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PREDICTION OF THE STRESS-STRAIN BEHAVIOR OF
POLYCRYSTALLINE o-IRON CONTAINING HARD
SPHERICAT PARTICLES
Russell H. Jones .
Inorganic Materials Research Division, Lawrence Berkeley Laboratory and

Department of Materials Science and Engineering, College of Engineering;
University of California, Berkeley, California

. ABSTRACT

The stress-strain behavior of polycrystalline a-iron containing
hard spherical particles has been successfully prediéted with relation-
ships based on particle-dislocation interaction mechanisms. The
yielding behavior obeyed a modified Orowan type relationship, as
proposed by Ashby. The work hardening rates were in close agreement
with the rates predictéd by a model based on the generation of
secondary dislocations at the particles, also proposed by Ashby. The
objective of thié study was to utilize these relationships, which weré
developed tc predict the flow properties of single crystals containing
hard particles, to predict the flow properties of polycrystals
containing hard particles. Alloys with second phase volume fractions
of 0.73 to 6.14% and particle dismeters of 12508 to 23008 were examined.
The distribution of the particle diameters and randomness of the
particle dispersion were examined with carbon extraction replicas.
The volume fraction of second phase was determined with the aid of
the electron beam microprobe analyzer. The matrix structure was
studied with optical and electron transmission microscop& and the

grain orientation randomness was examined with the x-ray Laue back

reflection technique.
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I. INTRODUCTION

There has been much effort to derive relationships which describe

‘ the yielding behavior and work:hardening behavior of single phase
“alloys. The yiéld strength has been related_to disloéation morphology,
alloy éontent, grain size, internal stressgs; particle morphology.gnd
7m5ny other Variablgs. 'Also, the work hardening of single phase alloys
has been related to grain size, dislocation density and stacking fault

energy. »
In two phase alloys containing hard particles the largest amount
.'of effort has . been in the analysié of disloqation—particle interaction
* mechanisms for yielding. Less‘emphasis has been placed on the
analysis of work hardening‘mgchanisms in alloys containing hard
__particles and cpnsequently the mathematical relationships descriping
fﬁis behavior are less accurate than relationships describingbthe
Yield strength. The greater emphasis on yiélding mechanisms is
understandable since the yield strength of én alloy is of primary/
concern for a structural material. However, the work hardening rate‘
of an alloy is also of concern to a designer, since a high wofk
:hafdening rate gives the designer a certain measure of §af§ty. Also,
in the field of fracture mechanics it might be‘possible to determine
the plastic energy dissipated at the tip of a moving crack with the
khovledge of stress state as a function of bosition and the work
hardening as a function of stress. In metallic systems the plastic
energy as well as the surface energy control the frécture process.
The objective of this study was to utilize existing dislocation-
particle interaction theories, which were devéloped to predict the flow

properties of single crystals containing hard particles, to analyze

the flow properties of polycrystalline a-iron with a dispersién of
hard spherical particles. Conclusions about the cqrrectness of a
particular model can only be made from tests of single crystals. The
emphasis in this study was to use relationships based on measureable
material variables, such as particle'diameter and spacing} volume |
fraction of seéond phase, matrix Burgers vector and shear modulus and
gr;in size, to calculate the flow properties of two phase polycrystal-
line alloys.

Two phase alloyg containipg a dispersion of hard particles may
be produced in the fhree following ways: 1) nucleation and giovth

2) internal oxidation 3) powder metallurgical techniguesf A random

"dispersion of the second phase can obtained with all three technigues

although a complex grain boundary structure may result from the
nucleation apd growth process in.polycrystalline material. The
boundary region may have a heav& grain boundary network of the second
phase with a precifitate free zone adjacent to the network. A grain
boundary structure such as this would alter -the yield and élow
behavior of an alloy when compared to an alloy without this grain
boundary structure. The second phase in the alloys investigated was
formed by.; nucleation and growth process which resulted in a

complex grain boundary structure as mentioned previously. This
problem was overcome by the use of an allotropicﬁphase change, after

the aging treatment, which refined the grain structure and spheroidized

the grain boundary network. The final structure was a random dispersion

of particles in a soft folycrystalline matrix with the grain boundary

network spheroidized:gggganibﬁgérﬂbbsiﬁiQﬁed at a graign boundary.



TI. EXPERIMENTAL TECHNIQUES

A, Alloy Production and Heat Treatment

Alloys with the volume fractions listed in Table I were cast
from 99.95% purity electrolytic iron (Glidden A-104) and 99.9% initial
purity tantalum rod. The tantalum rod was given & three pass zone
refining treatment prior to use. The composition of the iron and
tantalum, prior to zone refining, is given in Table II. An induction
furnece was used for preparing the ingots with tﬁe iron and tantalum
held at 1750°C under argon for 30 minutes prior to pouring.

The ingots were form rolled at 1000°C from 1.25 in. diameter

“down to 0.50 in. square rods. The tensile specimens, which were
machined from the square rods, were encapsulated in quartz and solution
treated for 1 hpur at.lhOO°C, quenched into L5°C water and then aged
in a molten‘salt bath for 1 hour at T00°C. The grain structure was;
refiﬁed and the grein boundary netwerk spheroidized by heating the
samples for 10 minutes at 1100°C. Protective stainless steel bags were
gsed to enclose the samples during this treatment. The final grain
size was achieved by coﬁtrolling the cooling rate during the allotropic
phase change of Y >+ a. The final machining step was to grind off the
sufface éxide and to grind a uniform cross-section. The spe;;mens
we;é given an anneal for 30 minutes at 800°C to relieve any surface
deformetion caused by the grinding operation. A schematic of the

heat treating cycle is shown in Fig. 1.

B. Alloy Analysis

The crystal structure and the lattice parameters of the second
phase were determined from second phase particles extracted from an

) A
Fe- 2 At. % Ta alloy which had been aged for 5 hours at B800°C.

~La

X-ray diffraction patterns were obtained from the particles with an
11.46 cm diameter bebye—Scherrer camera and using Cr.Ka radiation. The
film shrinkage was accounted for by loading the film in.the Straumenis
position. The laftice parémeters 8,5 €o» and the c/a ratio were
determined by a method of successive approximation; outlined by
Massalski and King.l

The equilibrium volume fraction of secénd phase was detefmined
with the aid of the electron beam microprobe analyzer and the
applicatibn of the lever arm principle. The total tantalum intensity
of each alloy was determined from specimens in the solut&onitreated 7
condition and the tantalum intensity of the second phase from a specimen
aged 100 hour at 800°C. The matrix composition was determined by com-
parison of,the lattice parameter of iron versus tantalum content in
the single phase samples with the lattice parameter of the two phase
alloys. The lattice parameters of the iron alloys were determined with
a Norelco X-ray diffractometer using Cu Ka radiation and a crystal
monochromator to reduce the fiourescent iron radistionm.

Particle diameter distributions were determined by measuring
200-300 particles which were extracted from.the’alloys with carbon
films. The specimen surfaces weré prepared metailographically with
ét Jeast é etch-polish steps to insure a scratch free surface with a

minimum of deformstion. The surfaces were cleaned with hot soap and

-~

" water, rinsed with alcohol, ultrasénically cleaned in an acetone

solution, etched, swabbed with hot SOap and water and finally rinsed
with alcohol and dried. These steps were taken to assure & clean
surface prior to depositing the carbon. The carbon was deposited in

a vacuum evaporator, a grid seribed in the carbon layer and extracted



in.an aceticAlo% perchloric acidvsolution with 25 volts applied across
tho sample and & staipless sfeel cathode.

