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PREDICTING THE STRESS-STRAIN BEHAVIOR OF POLYCRYSTALLINE
«-IRON CONTAINING HARD SPHERICAL PARTICLES

o R. H. Jones *
Inorganic Materials Research Division, Lawrence Berkeley Laboratory and

Department of Materials Science and Engineering, College of Engineering;
University of California, Berkeley, California 94720

ABSTRACT

Récénf interest in the work hardening offﬁetal crystals
containing a dispersién of hard particles has resul;éd in analytical
éxpreséions rélating the Qork”hérdening to strain;“parﬁicle diameter
and vdlume'fraétion as well as other material paréﬁeters. In this
study,‘fhése models have Been'used to caiculéte the tepsilé stress-
strain behavior of poncrygtaliine a-iron ﬁoﬁtainigg:dispersions of
the intermetallic_compoﬁnd Fe,Ta. |

The structural chéracteri;tics of the Fe?TaTalloys were
thoroughly evaluated. The particle morpﬁolbgy was measured for random-
ness, mean particle diaméter, standard deviation of the_pafticle
diameter, voiume fraction and planar interparticle épacing. Also, the

-matrix flow strength, composition, cryStal;ographi¢ rgndomness,vdis-
location morphology and grain size were evaluated.

It was foundvthat stress—-strain beﬁévior of these’poly—
cfystalline alloys‘could Be calculated with.less thaanSZ ér:or up to
true plasgic stfaips of 5% using a work hardeﬁing model proposed by

3 : : . .
Ashby. An error of 0% was obtained for the alloy with the lowest

* . ‘ : _
Present address: Westinghouse Electric  Corporation, Research and
Development Center, Churchill Borough, Pittsburgh, Pa. 15235



volume fraction of second phése at this strain. Above 5% true plastic
strain the work hardening due to the presence of particles was

saturated such that further deformation was similar tq that without

particles,
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I. INTRODUCTION

For a number of years the only model describing the work
hardening of‘metal‘Crystals containing a diSpersionvof hard particles
was that proposed by fisher, Hart and Pry.1 Recently.ptoposedeork
hardening médels for dispersionstrengthened alloys-inéiude a revised
FHP theory by Hartz, a model proposed by Ashby3vbased on the generation
of secondary dislocation loops and a model proposed’by'Hirsch and
'Humphreyéa based on the self hardening of a slip line by rows of
loops generated by glide dislocations. The emphasiévon'underétanding
the yielding mechaniems invtwq phase alloys juatifiably preempted
efforts to understand work hardening mechanisms; hoveﬁét the‘recently
proposed work hardening models ﬁave greatly increased our understanaing
of dislocation-particle interactions. Further work to better character-
ize dislocation-particle interactions, to refine and establish the
limitations in the ﬁresent models and develop new models is needed.

This understanding is desirable because of the potential to design the
- stress-strain behavior of alloys fot post yielding and in optimizing the
particle morphology of alloys used in the cold worked condition.

The objective of this study was tb demonstréte the effective-
ness of existing yiélding aﬂd work hardening modeis‘fér predicting

the stress-strain behavior of engineering type materials. Alloys of



ir§n and tantalum éontaining dispefsions of up to 5 yol.'Z of the
intermetallic' compound FezTa were used for this study. .This alloy
system was well suited for this anal&sis because of'fhe following
characteristics:
1. .Hard phase in'a gsoft matrix
2. Equiaxed shaped particles
V3.H Largé’ﬁélume fraction of Second'phase.(SZ)'

‘ 4. Untexturedvpolycrystalline matrix

" 5. Low intérstitial content

6. ;Grain boundaries free of particles

Although this alloy is not a commoniy used engineering alloy, it is
struéturaliy similar to spheroidiéed mild steel. It is hoped that‘this
study represents a step towards applying work hardening.modeis to more

complex polyctrystalline alloys.



II. EXPERIMENTAL TECHNIQUES

A. Alloy Production and Heat Treatment

Iron alloys with tantalum concentradonéof 0 at. % to 2.0

at. % were cast from 99,95% pﬁrity eiectrolygicmironl(Clidden A-104)
and 99.97 initial purity téntalum rod. The téntalum rod was given a
three pass zone refining treatment prior to use. An induction
furnace was used for preparing the 1ngo;s with the iron and tantalum
held at 1750°C under argon for 30 minutes prior to pouriﬁg.

