..P.6

It has been observed by other workersl7, as mentioned in the
‘Introduction, that the final properties of artificial dispgrsion-hardened
alloyS'frequently.depend upon the pbwder metallurgical and subsequent
processing variables, 1In particular, properties of extruded materials seem
to be significantly superior to the propefties of rolled materials, even
for the same reduction in area. This has never been satisfactorily explained
by other investigators, but in view of the above discussion on grain size
effects, an explanation is offered here,

In the Hall-Petch equation, '"1'" is usually considered to be the
‘mean grain diameter but, at the same time, one is usualiy conéidering
equi-axed grains, It could more suitably be defined as the "effective" grain
diameter, Consider the size and shape of a grain after rolling and in the
absence;of'recrystallization. Dislocafion pile-ups in the horizontal direction
(see Figure 16 (c)) caﬁ be as long as they were in thg as-sintered compacf,
and deformation shoﬁld proceed at a comparatively low applied stress, The
"effective" -grain size for rolled material is therefore approximately that of
the as-sintered compact, .In extruded material, on the other hand, the
Meffectivé' grain size would be 1/7 the as-sintered grain size and ﬁhe necessary
external applied stress required to produce a given amount.of deformation

should be correspondingly higher,
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E. Lead Results

‘It can‘be'seen in Figure 17 (a) that the cell-like structure proposed
for S.A.P. by Meyers, et al,6iis present in this extruded lead-lead oxide alloy.
This indicates ‘that the oxide layer (approximately 0,3 vol %, calculated as
sz 0) on the original pérticles is not broken uplinto discrete particles
during consolidation, but instead remains as an elongated, semi-continuous,
celiulér network, Such would not appear to be the case for thé superfine
's! 1ead'(sée Figure 17 (b)) containing approximately 20 vol % oxide calculated
as sz 0 .- For this alloy the oxide layer wopld appear to have been disturbed
extensively during consolidation and is much less continuous than in the standard
lead alloy. The pressure required to extrude the superfine 'S' alloy was
30,000 psi as compared to 15,000 psi for the coarser alléys and, if one accepts
that 507% of the applied pressure-iS'used in overcoming friction, there was an
effective pressure of 15,000 psi on ;he-superfine='s' alloy and only 7500 psi
on the coarser_alloys.' Since 7500 psi is of the same magnitude as the strength
of the mater ial, it Qould be -logical to suppose that the coarser materials
deformed largely by slip, But 15,000 psi, on the §ther haqd, is a stress at
which the particles might fragment (fracture) together Witﬁ théir oxide surface
layers; i,e, deformation of the superfiné 'S' alloys may‘havé occurred by
a combihatiéﬁ of slip and fracture, fhe metallographic evidence supports
this suggestion,

A similar semi-quantitative analysis to that méde in tﬁe last
'section can be made for thé lead results, remembering that the alloys were
extruded at a ratio of 45:1 in this case aﬁd.the grain size (transverée»to
the extrusion direction) would be‘Il/7 of the original parficle size, The

results are summerized in Table 1I,



Figure 17 gaz

Figure 17 (b)

Standard Lead, In Extrusion Direction,

Superfine "S" Lead,

In Extrusion Direction,

- 3% «

4000X,

4000X,
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TABLE 1II

MATERIAL U,T,S.. |.. ELON, PART,SIZE "'
psi % micron micron
-84, Melted and cast 1980 35 - 40
-84, As received | . 2460 27 100 15
-84 + %wt% kerosene 2800 28 100 15
Standard, As received 4740 5 21 3.5
Standard +%wt% kerosene 4400 5,2 | 21 3.5
Superfine 'S', As feceived 6600 8 2.5 37
Supérfine-'s'. Oxidized 2 hrs, | 6700 7.5 . 2.5A .37

The calculated "effective" grain size 'l', was observed to be
approximately correct, on the basis of metallography, as shown in Figure 18,

The results cannot be plotted as a single curve as the strain
was far from constant, It was not possible to make dependabie "offset"
stress. determinations from the stress-strain data obtained, owing to the lack
of evidence of a linear elastic region, Also, no grain size data could be
féund in the literature for lead,

The three materials of larger grain size (that is, excluding the
Superfine .'S') are found to lie on a straight line when plotted according
to the Hail-PetcH relationship aﬁd, e#trapolatiﬁg this line predicté that
Superfine 'S' should have a_;trength’of_approximately'14,000 psi as compared

to 6600 psi, the experimentally observed value, It must be remembered that




Figure 18 (a) =84, Melted and Cast, 300X,

Figure 18 (b) =84 + % wt,% Kerosene, 300X,
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in this alloy, Sﬁperfine 'S', the oxide layef is substaﬁtially 1essﬂcqnt%£ub#s
than the other alloys'énd is; in faCf, almost a diséreté particiéiééébga ‘.
phase, Thus the properties would be comparable to those of copper-alumina
and, siﬁce these are effectively high temperature properties, dislocation.
¢limb would allow deformation to proceed more readily than if the oxide Ve:e
continuous,