‘The replicas were examined‘in an Hitachi HU-125 electron
mlcroscope at 100 KV. The magnlflcatlon was callbrated by means of
a callbrated carbon grating produced by E. H. Fullam Co The dis-

loeation structure was evaluated by means of transmission electron

microééopy using an Hitachi HU-125 electron micfoscope at 100 KV. Foils

of the undeformed structure were obtained from slices which had beon
heét treated, gi‘ound to 0.010 in. and chemically thinned to 0.002-
0.003 in. thickness in a solut1on of 85 parts H202, 10 parts H o0 and
'5 parts of HF. Dlscs, 3 mm in d1ameter . were punched out and jet

_ pollshed in an acetic 10% perchloric acid solution at 10 volts. Foils
~of the deformed structure were obtained by spark cuttlng a 0.015 in.

) sl1ce from the reduced section of a deformed tensile specimen with

' the remalnder of the treatment similar to the undeformed slices.

The grain size and shape.wero examined metaliogrophically using
interference microscopic techniques. The randomness of the crystal-
10graﬁhic grain orientation was determined with the X-ray Laue back

Vreflection technique, with specimens>parallel and perpendicular to the
form rolling direction.

Experimental stress—strain data was obtained with‘0.250 in.
-diameter tensile speelmens with an Instron tensile testing machine at
. a strain rate of 3 x 10~ /mlnute The load was measured with an
accuracy of ¥ 0.5% and a sensitivity of 1 kg. The change in length
‘was measured diroctly from the chart which was synchronized with the
crosshead.moyement. The gage lenéth was determined by grinding the
reduced section of the tensile specimens with a square fillet, and

could be measured with an accuracy of 0.58.

III. STRUCTURAL ANALYSIS OF ALLOYS

The flow.charocteristics of two phase alloys, with a dispersion
of hard particles as the second phasé, are dependent on the properties
and morphology of the individual phases. Properties suchvas the flow
stfess of the two phases, matri;-particle interface properties, elastic
properties of the phases and the shear modulus of the matrix are
important. Morphological characteristics suoh as fhe size distribution,
shape, randomness and spacing of the second phase, the matrix.grain

size, dislocation arrangement and randomness of the grain orientations

‘determine the yielding and work hardening properiies -of two phase

alloys. The above characteristics have been determined for the two

phase iron alloys investigated and are discussed in the following

section.

-A. Phase Relations in the Fe-Ta Syétem

Knowledge of the equilibrium phases which will be present in an
alloy may be found from the equilibrium phase diagram, and for the Fe=T

system are shown in Fig. 2. in a phase dlagram proposed by Slnha and

Humé-Rothery.Q It can be seen, that there are stable o, Y and § phase

2Ta is the phase in

equilibrium with these phases. The phases o and § have the body

regions and thet the intermetallic compound Fe

centered cubic structure and Y the face centered cubic structure. The

meximum solubility of tantalum in iron occurs in the § phase at 1440°C

and is about 2.8 at. % Ta. The 8 phase decomposes eutectoidally at

1293°C by the following reaction:

-

§(1.1 at. % Ta) = v(0.5 at. % Pa) + Fe2Ta



and the Yy phase decomposes peritectoidally at 974°C by the following

reaction:

FeTa + (0.3 at. % Ta) = (0.6 at. % Ta)

If the equilibrium phase relatiéns are known‘and'the compositions of
the phases are known thé equilibrium volume fraction of the phases may
be determined from the phase diagram. Since the compositions of the
phases were‘not known for the Fe-&a system, analysis of these important
parameters was undertaken.

The solubility of the compound Fe2Ta in o iron at 890°C was
determined because of the need to‘know the matrix composition for the
volume fraction analysis and the contribution of tantelum to solute
hardening. The compoéition of the matrix was det;rmined by megsuring.
the lattice parameters of solution treated samples of iron-tantalum
alloys ;s well as tﬁe lattice parameter of two phase alloys. The.resuits
of this study are shown in Fig. 3 and from these results it was deter-
‘mined that the matrix composition of the two phase alloys was O.l at. % -
Ta to.have a stoichiometric

2
composition with no range of stability. Goldschmidth found that the

Ta. Hansen3 has shown the Laves phase Fe

Fe-Nb Laves phase had a difference in lattice parameter of As_ = +0.021A
and A c/; = -0.004 when comparing compounds with 20 and L0 at. %
niobium. The lattice parameters of thé'Fe-Ta Laves phase in equilibrium
with o iron were determined and are listed in Table IIT along with the
results of ®thers. Comparison of the a, and c/a values given by

Hansen and the data for the Lﬁves phase in equilibriﬁm with o iron
showed the same deviation as Goldschmidt found for_Feng. Also, the

lattice parameters from this work match closest with those listed in

“and 4 magnesium atoms per unit cell. - It has been found by Dwight

-8-

the ASTM Powder Diffraction File for Fe Ta The similarities between

73
the Fe-Nb and Fe-Ta systems also support the éonclusion that the Fe-Ta
Laves phase is stable over a range of composition because the Fe-Kb

Laves phase is stable over a range of 20 at. % niobium.8

B. Charscteristics of the Fe-Ta Laves Phase

There are presently 223 known binary Laves.phases of which 210
have a transition element as one element. There are five known
structures which' the Laves phase forms and these are.the cubi; MgCu2
and UNi structures and the hexagonal ManQ,lMgNi2 and CaCu

5 5
The hexagonal Man2 structure, of primary interést in this study, has

structures.

hexagénal-symmetry with an abab stacking sequence and 8 zinc atoms

‘ 9

that fhe Laves phase will form_frqm atoms with Goldschmidt radius

ratios ranging from 1.05 to 1.68 with the atoms expanding orbcontractiﬁg
to satisfy the radius ratio of 1.225 in the compound. Although the
atom sizes strongly effect whether the Laves phase is stable they have
little effect on which crystal structure will be formed. Eiecironic
contributions appear to have‘a.controlling‘effect on which'érystal
structure will form; however, a quaptitative correlation is not yet
possible.

The Fe-Ta Laves phase has been identified by x-ray_diffraction.ds
isomorphous with the hexagonal MgZh2 type structure (Clk). The lattice
spacings and intensities are listed in Table IY along with the data for
Fe7Ta3 listed in the ASTM Powder Diffraction File. Becagse of tﬁe
close match of the interplanar spacings and inﬁensities vith.thgt of
FeTTaB, it is thought the Fe~Ta Laves phase in equilibrium\with o iroa
is close to this composition. Whether the non—stoichiémetric



composition is the result of iron atoms substituted for tantalum atoms
or from vacant tantalum sites is not known. However, in the compound

Man2 it was found10

that vééancieS'accounted for the non-
.stoichiometric composition. |
o The ductility’bf the Fe-Ta Laves phase has been studied by
G. Sasakill by observing the region around.é vickers micrqhardpesé
indentation mgde in sihgle pﬁase samples of the comppund FezTa. The
 inden§ations made at room temperature resulted in short cracks at the

corners- of the indentetion and some evidence of plastic flow. The

measured hardness wasllOOQLkg/mmz,

C.. Structural Anglysis of Two Phase Alloys

1. Alloy History -

An understanding'of'the structuréi charactéristics of the two
phasé alioys used in this stﬁdy reéuires an examination of the alloys
duriﬁg each stage 6f processihg. The homogeneity of any two phase
structure is dependent upon the segfegatioﬁ which accurs during
'.éolidification. “The slow diffusion rate of tantaluﬁ in‘iron'wéuld )
require a very highvtemperafure for homogenizing, therefore small
diameter ingots were used to minimize segregation during solidification.
" This app;oach woéked very well as no segregation could be detected
in the cast alloys. After casting, the ingots were hot worked to a
0.50 in. by 0.50 in. shape at 1000°C. This hot working temperature
was chosen to reduce texturing from the deformation process. High_
purity iron heated to 1000°C would oxidize intermelly in a very short
time; however, the Fé—Ta alloys had little difference in oxide

morphology between the cast and hot worked structure.