The ingots were form rolled at 1000°C from 1.25 in. diameter
‘down to 0.50 in. square rods. Tensile specimens were machined from
the squarg rods, encapsulated in quartz and sol&;ion treated for 1
"~ hour at_léOOOC, quenched into 45°C water and then aged in a molten
'salt bath for 1 hour at 700°C. Grain refinement and spheroidization
of the Laves phaSé Qas accomplished by heating the samples to 1100°C.
The effect of this transformation on the structﬁrg and properties of
Fe~Ta élloys has been reported by R. H. Jones et. al.S:_During this
treatment. the samples were enclosed in protective é;ainless steel bags
after which the surfaces were ground.tq remove any.surface reaction
products and to assure azuniform cross-section. Surface deformation
resulting from»the grinding operation was relieved by a 30 minuté

anneal at 800°C., A schematic of the heat treatingvéchedule is shown

in Fig. 1.



B. Alloy Anélysis

- The equilibrium volume fraction of phases pfesént in the
Fe-Ta alloys was determined with the aid of an electron beam micro-
probe analyzer and the application of the lever arm principle as proposed

by Waldman_et.-al.6 and stated below:

B T ¢
) . |

-x:f = IT:Ia/IFe %a- o
where f is the volume fraction of second phase.and I is the intensity

of a characteristic X-ray line for tantalum. The uée of this technique
was necessarf Becéuse of aﬁ incomplete Fe-Ta phase &iagram and a lack

of knowledge gbout the composition of the Laves phaSe_in equilibrium

with a-iron theteby eliminatihg thevbulk residue analysis technique.

Also, extraction replicas are not an ﬁccurate method of measuring the
particle volume fraction because of a variable extraction efficiency
between replicése The total tantalum intensity, IT, f§r gach alloy

Qas determined with specimens in the solution treated and quenched
conditioﬁ agd that for the Laves phase,‘IFezTa, witbvépioveraged specimen.
‘The matri#»intensity, Ia’ waé determined by first obtgining the matrix
composition by comparing the lattice parameters of single phaée and two
phase samples of known composition and converting this composition to

an intensitvaith.the compoéition—intensity data obtgined from the

siﬁgle phase alloys., .It was possible.to obtain an intensity measure-

ment for the Laves phase in overaged samples from large grain boundary

particles, but an uncertainty about subsurface particles‘hindered matr ix



measurements; ﬁﬁérefbre,.this less direct method was required. The
lattice parameters were determined with a Norelco X-ray diffractometer
using Cu K& fadiation and a crystal monochromatqr té reduce the
flourescent iron radiétion.
Particle size distribution and spatial randémness were
- determined by measufiﬁg 200-300 particles whicﬁ Qeré_extracted from
the alloys with carbon films. In preparation for extractionm, the
specimen surfaces were prepared metallographically withbaf least three
etch-pdlish steps to insure a scratch free surface Qith a minimum of
deformation. vThen, the'surfaces'werevcleaned with ho; soap and water,
rinsed with ;lcohbl, ultrasopically cleaned in an acetone solution,
etched, swabbed with hot soap and water and finally»finéed with alcohol
and driéd. Thése steps were tékeﬁ,to assure a clean surface prior to
carbon coating. The carbon was deposited in a vacuum evaporator, a
.vgrid scribed in the carbonvlayer and extracted in an acetic 10%
perchloric acid solution with.25 volts applied acrosé the sample and
a stainless steel cathode. An Hitachi HU-125 electron'microscopev
was used to examine the replicas with a calibrated carbon grating
producéd by E. H..Fullman Co. used to calibrate the microscope.
Dislocation substructures were evaluated'by means of trans-
vmisSion elec;ron microscopy using an Hitachi HU—1251électron microscope
at lOO KV.. Foiis of heat treated material were obtained from slices
which h%d been heat freate&, ground to.0.010 in. and chémically thinned

to 0.002-0.003 in. thickness in a solution of 85 pafts'HZOZ, 10 partsr



H,

0 and 5 parts of HF; Discs, 3 mm in diameter, Qete jet'polished"in
an acetic.loz perchloric aci&'sdlution at 10 volts.i Foils of de—
formed material were obtéined by ép&rk cutting a O.OlSJin; slice from
thé reduced sécﬁion of a deformed £ensile specimen, With the remginder_
of the treatment similar to the undefofmed slices.