It is interesting to note (See Figure 18 (b)) that little
recrystallization occurred across the particle boundaries in the -84 mesh
extrusion, It should be remembered that this alloy contained less than 0,1 wt %
oxide, calculated as sz 0, and that kerosene was the major semi-continuous
second phase, This brings to light an interesting possibility; namely, that
if the second phase is semi-continuous, it need not necessarily be harder
than the matrix to improve the mechanical properties, It seems likely that
eﬁen a softervsecond‘phase, having sufficient thermal stability, may effectively
prohibit grain growth, particularly if it is semi-continuous, .In-the case of .
lead-lead oxide, there is no prior evidence that the ogide is har@er’than the

matrix and kerosene is most certainly not harder than the matrix,
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F, Summary of Discussion

It can be seen that there is now the need to divide &ispersion-x
hardening syséems into three categories depending upon the nature of the
second>phase.

i) Discrete, adherent particles (i,e., in overaged alloys)
ii) Discrete, non-adherent particles (i.e. copper-alumina)
"1ii) Semi-continuous second phase (i.e. S,A.P.)

1) Room Temperature Properties

For those alloys in which the second phase -is distributed
preferentially along the grain boundaries (as is believed to be the case with
most artificial dispersion-hardened systems) low temperature strengthening may
be due primarily to a grain size effect, The dispersed phase may be said to
have a secondary strengthening effect in that it controls or.limits the grain
size, In S,A.P, type materials the limiting grain size is the.original
particle size, In copper-alumina type systems the dispersed phase limits
grain growth and since the disﬁersed particles are frequently about as close
together as the original particle size of the matrix metal permits, grain size
might be expected to be initially of the same order as the matrix powder
particle size, There 'is some experimental evidence that this is so,

In the case of overaged Al-Cu and similar alloys, where the dispersed
phase may occur within the grains as well as on the grain boundaries, it may
well be that the necessity for cross-slip to proceed past the dispersed
particles is at least partially responsible for the strengthening observed,
Cross-slip in‘the viéiﬁityof CuAl2 particles in overaged aluminum-copper
alloys has been observed by Nicholson, et a1,33 using transmission electron
microscoéy.

At this point it is necessary to look ét the currently accepted

theory of yielding in dispersion-hardened materials, Ansell and Lenel in
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196010 predicted that the yield stress should vary as )l'%, where- ;{ is
the interparticle épacing. This theory is based on the assumption that
permanent deformatign occurs in the dispersed phgse. -Ansell’and'Lenél uged_
results of S,A,P, experiments to verify ﬁhis theory and found goqd agreement;A
Since that time, however, Thomas5'has shown that dislocations do not pass
through a non-adherent dispersed phase -provided it is significﬁntly harder
than the matrix, This result alone would fherefore appear to‘invalidate thé
-‘Ansell-Lenel theory,

However, if the present model of»the structufe of_S.A.P, is
accepted, then the interparticle spacing becomes the grain size of the matri#
and the yield stress should now vary as 1 ’%, where 'l' is the mean grain
J&ameter, and this is the familiar Hall-Petch relationship, Thus the Ansell-
Lenel prediction is satisfied, but fortuitously on the basis of a differant
model and mechanism, |

2) High Temperature Properties

It is in evaluating the elevated temperature properties that
dissimilarities améng the three typés of dispersion-hardened alloys become
strikiﬁgly evidenf.

For the first group (overaged alloys) a marked decrease in creep
strength at elevated temperatures would be expectedlas fhe second phase
coarsens by solution and reprecipitation and may even dissolvevat sufficient1y
high temperatures. This is a well verified experimental.observation,

The second group (disCrete,non-adherent particlés) would be expected
to retain their strength to some moderaté»temperature-and then to be fairly
easily deformed as.grain'growth and dislocation.climb'in.the‘preseﬁce of'theée.

particles becomes feasible, |

S.A,P, type alloys, on the:othér hand, wbuld not -be expected to-show.

a marked decrease ‘in strengch up to the melting point of the major (matrix)
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phase, provided that the second phase remains stable, The hardness of the second
phase is, in this case, of secondary importance, as any semi-continuous medium
would act locally as an insurmountable obstacle to dislocation climb,

- Figure 1 shows that these arguments are well supported by experimental
data, The overaged 5%‘A1-Cu alloy shows a marked &ecreése in strength at a
temperature of one-half the melting point, whereas S,A.P, undergoes no marked

decrease in strength at any temperature,
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- IV, CONCLUS IONS

‘Dispersion-hardening alloys can be divided into three categories

. depending on the nature of the second phase,

i) Discrete, adherent particles
ii) Discrete, non-adherent particles
iii) Semi-continuous
There is not necessarily a definite boundary between these
threé groups,
Room temperature strengthening of the second and third groups may
be due primarily to a grain size effect,
High temperature stability of these alloys, as reflected in creep
properties, is better in the third group of alloys than in tﬁe second,
which is in turn bétter than the first group. | |
The cell-type structure of S,A,P,, proposed by Meyer, et al, has-
been observed for the.leadalead oxide system,
Constant strain rate tension tests are equivalent to constaht'stfeSS
creep tests,
Concerning the behaviour of porous copper-alumina compacts, the
Vfollowing conclusions were drawn,
i) Alumina particles tend to cluster during sintering.
ii) The strength of as-sintered copper-alumina compécts

is independent of alumina content,
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APPENDIX I

Extrusion Equipment Design

The original plan for this piece qf research Qas té'study the
propefties of extruded, dispersion-hardened alloys. However, copper
extrusions were never obtained in sufficient quantities to become an
experimentél maferial. Lead with ad&itives was extruded sﬁccesgfully.'