_structure.is Y + Fe

-10-

The second phase was formed, after solution treating at 1L00°C

and quenching to room temperature, by the following reaction:

a(supersat.) = o + Fe Ta
at 700°Cg The FeeTa perticles which formed during this reéction vere
plate shaped and there was a heavy network of the lLaves phase at the
grain boundaries, asrshown in Fig.‘ka. The final treatment was to
heat the alloys to 1100°C, as shown in Fig. 1, at which the Stable
2Ta. The effeét of this tregtmentvwas to
spheroidize the matrix Qnd grain boundary pafticles, and refine fhe
gfain size. The effect.of this tfeatﬁent on fhe grain boundary and
metrix particles can be seen by comparing Fig. ha and Fig. Yv. Also,
after the allctroﬁic phase changes of a - ¥ » o the prior grain_béundary

network is positioned within the giains rather than at the bourdaries.

2. .Second Phase Morphology

The morphology of the second'phase has been charactérized by
determining the diameterbdistribution, mean particle diameter and
§tandard deviation, volume fraction, interperticle spacing and the
spatial randomness of the particles. The particle diameter and
spatial randomness were measured from extraction replicas by a method
outIinedhpxakshhx:apA“Ebeling.12 There are many techniques for '
measuring the average particle diameter such as elechron transmission
microscopy of thin foils, optical microscopy, point counting,. small
angle x-ray. diffraction, and extraction replicas; Since the spread of

the particle diameter about its mode is required to evaluate the

‘ interparticle spacing, point counting techniques and small angle
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x-ray diffraction techniques are not suitable. ‘Also, the particle
diameters in the two phase alloys were too small to be measured at
magnifications obtainable with the optical microscope. Extraction
replicas were chosen because of their ease of preparation, freedom to
examine large areas at low magnification and because the particle sizes
werelélose tq the foil thickness required for transmission of electrons
through an iron foil. fhis condition would not yield a volume dis-
tribution but a planar distribution as do extraction replicas. Also,

comparison offthe diameter distribution of SiO, particles in copper

2
were measured with thin foils and extraction réplicés by Ashbyl2 with
#ery close asgreement between the two techniques. One precaution thgt
mist be taken with extraction replicas is to be sure all particle
diameters are extraéted with equal probability. For chemically inert
particles in the size range of 100A to 10,000& extraction is equally
probable and since the Laves phase particles in iron are within these
limitations the extraction technique was seiected as the best method
for particle sizing. Typical particle dispersions of the alloys
investigated are shown in Fig. 5, also optical micrographs of.the
alloys are shown in Fig. 6.

The particle diameters of two to three hundred particles were
measured for each alloy, thé number of particles with diameters in
groups of 250A determined aﬁd'the cumulaetive probability plotted
~versus the diameter. Alloys 2,3,4, and 5 approximated fo normal
distributions and alioys 6 and 7 to log normal distributions as shoﬁn
in Fig. f.‘ The arithmetic mean is given by the 50% point and the
arithmetic standard deviation by the difference between the 50 and 84%

points of the normal distribution and the geometric mean and geometric

-12-

standard deviation by the same points:of the lqg normel distribution.
The mean and sfandard deviation for the six alloys studied are listed
in Table I. The geometric means and geometric standard deviations
were converted to arithmetic measns and arithmetic standard deviations.
The variation of the extractibn factor from replica to replica
makes the extraction technique unsuitable for volume fraction
determinations. The voluﬁe fraction of second Phase could not be
determined from the phase diagram because the composition of the Laves
phase in eéuilibrium'with ¢ iron was not known. Therefore, the
volume fractions of Laves phese present in the alloys investigated
were measured with the aid of an electron beam microprobe analyzer.

13 makes use of the lever

This technique, proposed by Waldman et .al.,
arm ﬁrinciplé; with the boundary conditions evaluated with the electron
beam microprobe analyzgr. Using the intensities measured with the
microprobe, the volume fraction of Laves phase in equilibrium with

o iron is given by the following relationship:

f=I-IA/IB-IA

where I is the total intensity of faﬁtalum in the alloy, IA the

intensity of tantalum in o iron in equilibrium with the Laves phase

and IB is the intensity of tantalum from the Laves phase in equilibrium

~with o iron. The intensities were corrected for background from the

iron. The total intensity was measured from specimens in the solid
soiution‘condition, and the intensity from the Laves phase was obtained
from an overaged specimen. The inﬁensity of tantelum in iron was

determined with the aid of x-ray diffraction and the electron beam

r.
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microprobe analyzer. TheAlattiée par&metérs of solution treated and
two phase samples were examined Qith the results shown in Fig. 3. The.
matrix composition was constant for all alloys in the spheroidized
condition and thisvcomposition was found té be 0.1 at.% Ta. 'The matrix
cagpbsition was converted’to taﬁtaiqm intensity from the intensity
. versus composition data obtained from the solid solution samples. The
volume,fractioné of thg éix allo&s,studied are listed in Table I.

The interparticle spacing of the particles on a random plane can
be calculated from thé foilowiné relationship:l2

i 1/2
g 2 \1- _
=)

vhere f is the volume fraction of Laves phase, D is the average
particle diameter anle2 is the Staﬁdard deviation. The center to
center spacing aé well as the between particle spacing (A-D) are listed
in Table I. '

The spatial randomness of the Laves phase in.the iron matrix
was investigated because of the complex heat treatment required to
achieve the desiredbmorphology. The randomness was exaﬁined by dividing
the extraétion_replica microgrephs into squares and counting the number
of particles in each square.‘ The probdbility that a square contained
r particles, P(r), was plotted versus the number of particles, r, to
obtain the distribuﬁion curve. The experimental distribution was

compared with the Poisson distribution where:

P(r) = u/r! exp(-u)

14~

where P(r) is the probability that a square contains r = 0,1,2,3,. .
particles and Y is the average ﬁumber of particles. The compariéoﬁ
between the Poisson distributions and the experimentally determined
distributions are shown.in Fig. 8. It was concluded that the Laves
‘phase particles webe.rdndomly distributed in the iron matrix becquse

the Poisson distribution was derived from the assumption of complete

' randomness. and the experimental distributions match the Poisson

distribution. The area of the squares was decreased for samples with
increasing particle density to keep the average number of particles

per squere close to 1.

- 3. ‘Matrix Characteristics

The interparficle spacing, diameter and volume fraction of the
second phase sre necessary variables to determiﬁe for the calculation
of the flow properties'of>a two phase system, but the dislocation
structure, matrix flow properties, sub grain size and gréin size
are also necessary structursl features ﬁo evaluate.