| An oﬁfic;i metallograph utilizing phase céntrast was used
to evaluate the grain size and shgpe. The randomness of the cfystallo*
graphic grain orientation was determined with the X~ray Laue‘baqk .
reflectioﬁ ﬁechnique, with specimens parallel and ﬁefpendicular to the
form rolling direction. | |

Expefimental‘stress-strain data Qas obtaingd_wifh 0,250 in.

diameter tensile specimehs witﬁ an Instron tensile testing machinevat
a strain raﬁe of 3 x 10—4/mingte. The load was measuréd.with an
accuracy of + 0.5% and a sensitivity of 1 kg. The change in length
was measured directly from the chart which was éynchronized with the
crosshead movement. The:éage lengﬁh was estabhshea by grinding the

reduced section of the tensilévspecimens with a square fillet and

could be measuréd with an accuracy of.O.SZ.
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III." STRUCTURAL CHARACTERISTiCS OF TWO PHASE Fe-Ta ALLOYS

The plastic fléw characteristics of alloys with a dispersion
of ha;d particles are dependent on the propérties and morphology of
the individdai phases. The flow stress of the two ﬁhésgs, the matrix-
particle interface propefties, the elastic properties of the phases and
the shear modulus of the matrix are some of the propefties which affect
the alloy properties; Morphological characteristics-éuch as the size
distribution, shape, randomness and spacing of the Sécond phase, the
matrix grain size, dislocation arrangements and randomness of the
gfain briéntations determine the yielding and work hardening properties
of two phase ailoys.

Following the héat treating schedule sho&ﬁ’in Fig. 1, the
crystal structure of the matrix phase was always tﬁe bcé structure
with no evidence of any retained fcc phase. The laftice'parameter of
the matrix phase was constant fof all compositions and was equal to
2.866A.  The lattice parémeter of the unalloyed iroﬁ; hgat treated
similarly to the alloys, wés 2.865 A. Both values are close to that
listed By the ASTM Powder Diffraction file for high pﬁfity iron of
2.866 A. S

Examinatién of particles, extracted fromvaﬁ_overagesze—Ia_
alloy, with.the Debye Scherrer x-ray diffraction technique by R. H, Jones7

confirmed that the Laves phase, FezTa, is in equilibrium with a iron



at 800°C. The compound, FezTa; was found to be‘isomorpﬁdus with the
hexagonalngan type structure (Cl4) with'lgttice parameters of
a, = 4.806 A, co'== 7.846 A'and c/a = 1.633; It was aiso.concludéd
.that'fhe Fe—Ta‘Laves phase was honFétoichiometric and wasvprobably‘ .
iron_rich;- |
A matrix composition of 0.1 at. % Ta was determined by com-
paring the lattice parameteré of the alloys in ghe single and two
phase conditions. The results of this examination are shown in Fig. 2. :
A knowledge of the matri# composition was necessary because tantalum
is an effective solid solution strengthener in iron. | |
The particle diameters of two to three huﬁdied particles
were measured for each alioy, the number of pargicles with diameters
in groups of 2508 determined and the cumulative probabiiity plotted
versus the diameter. Alloys 1, 2, 3 and 4 approximated to normal
distriﬁuﬁpns and alloy 5 to a log normal dis;ributipﬁvas shown in
Fig. 3. The arithmetic mean is given by the 50Z point and the érithmetic
standard deviation by the difference befween thé 50 énd 84% points of
the normal distriubtion and the geometric mean and geometric staﬁdard
deviation were determined similarly from the log normal'distribqtion; : ?
The geometric mean énd geometric standard deviation Qeré cdnverted to
arithmetic mean and arithmetic standard deviation.  The arithmetic
mean diameters, arithmetic étandard deviations and vblu@e fractions of

Laves phase for alloys are listed in Table 1.

10



Interparticle spacings on a random plane were calculated from the

following relationship:8 )

1/2
A = 0.5 i— i + 93* | D (2)
' 6f '52 '

wherg.cz'is_the standard deviation. The centef tbgcenter spacing as
well as the between particle spacing (A-D) are listed in Table 1.