The extrusion container design utilized an automated 100 ton press
available in the Department of Metallurgy and the basic specifications wére

as follows;

pmax = 2006000 psi
Top = 500°C
I.D. = 1,00"

‘The basic piece of information required is the outside diameter of.
the cylinder and, és it ‘is proposed’to operate the press above the yield
strength'of any’pra?tical"material, thié requifeélthe use of plastic design.
equations, Thesgvallow for the inner wall of the cylinder being in plastic
flow but having enough material in the elastic region to prevent the cylinder
from failing, The boundary between the elastic and plastic regions is’the
critical radius, r . The basic equation for r. is derived as follows, The
maximum shear design thebry is used as the materials will all behave in a
ductile manner, |

Sy = yield strength of material at operating

temp
Sr = radial stress
St = tangential stress
r = inéide radius
r2 = outéide radius
P. = pressure at boundary between'elastié and .

plastic regions

P = internal pressure-



In the Elastic Region

Sy =A+8B Sy =A-B
2 2
@ r = r2, Sr = 0
@ r = r. Sr = - P,
‘ 2 2
Sr = r, PC 1 - rz:]
2 _ .2 21
r2 r1 r
2 2
St = rc PC 1+ rz
Ty - T r’
@ r=r Sgpay= Sp+ Isr, = sy
2 "2
= 2 2 1
Therefore _ PC Sy r, - 1, (1)
r
-2
In the Plastic Region
S = § Inr + A
r y - ,
,St = Sy (1 + Inr) + A
@ r = r. _Sr = - Pc
@ r = r1 Sr = - P
Therefore Pc = P - Sy 1n r, (2)
T, |
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At the interface we can equate equations

(1) and (2) giving

2] 7]
S r - o = P. - § In r
y c y c
2
T r
2 1

which is the basic design equation,

This‘is a trénscendéntal equation in.rc.and P, the effective internal
pressure, which wduld be equal to the applied vertical pressure only if the
extrusion billet behaved exactly as a.fluid, It was finally decided that 10%
of the‘wéll thickness could be in plastic flow and a semi-arbitrary value
assumed for the yield strength of a typical hot-work tool steel, A cyliﬁder
assembly was designed‘as shown in‘Figure 19,
| The.various dies were made of Rexalloy and a bottom, support plate
was made for each size die>wifh just enough clearance to allow passage of
the extrusion, | |

It was pfoposed to preheat the press assembly to SOOOC and the billet
to 900°C., Unfortunately the press assembly reached only 400°¢c ( a Lepel

induction unit was used) and the assembly yielded at a vertical pressure of

235,000 psi.
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APPENDIX II

Electron Microscopy

It is assumed that the reader is familiar with the basic principles
of electron microscopy and why replicés, of the surface to be studied, must be
prepared., Replicas, in this project, were prepared in the following manner,

The surface to be studied was placed in a bell jar and evacuated
to approximately .1 micron Hg., If shadowing was used, it was chromium N
evaporated on to the surface, at an angle of 450, to a thickness of 50-100 2.
Carbon was then evaporated on to the surface from an electrode Qerticaliy above
the specimen until a laYer of the desired thickness (100 - 2002) was produced,
A thicker carbon layer than those reported as usual in the literature was found
necessary as the alumina retained in the replicas caused them to be extremely
brittle and difficult to handle, |

The replicas were then removed from the surface by etching and it is
at this point that individual techniqueshad tobe developed to suit individual
materials, If was always difficult to produce good replicas because of the
alumina content and impossible to pfoduce them from green surfaces‘és the
.porosity caused the replicas to break up into particles too small to handle,

A standardized technique was finally adopted which gave‘reasonable
reélicas containing the alumina particles which are, of course,‘opaque to
electrons and therefore appear as sharply defined black spots on a photogfaph.

1) "light" shadow with chromium |

2) '"heavy" carbon layer

3) approximately 1 minute in_NHAOH, H 02,‘H20, eFCh (1/10 the
strength of etch) affer sCratéhing the surface in /16" squares,

4) approximately 1/4 minute in very dilute HN03.

5) ‘completely dry specimen
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6) release replica in distilled H20.
The method uséd for studying the shape of loose powders presents
no difficulties, A dilute slurry of the powder to be séudied is placed on
dan extremely clean glass slide and a carbon layer evaporated on to it, This

layer can be'released, retaining the powder, in distilled H20.
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