The randomness of the grains was examined by the back reflection
Laue technique. Directions parallel and perpendicular to the tensile
axis were examined for each allby. It was concluded that little
texturing had occurfed during the forming process or subsequent heat
treatments. A typical Laue back reflection photograph obtained for
bofh perpendicular and paréllel directions is shown in Eig. 9.

The grain boundaries of the spheroidized structure were difficult
to reveal with an optical microscopebbecause the second phase particles
were large enough to obscure the boundaries. The grain structure of
alloys 2 and 5 are shown in Fig. 10 and coﬁparison with an ASTM grain

size chart shows the grains to be about 3-5. The grains hed a large



s

variation in size within a given sample and in alloys with lower volume
fractions the grains were equiaxéd‘while in the alloys with a higher
volume fraction the boundaries became more irregular. This effect is
consistent with observations of grain shape in recrystéllized fwo
phase alloys.ll‘l

Following the & + Yy + a treatment and an anneal at 800°C, the
alloys had a sub grain structure which was dependent on the particle
spacing. The substructures of alloys 2,4 and 6 are shown in Fig. 11
and‘Fig. I2.VIE1ectron diffraction analysis was used to verify that:the
structure observed in these alloys were suﬁ grains and the results of
one of these studies is shown in Fig. 11. As éan‘be seen, the patterhs
from the two sﬁb grains are nearly identical as eXpec£ed from material
with a lo§ éngle‘ioundary between them. The lack of texturing in
these ailoys ruleskdut the possibility that these are high angle
boundaries of a highly textured material. Also, any texture in this
material would be a rod texture, because of forming conditions, and
the'grains would have a random orieﬁtation arouﬁd‘the‘foil normal
which was also the rod axis. The sub-grain size of alioys 2 and 6
have been determined by lineal analysis, and the sub-grain size of
alloy 2 was 32008 and alloy 6 was 20004,

Studies of deformed samples were conducted to determine whether
thé:seéond phase fractured dufing plastic deformation or whether the
particle/matrix interféce had failed. After plastic strains of 10-20%,
approximatély the ultimate strain, neither fractured:particles nor
failed interfaces were observed. The dislocations_were arranged in
tengles around the particles as shown in Fig. 13 for alloys 2 and k.

The tangles around the particles are very similar to the secondary

-16-

> in his theory on the work hardening

1
dislocations proposed by Ashby
of two phase materials. No evidence of dislocations loops, as proposed

by Fisher, Hart and Pry,l6 were observed.

/

)
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;Vf DISCUSSION OF DISLOCATION-PARTICLE INTERACTION MECHANISMS where G is the shear modulus. Nabarro18 has evaluated the line tension

A. Yielding Mechanisms of a dislocation and substituting this result into Eg. (1) results in

The interaction between a dislocation and a hard incoherent the following:

spherical particle embedded in a soft matrix is the only dislocation-

particle interaétion mechanism which needs to be congidered because ) C ‘ T‘; T + ;;%?%5; 1n(%%2) .52)
the Laves phase in iron‘fité this categOry. The yielding behavior of ‘
allo&s with this type éf structureihave been thoroughly investigated . ) ¢ = %‘(l +1/1 - v)
for both single and polycrystalline material, with the first mathemati- ,
 cal';e1ationship describing the yield stress as a function of particle where D is the mean particle diameter. The term (A - D) was introduced
épéqing proposed by Orowan.17 ‘He broposed‘that a critical stress was . to account for the finite particle size.
reached‘at which a dislocation expanded to e semi-circuler loop between | Fﬁrtheg :efinements have been made on the Orowan theory by
tﬁélparticles, where the particles acted as obstructions to dislocation Ashbyl9 where he evaluated the critical configuration for bypass and
movement in the Slip‘plane. The "flow stress is given by the sum of the the variation of the line tension with disloeation character. The
stfefs's required to move the disloeation through the matrix unobstructed approach used by Ashby was to determine the force exerted on a par#icle
by I};a.rticles‘ and the stress required to bypass the particles. The by a bowing dislocation, where the force is a function of the angle
foliowing-relationship would then describe the flow stress: Jbetween the dislocation segments on either side of the particlé. The

! force on a particle is then given by:

r=1 + & (1) |
v F=2E (8) Cos 8

where T is the critical resolved shear stress of the two phase
i

2 =" .
material, T the critical resolved shear stress of the matrix, T is Gb D [ A s ]
> Ty s . E(6) = In { 1+ (1_) - 1) Sin 0

the line tension of the dislocation, b is the Burgers vector and A
is the mean planar interparticle spacing. Tm the simplest case the

where 0 is the angle between adjacent dislocation segments bowing

. . 2 R .
line tension can be taken as Gb /2 per length resulting in the around a particle. For an edge disloeation the critical stress is:

following relationship:

'3 |UI

’ - R
@b : Te =5 o8 6 1n ‘

[1+ (%—-l) sin 9” (3)
o * ~ R .
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Ashby found the critical configuration occurred when 8 = 0° to 30° but
was always greater than 0°. The critical angle 6 decreases with
~ increasing particle spacing end increasing (D/}).

Besides acting as a simple obstacle to slip, a second phase
particle can cause stresses in the matrix whiéh impede dislocation
motion. The difference in the coefficient of thermal expansion of
the matrix and the particle\can result in long range matrix stresses
of the order of 2G8f, where G is the matrix shéar modulus, § is the
misfit and f is the volume fraction of particles. Also, differences
in elastic modulus result in im#ge?fQ?ce§uwhich ean mttract or repel
a dislocation. The long range back stress due to this difference is

approximately:
T = AGbf/hmA ' (%)

In most cases where the bypess stress is large the effect of differences
in coefficient of thermal expansion and elastic modulii is small and
may be neglected.

The randomness of the particle spacing will affect the sharpneés

of the measured flow stress. It was found by Kockseo that if the

critical bypass configuration is 6 = 0° then the macroscopic flow
stress of the random array of particles is 6.85 times the average local
Orowan stress.

The Orowan relﬁtionshib has been tested with a large number of
alloy system and boph the simple: and more sophisticated relationships
satisfactorily fit the results. Tests with copper single-crystals

with Si02 particles and BeO particles have been conducted by Ebeling N
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and Ashby2l and Jones and Kelly,22 respectively. Their data fit, with
reasonable accuracy, Eq. (4) with 6 = 0°, Aluminum-copper single

23 and the crifical

crystals have been tested by Dew-Huges apd Robertson
resolved shear stress was shown to vary linearly with A-l, The slope
of this plot differed from the theoretical value and there was a
great deal of scatter, however a somewhat bette; fit was obtained
when Kelly and Nicholsonah replotted their data according to Eq. (2).
The application of the Orowan relationship to the prediction of
the flow stress of an alloy must be done with care. Thevstructural 

features of the alloy must fit the model for which the Orowan relation-

ship was derived. The particles mist be non-shearing, the matrix must

be in the annealed state, the particles must be dispersed within

the grains and not concentrated at boundaries and solid solution
strengthening and strain aging must be taken into account in BCC
systems. Also, when analyzing polycrystalline materials the randomness

of the grain orientations and the grain size must be known.