. The spatial randomness of the Laves phase.particles was ex-
amined by dividing the extraqtion fepiica‘micrographs into squares and
counting the number of partiéles in each square;i The probability that
~a square contained r particles, P(r), was plotte& versus the number of
particles, r, to obtain the distribution curve. _Tﬁe expérimental

distribution was compared with the Pdisson'distribution where:
P(r) =u /r! exp(-u) o (3)

-where P(r) 1is the proﬁability that a square contains r = 0,1,2,3,. .« .
particles and u 1is the avérage number éf particles;V A compariéon

between tﬁe Poisson distriﬁution and the experimentéiiy determined
distributiqn of alloys 3 and 5 are shown'in'Fig. ;;; fhe close correspon-
dencevbetween'tﬁe calculated ;nd measured distributions demonstrates

the spatial réndomneSS'éf the ﬁarticles, |

While the-stresé-str#iﬁ beh#vior of a two phase §oly—‘

cryétalline material is stroqgly dependent on the,dispersed phase

morbhology, it is also affected by the defeét density of the matrix

11



phase, the size,'shape and cr&stallogréphie.fandomnéés bf the matrix
grains and_the cleanliness of the‘boﬁndafies separating these gréins.
_Follbwing'the a>y+a treatment and an anﬁeél ét 800°C;‘the alloys had a
sub-grain structure which was dependent on the particle spacing. The
substructures of alloys 3 and 5 are éhown'in Fig. 5. The sub-grain

size of alloys 1.and 5 were determined by lineal énalysis and found to

be 3200 A and 2000 A, respectively. An ASTM grain size of 4 was measured

for all the alloys; however, the boundaries became mofe iffeéulap with
increasing volume fraction of second phase. It was cQﬁcluded that the
greater leumé of:obstacles to grain boundary mdvemépt‘during the final
transformation from Y.to o resulted in the increased grain bo@ndary
irregularity. iLongitudional and transverse specimens ofieach alloy
examined with: the Laue back fefleé;ion téchnique revealed thaf little
vte#turing had occurred during the forming process of subsequeht heat
treatments. |
Evaluation of the plastic flow of two phasé'pplycrystallinev

material requirés'grain'boundaries théh are free of sééond phase
particles and:have a .minimal precipitate free zone.'iGrain boﬁndaries
without these éharacteristics wduld inhibit the measurement of matrix -
flow properties and would greatly éffect the strain'COntinuity at the |
boundary. Following the.heat treatment diagrammed in Fig. 1, the Fe-Ta
alloys had grain boundaries which were free of particles and a

precipitate free zone. This structure occurred because the peritectoid

transformation which was used to refine the grain size was such that

12



little solubility difference was present between thé a and y phases.
Therefore a refined grain structure could be achieved without develop-

ment of grain boundary precipitates.

13



IV. YIELDING BEHAVIOR

\

A. Yielding Theories fOf Metallic Crystals Containing Hard Particles

. Basedvbn ‘the structural characterization og'these alloys, al
yielding behavior in obeyance to the Orbwaﬁvyielding model was expected.
Orowan9 propéséd that at stresses greater than sbme’éfitical value a
dislocation bowing between non—deformable'particies wouid expand with-
out a further stress increase and bypass the particle;' It is necessary
tﬁat the parﬁiéles obstruéﬁingvthe dislocation motion ﬁiﬁhstand the
fofée(upon them'during the expansion of the loop. Aiso;;if the
particle spaéing ié large substantial dislocation ﬁo;ion aﬁd:§ork hard--
ening will occur before dislocation motion is obstructéd; Measurement
of macroscopic flow behavior would then result in a yiél&.stress larger
than that pfedicted by the bowing mechanism.

- Refinements‘to OrOWins original theory héVe been proposed by
erlly and Nicholsonlo and Ashby*l. éshby evaluated tﬁe‘critical con-_
figurafion»for bypass And the variation of the line te@sion with
dislocation character. The appréach.used by Ashby wés Lo determiné the
force exerted on a particle by‘§ bowing dislocation, where the force
is a funétion of the ahéie bgtweén the dislocation segménts on either
side of the particle. Assuming 6 -.O; r, = 4b and substituting
(A = D) to account for large parﬁicle diameter, Ashby's'relationship

for the critical stress of anvedge dislocation can be converted to

14



tensile stresses in polycrystalline material with the aid of the

Taylor mode112’13 with the folldwing reiationship resulting:
o, =0, + —~E£2% ln(Z%) i (4)
Y 21 (A-D) .

where ¢ accounts for the randomness of the particle épacing.