B. Work Hardening Mechanisms

The first model proposed for the work‘hardening of single )
crystals contaihing a hard second phase was by Fisher, Hart and Pryi6
and it was based on an increased 3ypéss stress necessary because of
cireular loops which are left at each particle as the dislocation
bypasses that particle. The model assumes that no cross-slip occﬁrs

and that these loops remain in the primary slip plane and exert a shear

stress in the matrix which opposés further dislocation motion. The

. results of this model state that the flow stress depends on the Volume

fraction and the radius of intersection of the particle with the glide

plane; The fallowing relationship was proposed:
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AT = Sﬁiifﬂgﬁ (5)
h ) r
bty = (v - Ty)particles-; (t - Ty)without particles

" vhere ¢ is a constant equal to about ‘3, f is the volume'fractibh,
N is the numbér of concentric loops around the particle, G is the

‘matrix shear modulus, b is'%he Burgers vector and r is the radius of

intersection of the particle with the glide plane. Fisher et al.,l6

_ also proposed that the increment in flow stress, ATh,'would reach a
meximum becaﬁse the stress build-up arournd the particle would

ultimately fracture the particlé.' This maximum stress was given as:

~

7 ATh = 3f Tc

Concentric dislocation loops have never been observed in plastically

deformed alloys containing hard particles, while it has been found

23

by Dew-Hughes et al., that Al-Cu single crystals oriented for single

slip instead slipped on many intersecting slip systems. 'Ebeling end

21

Ashby™™ found that copper singile cryétals with up to 1 vol. % of Si0

2
deformed by single slipbwheh oriented for single slip, but that the
stage I region of the stress-strain curve was replaced by an approxi-
mately parabolic stage. The greater volume fraction of second‘phase
in the Al-Cu alloys is thought to account for the more turbulent flow
in these crystals when compared to the copper crystals.

15

The second work hardéning model was proposed by Ashby ~ and he

proposed the following relationship:

_22_

TETt CG(bfy/]'—))l/2 (6)

Vhere T is the shear stress required to flow the two phase alloy,.

Ty ié the critical resolved shear stress of the two phase alloy, C is
‘a constant equal to 0.2 to 0.4, v ié the sheaf strain, b the Burgers
véctor, f the volume fraction, and D is.the‘mean particle diameter.
This relationship was found to fit the work hardening date of Ebeling
et al.,21. It was obsgerved that with increasing volume fraction
single crystals oriented for single slip deformed more homogeneously
with unobservesble slip lines, Laue patterns'blurfed apd farmed Debye
rings and finally shape chénges became more typical of a polycrystal
than a single crystal. The observation of dislocation networks around
the particles accompanjed these changes in slip behavior: 1In the
prbposed model Ashby stated that seéondary dislocations are nucleated
at the particle-matrix interface to reliéve‘the stresses from the
dislocation loops -on the primary slip plane. The work hardening occurs
because of the interaction between primary and secondary dislocations.
Ashby assumed that the number of loops intefsecting per unit of area

of slip plane was,

N, = 3yr/mbD (1)

and that the flow stress was related to the dislocation density by
the force exerted by a dislocation loop (secondary dislocation)

opposing a straight dislocation (primary dislocation) which is 0.25

Gb2 and the avérage number of 1&ops per length of dislocation which

1/2.

is (NL) The total force opposing a straight dislocation is

0.25 sz (Nn)l/2' The force due to the stress increment above the
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initial yield stress, (T - To)b, is equated to the force and the result

is the final expression, Eq. (6).

C. Relationship Between Single Crystal Deformation
and Polycrystal Deformation

The previous expressions which relafed stfess to strain and to
particle morphology have been based on shear stress and shear strain
because of the need to evalua£e the dislocation motion on a given slip
plane. There are very few applications of single crystals to
engineering use, so if these models of particle/dislocation inter-
action are to be»appliéd to engineering materials they must be redated
to polyerystalline deformation. The applied tensilé stress can be
resolved onto a gi&en plane and in a given direction throughhgeometric

considerations with the following relationship:
g = Mt = T/siny cos\ ' (8)

where G is the applied tensile stress, T is the shear stress on a
given plane in a given direction, X is the angle between the slip
plane and tensile axis, A is the angle between the slip direction
and the tensile axis and M is the Schmid factor.

A ﬁolycrystal is a set of single crystals each oriented randomly
with respect to the tensile axig, each with a different Schmid factor.
There have beeﬁ two attemptsAto calculate a Schmid factor for
polycrystalline materials -and the first of these attempts was b?

a5

Sachs. He determined the average orientation factor for all twelve
slip systems in an FCC crystal assuming that each grain deformed
independéntly of its neighbors. Sachs found a Schmid factor of 2.238.

Sachs snalysis requires a series of parallel But free single crystals

<Dl

vith an equal tensile strain, and unequal strains in other directions
and unequal tensile stresses in each grain. This approach gives a
lower 1imit to the polycrystalline stress strain curve.

The second approach, to determine a Schmid factor for polycrystals,

26,27 where he considered the minimum work

was presented by Taylor
required for sﬁear on five systems which satisfied the continuity
conditions at a grain boundary. Taylor equated the energy expended

during a smmll strain of unit volume of a grain on either side of the

boundary to the work done by the external stress as follows:

gde = ?;I T,dvs (9)

Assuming Ti is the same on all systems then,

n
2 ay

T de
By finding the set of slip systems in an FCC system which satisfied the
continuity conditions yet minimized the value of ﬁi in faylor
found the set of systems most likely to deform. H:-iound ninety six
sets of systems which woufd fit these criteria and evaluating forty
four sysfems he calculated an average M of 3.06.

Body centered cubic’crystals deform by pencil glide where the
slip direction is crystallographic but the slip plane is that of
maximum resolved shear stress containing the crystallographic direction.
In realit& slip is confined to definite planes, but in a BCC crystal
there are enough planes on which slip will occur that contain the

{111 > directions to meke deformation approximately non-planar., In
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iron both the (110) and the (112) planes have been observed as slip
flanes; both contain the (111 ) direction. The Taylor factor, M,
has been calculated for pencil glide by Hutchinson28 and Chin and

30

Mamme1%? and they found that M was equal to 2.75. Keh O used this

Ve .
valué fdr the Taylor factof'to calculate the shear strESS—shear straiﬁ
“curve of polycfysﬁalliﬁe.ifon ﬁnd‘féund that the calculated curve fell
between the single crjstﬁl}éurveé for crystals oriented in the [100]
and [111] directions. i

Using the Taylor factor, M; the single crystal relationships,
Eqs. (3) and (6), can ﬁe cqhverted'to polycrystailine tensile stress-

strain relationships as follows:

a =co»+—h-m% ln(
» ¥ or(A-D)

&len

assuming 6 = 0° and setting o equal to the matrix flow strength.

1/2
d=o+my%c(ﬁﬂ -
v )

) e

-26-

V. RESULTS OF STRESS-STRAIN PREDICTIONS

The calculation of polyerystalline stress-strain behavior of
single ﬁhase material from single crystal stress—straiﬁ curves has been

achieved with reasonsble accuracy for both FCC and BCC crystals.

However; the prediction of polycrystalline stress-strain behavior from

models of dislocation interactibns, in single phase material, and

particle-dislocation interactions, in two phase material, has received

little attention. In this study, it has been found that up to some

limiting strain the.stress-straip behavior of a two phase allqyshas
been predicted from & relatlonship basea on particle—dislocation
intergctions. .

The yield strengths of the alloys investigated were calculated
with Eq.(3),raésuming 8 = 0°, and the results have been compared to

both the proportional limit and the 0.2% offset yiéld strength in

‘Table V. The.0.2% offset yield strength of alloys 2,3,4 and 5 compare

very well with the calculated values, but the results of alloys 6 and

T do not match so well. In Eq. (38) the matrix yield strength, 9,

- was taken as 5.5 kg/mmz. This value was determined from polycrystal-

line iron samples (Alloy 1) heat treated and tested similarly to the

. two phase alloys. In Eq. (3a) the Burgers vector was taken as 2.48A

3

the shear modulus G as 8.47 x 10 kg/mm2 and the cut off radius, Tos

as Ub. Agreement between the slope of Eq. (3a), 0.85 MGbd/2m, and the

7élope obtained from s flot of the 0.2% yield strength versus 1ln (d/kb)/

(A-D) was within 15%. The experimental curve is presented in Fig. 1L
and the values of the calculated and.experimentally determined slopes
are listed in Table V. Data from alloys 6 and 7 were not used for the

determination of the experimental slope.
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The flow curves of the two phase iron alloys tested were
parabolic up to about 5% plastic strain. A linear relationship was
obtained when ah, the difference between the flow stress and the yield
stress of the two phase alloys, was plotted versus the squere root of
the true plastic strain. The.results of this evaluation are shown in
Fig. 15 and the deviation from the linear relationship marked a change
in the work hsrdening mecﬁﬁnism. The strain at which the data deviated
f;om linearity decreased with decreasing (A-D); however, the decrease
was only slight. The slopes obtained from Fig. 15 compared very welli

with the slopes of Eq. (6a), M3/20G(bf/5)1/2

, When C was set equal to
0.46. The experimentally determined slopes and calculated slopes are

listed in Table VI, as ig the slope obtained from a plot of ©
1/2

versus
h g

A iinear relafionship was also obtained when O, was

(bfe/D) h
)1/2

plotted versus (bfe/D , as shown in Fig. 16.

fhe vaiue Ach, which equals ch(particles) minus Gh(no parficles),
has been plotted versus_the irue plastic strain in Fig. 17. The
results show that the work hardéning contributed by the particles 
saturates at about 5% plastic strain. . This value is Qéry nearly the

1/2

same 88 the strain at which the O, versus € data deviates from a

h
linear relationship.

Using Eq; (6a), the flow properties of these alloys have been
calculafed as a function of étrain and the results of these calculations
are shown in Fig. 18 and Fig. 19. These curves were calculated using
the experimentally determined value of.the proportional limit fér 0&'
as this was thé smellest strain at which plastic flow was detected. Up

to about 3% pigstic strain the calculated and experihental flow curves

showed remarkably good agreemeht. Above 3% plastic strain the deviatién

-8~

increased with the volume fraction of second phase. Even with this
disagreement, the calculated values and experimental values of the
ultimate stress were within 15% to 35%, depending on volume fraction

of second phase.
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VI. DISCUSSION OF RESULTS

A, Yielding Behavior

Therappliqabiiity of the Orowan felationship to predict the yield
stress of an'alloy»ﬁith a dispersion of a hard second phase has been
well established. However, care must be taken when applying this
relationship tp alloys with a complex thermsl or thermal-mechanical
history becausg the modél.is based on particle-dislocation interactions
only and not on dislocation-dislocation imteractions. The contribution
to the yield strength from the matrix dislocation demsity must be
evaluatéd separately.from the contribution from the particles. The
alloys investigatea_had a complex thermal history which resulted in
& high dislocation density but these dislocations were arrange& into
sub grain bdﬁndaiies by an,an;ealing heat treatment. Also, the matrix
strength wﬁs determined with samples which fad undergone the same
©. complex therﬁal treatment as the alloys but without particles.

The matrix flow stress was measured with uniexial tensile samples
of iron which had been treated similarly to the alloys. The iron used
for these samples was the same as that used for the alloys and were
tested at the same temperature and strain rate as the alloys. A yield
point was observed in the iron tensile samples which was never observed
in the alloys. In the Fe-Ta alloys the carbon was probably removed from
solution by the tantalum, vhich is a strong carbide former. The yield
stress of titanium gettered polycrystalline iron tested at 300°K was

31

found to be L.8 kg/mm2 by Cuddy and Leslie. Their samples had an ASTM

L.grain. size of L-5 vwhile the iron samples tested in this study hed a grain.

size of 1-2. The combination of & larger grain size, which would lower

the yield stress, and the presence of interstitial carbon; which would
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raise the yield stress, resulted, fortuitously, in a yield strenéth
similar to that found by Cuddy and Leslie. Since the Fe-Ta alloys had
a grain size of 3-5 and were probably free»of interstitial carbon, the
yield stress of 5.5 kg/mm2 observed for the iron samples was taken as
the matrix flow stress of the tvo phase alloys at 20°C. Also, the
contribution of 0.1 at. % Ta to the solute hardening was about 1%,
therefore it was negiected.

The yielding behavior of alloys 2,3,4 and 5 obeyed an Orowan
type relationship. Since the sub-grain size was dependent on the
interparticle spacing in these allois, the dependence of the yield
sfnength on interparticlé spacing could be & measure of sub-boundary

dislocations pinned by the particles which subsequently bowed out from v

the particles. Whether the dislocations are randomly arranged in the

matrix or arranged in sub-grain boundaries pinned by the particles the

Orowan mechenism controls yielding, although & sub-grain size smaller

than the interparticle spacing would increase the yield strength above

that expected for a given interparticle spacing. The sub-grain size-

was smaller than the interparticle spacing in alloy 2 and larger than
the interparticle spacing iﬁ alloy 6. Even though the sub-grain size
was:smaller than the interparticle spacing in some of the alloys an
Orowan type yielding mechanism pfevéiled. The proporfional limit of
the alloys were smaller thanlthe yield strength predicted by Eq. (3a)
and was probably a measure of the movement of unpinned dislocations
within the sub-grains or within the precipitate free zone, PFZ, near

thé original o boundary. The deviation of the yield strengths of alloys
6 and 7 from those calculated by Eq.{3a) is thought to be the result

of a wide PFZ in these alloys. Also, the occurrence of quench cracks
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in these alloys were observed and although precautions were taken to
prevent them, cracking may have persisted. When cracking was observed

the cracks were large enough to affect the load carryving area.

B. Work Hardening Characteristics

It has been found that the work hardening characteristics of
polycrystalline two phase iron alloys obeyed a work hardening
Vmechanism ag proposed by Ashby and stated in Eq._(6). It was evident
fhat the work hardening did not obe& the Fisher, Hart and,Pry_model
becéuse attempts to fit.th to f3(2/r resulted in a nonlinear relation-
ship at all‘strains and & plotlpf Adh mai versus f3/2 algo was non~
linear. Also, it was quite evident froﬁ the sfress-strainbcurVes thaﬁ_
thebflow stress was not.linearly dependent on strain as would be
necessary with the Fisher, Hart, and Pry model. Therefore it was qdn_

cluded that this model did not explain the work hardening in the alloys

studied.
The occurrence of a maximum in Ach was the only aspect of the
-work hardening which coincided with the Fisher, Hart and Pry model.
dAc '
h