B. ‘Experimental Results
0f the yilelding models mentioned in the prior discussion,
the best theoretical-experimental correlation was obtainéd with
equation 4. ‘The value for ¢ was set equal to 0.85 becauée it was found
by Kocks14 that if the critical bypass configuration is 8 = 0° then
the macroscopic flow stress of the random array of particles.is 0.85 times
the average local Orowan stress., A vaiue of the Taylor factor M of
2.75 was chosen rather then 3.0 because calculations by Hutchinson
and Chin and:Maﬁmell6 showed this to be the correct Taylor factor for
bccicryétals which-deform by pencil glide. The sheér-modulus, G, for

iron was used in all calculations because the 0.1 at. % Ta in solution

would not'significantly alter this value.

The matrix flow stress was measﬁrea with ﬁniaxial tensile
specimens of unalloyed iron which had been treated similarly to the
alloys. The measured yield stréngth was 5.5 ké/mm2 which is close to
the 4.8 kg/mm2 measured by.Cuddy and Leslie17 for titanium gettered
polycrystalline iron teétéd at 22°C, Becausé of the small tanfaiﬁm
concentration in the matrix of the two phase alloys,vfhe flow stress
of unalloyed iron was taken as the matrix flow streés in the two phase

alloys.

15



.A linear relationship was observed when the 0.2% offset yield

strength was plotted versus the particle-morphology'and_dislocation

. character parameter z—i:; In %% as shown in Fig}'6; Also, the slope
A-D o ’ ' :

obtained from this plot, 11.1 x 10_5 kg-cm/mmz, compared favorably with -

" the value for the slope, 0.85MGb/2m, of 9.75 x 10_5 kg—cm[mmz, as pre—

dicted by equation 4. The difference in these two values is only 127%.

As expected, the calculated and experimental values‘of:the yield strength

agree reasonably well as seen in Table II. An error of 30% is noted for

alloy 5, but the other alloys were much closer.

16
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V. WORK HARDENING BEHAVIOR

A. Work Hardening Models for Metallic Crystals Containing Hard Particles
Chrbﬁologically, the first model proposed for the work
hardening of single crystals céntaining a hard secoﬁd phase was by
Fisher, Hart and Pry.¥ The FHP model was based on an-increased bypass
.stress necessary because of circular loops &hich are left as the dis-
location‘bypasseé eaéh particle and it assumes that thesé‘loops remain
in the,p;imary slip plane and exert a shear stress iﬁ ;hé matrix which
opposes further dislocation motién. The dependence of the flow stress
on,thé volume fractions and the radius of intersection of the particle

with the glide plane was stated as follows:

= cf3/2NGb (5)
. h r .
"h T (T)particles - (T)without partiélés

where ¢ is a constant equal to about 3, N is the numﬁer_of concentric

loops afound the particle, and r is the radius of intérsection of the

particle with the glide plane.. fiéher et'al.,1 also proposed that the
increment in flow stress, Ty would reach a maximum because the stress
build-up around the éarticle would ultimately fracture the particle.

This maximum stress was given as:

17



Qualitatively the Fisher, HartvandiPry (fHP) model has been
supported by expérimenfal results. The prediction of a'maximﬁm wofk
hardening increment has been Qerified in two pﬁase alloyé by Hart,18’19
Safdar and.Phillips,zo Gensamer,21 and Roberts et a122.  Also; thé work
hardening rate bredicted by the FHP model and tﬁe increase in work
hardening with decreasing particle size at a constanﬁ volume fraction -
cdrrespond‘qualitatiQely Qifﬁ experiméntalvresuits.”vWilson23 found
that the reéidual stresées in"é'plastically'deformedﬁtﬁo phase alloy
were compressive in the matrix and tensile in the par;iqies as expected
from the dislocation loop configuration predicted with the FHP mode;.'

| " Although some aspgcts_of the FHP model have'Been quaiifatively
vérified, some features have been questioned. The effeét of dislocation
cross élip cannot be overlooked when considering dislocation-particle
‘interactions; so that, a model based on simple concenffic dislocation
loops around the particles is not realiétic.  Disloﬁatibn arrangements
around pafticléé of'plastically deformed matefial have been shown -to
be very complex with cell formation observed in copper.cpntaining oxides

of silica, beryllia and alumina by Lewis and Mar_tin?4 and Goodrich and

26 .