The FHP model predicts that Ach has a maximum, = 0, at which

de
the work hardening in the two phase structure equals the single phase

work.hérdening. " A satisfactory explanation for this maximum has not
been proéosed, although Fisher et al., claim that the particles
'fractﬁre and a steadyrétate numbér of loops exist around the particle.
The qumber of loops which are predicted to exist around the particles

at this maximum are 30 té 100. It.is not likely that a hard éarticle

such as an oxide or intermetallic cdmpbund would fracture under these

conditions, and this_has been verified by Ashby,l5 Dew-Hughes et.al.,

and in this study. The alloys investigated had a maximum in th at 5%

it has been shown by Conrad

23
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plastic strain, except alloy 7 which had a maximum at 8%, a behavior

33,34

which has been observed by others. The magnitude of th max did

depend on particle morphology, as shown in Table VI, but a plot of
3/2 :

AC. max versus T

h was non-linear. If Tc were a constant, and if

work hardening obeyed the Fisher, Hért and Pry model then a linear
dependence‘shouid have been observed. Some dependence of th max on
the particle morphology is expected but at the present time a relation-
ship other than that propésed by Fisher, Hart and Pry has not Been

presented,

The flow stress of a single.phase material has been shown35’36

/2

to be a function of pl ,.where pvis the dislocation density. Also,

37.that p is inversely proportional to the

) grain size and that as a function of strain the Tlow stress is given

- by:

o=0, + aubBl/281/2 (10)
where o and B are constapts,_e ié thé true plastic strain, b is the
Burgers vector, and U is.the shear ﬁodulus. The single phase samples
tested (Alloy 1) obe&ea this relatiohship to strains of about 5.5%.
Also, the ploté of Ach versus € had a parabolic shape as predicted

by the difference of Eqs. (10) and (6a). The déviapion of a single
phase matérial from the parabolic flow stress relationship occurred
becéusé of a change in dislocation interaction mechanism, and with‘

the addition of hard particles to.the material the strain at which this
change in work hardening occurred was reduced. However, this was not ‘
shoﬁn conclusively in the Fe-Ta alloys investigated because of the

small change in the strain at which parabolic hardening ceased.
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The work hardening model presented by Ashby was not quite as
,simple as the FHP model although it is based on primery slip occurring
on a single slip plane. It has been noted that the experimental work
hafdening data égreed_with the Ashby work hardening model with fair
aceuracy up t6>some limiting_étraiﬁ. The deviation of ch from a linear
‘relatiohship, as noted in Fig. 15, occurred at nearly the same strain
that Ach reached a maximum. Also, in both limiting cases the strain
wes nearly independent of the particle volume fraction, spacing and dia-
meter. Tt is condluded that the work hardening saturation contributed
to the deviation from parabolic hardening observed in these gllqys.

' ' ' 1/2

The slopes obtained from plots of & 'versus €

h were found to

correléte_very closely with those obtained from Ashby's relationship
when C' was taken equal to 0.46. Ashby found tha;t in copper single
crystals containing SiO2 particlest equaled 0.24, and that theoretical-
1y C waé 0.20 to 0.40. The large value of C found in two phase iron
alloys may have fesulted from primary slip occurring on more than one
‘slip plane. Ashby assumed éhat primary slip occurred on a single plane
and that secondary slip occurred on other planes. In the two_phase
polyérysﬁailine samples tested in this study primary slip was not
resfricted to a single slip plane.
1/2

A plot of o, versus (vfe/D)

while the calculated slope was 17.8 x 103 kg/mme. The calculated slope

had & slope of 12.5 X 103 kg/mm2

is somewhat larger thahzthe experimentally determined value, but the

data had a large asmount of scatter so that the slopes obtained from

1/2

plots of O, versus € were more accurate.

h
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C. Prediction of Flow Behavior

The calculated and experimental flow curves have been divided
into two segments, small strains up to 3% plastic strain, and large
strains, up to the ultimate strajn. This division helped the compariso
bétween experimentally determined flow curves and calculated flow
curves at strains where the Ashby work hardening model was valid. As
seen in Fig. 18, the fit between calculated gnd experimental flow
curves was excellent and with alloys 2,3,4, and 5 the calculated yield
strength could have been used and the fit would have been just as
good. - In all cases the shapes of the calculated curves were very
similar to the experimentaily determined curves.

At large strains the calculated curves were well above the
experimental curves. This deviation is relatéd to the deviation

1/2

observed in the plots of 0, versus € , Which is thought to be related

h
to the saturation of the work hardening of the two phase alloys. Also,
the conversion of single crystal data to polycrystailine with the
Taylor model caused some error at strains greater than 5%. A deviation
between single crystal date and calculated polycrystal data has been
observed for copper single crystals oriented near the [111].38 The
results of this calculation are shown}in Fig. 20 and it can be seen
that the deviation’in the two curves occurs at tensile strains of about
5%. |

The development of & relationship to predict the flow behavior
at strains greater than about S% requires the evaluation of the
mechanisms which control the work hardening saturation. Also, it is

possible the Taylor factdr is a function of strain because of lattice

rotations which occur during plastic deformation. Even with the
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deviation mentioned the error between the calculated and experimental
ultimate stress varied only 15% to 35%, depending on alloy, as shown

in Table VI.

-36-~

VII. CONCLUSIONS

The use of relationships based on particle-dislocatiog in?eraction
mechanisms to predict the flow properties of polyecrystalline d—iron
containing hard spherical particles has been undertaken in this study.
Both the yield stress and the sfress—strain behavior of these two phase
iron alloys have been measured andvcompared with c#iculated values
with good agreement.

The yield strength values depended on the interparticlé spacing‘
in a manner siﬁilar to that proposed by Orowan, but the best fit wﬁs
obtained with an Orowen type relationship as modified by Ashby.19
This relationship accounts for the dependence of the line. tension
with dislocation character and the critical configuration fof disloca~-
tion by-pess.

The work hardening characteristics of the two phase iron alloys
depended on the particle diameter, volume fraction of second phase
and the strein in a memner proposed by Aéhby.l5 Ashby proposed that
the flow stress had a parsbolic relationship to the strain and up to
a‘limiting strain this relationship was obeyed by the iron all&ys
tested. At this limiting strain the increase of the flow stress of
the two phase.structure over that of the single phase structure .
reached a maximum:and it was concluded that this saturation 6f the
parﬁicle hardening was responsible for the deviation of the flow stress
from the parabolic relationship. The slopes obtained_from plots of
the flow stress versus thg square réot of the strain compared very
well with the slopes predicted by Ashby's work hafdeniné model.

The‘flow curves of the alloys were calculafed_using AShby's work

hardening model and excellent comparison was found for all the alloys
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Qp to 3% plastic strain. Both the magnitude and the §hape of the
qalculated curves matchéd the experimenteally determined data. Above
:,3% strain, the calculated data was greater than the experimental data
':with thevdeviafion increasing_with increasing‘vqlume fraction. The
difference between the.calcula$éd &nd experimentally determined data ¥
was caused by_ﬁhe'saturation'of particle contributed wqu hardening
and by the conversion of tﬁe flow relationship from that of single
cr&stai deformation to’polycrysfalline deformatidn. The difference
between the éxpeiimentally determined.and the -calcdulated ultimate
stfess was 15% to 35% depending'on'the volﬁme fraétion of secoﬁd éh&se;
Tt was concluded that the flow stress of a two phase pol&crystalé
line alloy, with hard partiéles as the second phése, can be success- ‘
fully pre&icfed from a relati&nship which»deﬁends on the morphology of
the second phase. An improvedbmafch between éxperimental and calculated
»results could be obtained with the knowledge of the.ﬁechanism con-

trolling the work hardening saturation.
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Table I. Data on Average Particle Diameters, Interparticle Spacing,

Volume Fractions and Compositions of Alloys

- D(A)

1250
1575
1825
2300
éOSO

1600

450

: h75

800
875
990
680

A(AR)

5640

4970

k110
4380
34ko

2470

A-D(A)

4390
3395
2285
2025
1390

870

£(%)

0.73
1.4h

3.08

h.1k
5.32
6.14

at. % Ta

0.k
- 0.70
1.00
1.52
2.05

2.53
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Table II. continued,

Table II. Typical Purity of Iron and Tantdlum Starting Materials ' ‘ Iron Tantalum
.......... v .
Zn .001
Iron Tantalum :
A 7r , .005
Al .-.001
Be .0005
ce” - .001 , .003
c | - .002 .00k
"Cr . : .001
Co ., 001
Cu o .00k
Fe | ‘ : .003
H : .o ooy
Pb .001 ‘
RV .0005 . .006
Mo ©.0015
Mo .00k : .02
™ " _ - 10
N 001
N .00k ook
o - : . .0b ' .005
P : o2 )
si- ' .003 003
5 | .003
Ta ' .001
Sn v .003

w .001 .05
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Table ITI. Lattice Parameter Data for the Compound Fe_Ta

2 Table IV. Interplanar Spacings and Intensities for the Fe-Ta .Laves
- Phase.
\
ao(Ao)v co(Ao) ' e/a Reference » . - - = —
4,806 , 7.846 1.633 This work Fe-2 at.% Ta alloy 5 h¥-800°C ASTM Powder Diff. File for Fe7Ta3
L.828 - 7.838 162 3 , hk-% a(a®). | m/z(u-e) aa®) | 1/1(11.2)
4.816 7.868 . 1.633 . 5 10.0 © | k.12 10 4.15 15
14.817 7.822 1.624 6 002 | 3.893 s 3.9 s
4.81 7;85.. 1.63 7 1041 3.655 10 . 3.68 10
4.80 | 7.8L . 1.63 ASTM Powder | 10.2 2.838 10 2.85 20
Diffrection :
File for FeYTa3. 110 2.391 75 2.398 80
10,3 | 2.20k 80 2.212 100
20:0 2,07k 30 2,078 30
12 2.0k2 100 2.047 - 100
20 -1 2.006 65 2.010 70 |
00-+k 1.957 15 1.957 5
20:3 1.625 15 |
21-0 1.570 25
300 1.386 25 1.386 20
213 1.347 50 . 1.346 ‘ 50
. 20-3,00-6] 1.307 45 1.307 ' 30
20:5 1.252 35
22.0 | 1201 | 35




Table V. Comparison of Calculated and Experimental Yield Strength Data

cy('ks/mmz) Gy(kg/mmz) %Q}\Z_%‘;Eﬁ ’
Alloy  proportional limit o, 0.2% (kg/m®) calculated Exp Cale
1 5.5 18.8 16.3 _
2 15.5 20.0 20.0 11.1x107° Eﬁ% 9.75%107° 1—‘5‘—;2
3 16.6 20.0 20.0 o . m
.. 22.7 28.1 27.7
5 26.3 3.k 31.7
6 - 26.6 32.9 42.9
T 22.1 28.5 61.6
Table VI. ‘ Comparison of Calculated and Experimental Work Hardening Data and Ultimate Stress.
w3/ I2CG(% Ou(kg/mmz)
Alloy Exp. Calc. % Diff. b, max (kg /mn> ) Exp. Calc. % Diff.
2 75.5 67.8 10 6.5 37.2 k2.9 1k
3 95.5 C8l.T 10 10.5 40.5 47,2 15.5
4 115.0 115.0 0 13.0 46.5 60.2 26
5 112.0 119.0 6 12.3 50.0 65.8 27
6 138.0 143.0 b 16.5 55.0 Th.1 30
7 159.0 - 17h.0 10 20.5 56.0 79.9 35
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Fig. 1.
Fig. 2.
Fig; 3.
Fig. &
Fig. 5.
Fig. 6
Fig. 7.
Fig. 8.
Fig. 9
Pig. 10.

gl

FIGURE CAPTIONS
Schematic of heat treatment given to Fe-Ta alloys.
Iron rich portion of thé Fe-Ta phase diagram. (After Sinha
and Humé-Rotheryg).
Lattice parameter of iron versus atomic percent tantalum;
in single phase .and two phase condition.
Scanning electron micrographs showing spheroidization of
grain boundary phase in alloy 6. a) aged condition b) after
12 min. at'1100°C. -
Micrographs éf carbon extraction replicas showing Laves bhase
éartiéles of_two'phése iron alloys. a) Alloy 2 b) Alloy 3
) Alloy b d) Alloy 5 e) Alloy 6 f) Alloy 7
Optical micrﬁgréphs showing prior o gréin boundary and matrix
Laves phase in'tw§ phase iron alloys. a) Alloy 2 b) Alloy 3
c); Alloy b fa) Alloy’SA e) Alloy 6 f£) Alloy T
Cumulative proﬁability versus perticle diameter of Laves
phase particles extracted from two phase iron alloys.
a) Alloy 2 b) Alloy 3 c) Alloy 4 &) Alloy 5 e) Alidy 6
f) Alloy 7
The probability, P(r), versus r, where P(r) is the probability
; squafe marked on an extraction replica contains r particles.
a) Alioy 2 b) Alloy 3 ¢) Alloy 4 d) Alloy 5 e) Alloy 6
f) Alloy T
Micrograph of a typical X-ray Laue back reflection pattern of
two phase iron alloys. Inner ring (110), outer ring (200)
Optical micrographs showing the final o grain structure of

two phase iron alloys. a) Alloy 2 b) Alloy 5

Fig. 11.
Fig. 12.
Fig. 13.
Fig.\lg.
Fig. ;5.
Fig. 167
Fig. 1T7.
Fig. 18.
Fig. 19.
Fig. 201

© 250

Transmission electron micrographs showing orientation
difference between two sub-grains in alloy 2 in undefotmed .
condition.

Transmission electron micrographé showing the dislocétion
structure of undeformed two phase iron alloys. a) Alioy 5
b) Alloy 6 ‘ |
Transmission electron micrographs showing the dislocation
structure of two phase iron alloys after a tensile strain
a) Alloy 2, 20% strain bd Alloy h} 12% strain

‘The 0.2% yield stress versus the Orowan parameter

iy (Igg— ).

(x-D) :

The wérk hardgning, oh’ versus the square root of the true
plastic strain a) Alloys l,.2, 3, & b). Alloys 5, 6

¢) Alloy T

The work hardening, oh, versus the dimensionless parameter,

1/2
iy

, for strains of 1%, 2.5% and 5%.

The difference, Ach,.in ihe work hardening of single phase
and two phase'allo&s versus the strain.

Calculated and experimental true stress-true strain curves
for two phase iron alloys up to 3% strain.

a) Alloy 2

b) Alloy 3 c¢) Alloy 4 d) Alloy 5 e) Alloy 6 f) Alloy 7
Calculafed and experimental true‘stress—true strain curves
for two phase iron al}oys_up to the ultimate stress a) Alloy
1 b) Ailoy 2 ¢) Alloy 3 d) Alloy b4 e) Alloy 5 f) Alloy 6
g) Alloy T

frue stress-true strain curves‘of polycrystalline copper

and of single crystal copper near the (111) corrected to
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.




—

TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