Apsell25 in aluminum with a dispersion of alumina. Bumphreys and Martin .
'observed pfismatic lobp; with hélices the diaﬁeter ofﬂthg precipitates,
large jogs and_é large dénsity of wide dipoles in piéstically defofned
Cu~Co single crystals. :Thomas and'Nutting27vo$served.cfoss.slipped»
dislocations in Al-Cu and Al-Mg ailoys and Ashby and Smith28 observed
priématic loops in internally'oxidized Cu-Al alloys.’ It has been found

by Dew-Hughes et al.29 that Al-Cu single crystals oriented for single

18



slip instead slipped on mahy intersecting systems. Ebeling and

Ashby3 foundbfhat copper single crystals with up to 1 vol. % of SiO2
deformed by'singié siip when oriented for single slip, 5ut the stage I
région of thé stress-strain curve was replaced by an aﬁpfoximately
parabolic Stage. The greater volume fraction of secoﬁd phase in the
Al-Cu alloys is thought to accouﬁt for the more turbulent flow in these
crystals when coﬁpared to the copper crystals. |

At the maximum work hardening increment, tbé FHP modél pre-
dicts a steady state number of loops around each partiéle. The
mechanism by which this steady state is maintained is ﬁqc clgar, but
it seems ﬁnlikély thaﬁ the loops collapse by shearing'the particle which
in most cases is aﬁ oxide of intermetallic compound . ‘ﬁértlg found
T, t§ be 0.07 E‘and 0.3 for Al-Cu and Cu-Cr alloys whith.for the case
of Cu-Cr mean 50-100 dislocation loopé surround each‘particle when
steady étate conditions e#ist. Since the elastichodu;ué'ofvthe matrix
w0ula generaliy_be less thapbthe particle, the theoréticl strength of
the matrix woﬁld be exéeeded prior to that of the particle thereby
resulting in secondary disloéations being generated rather than particle
shear. It‘is possible that the particle matrix interface may separate;
however, thig has not geﬁerally beén observed.

Ekperimental verifica;ion of tbe FHP relétionship has been
claimed by Fisher et. al.lvénd Ashall and Evans30;.however, both tests
were with polycrystalline méterial. The énly testvofvthis theory
using single crystals was '‘with Al-Cu alloy single crystais by Dew-Hughes
and»Robertsqnzg. The autho;s féuhd the best linear fit with N plotted

versus f/r rather than f3/2/r.

- 19



‘ In a recent paper, E. W. Hart2 presénted a theory which was
»inteﬁdéd to alleviate the defects of the original FHP model. 1In his
presghtation Hért:éssuméd that wofkbhardening of thg matrix proceeds
similarly with or without ﬁarticles; the particles trap loops which v .
raise _thé critical bowingbstress and the Orowan streaslis’simply
additive to the matrix flow stress. ‘The relationship which Hart pre- o é

gsented was as follows:

: 1/2 *1/2 *
g, =0 1+ 6c1/2f3/6 | + 18cf3/2 Fg— € 7)

h y dy | Oy .
where % is the difference between the flow with and without partiéles,
: . v | _
¢ is a constant and € is the tensile glide strain discontinuity about
a partiéle. Since some recovery of the dislocations trapped by particies
can occur, the glide strain discontinuity dqes'not equal the homogeneous

tensile strain._'An approximation that can be made isvthat 

*
€ = ¢ for e < ec

where €. is the strain at the maximum hardening stress. ‘The constant ¢

in equation 7 depends on Poisson's ratio in the followiﬁg way:

o O;Sv
c 0.509{:1 + (1= :}

As a correction for nonuniform particle size, Hart probose& that £-

be replaced with feff which 1s assigned a value which makes the cal-

culated and experimentally determined values of o, equal at € = €."

20



This empirical adjuétment of f has tge result of balancing the linear
and parabolic strain terms and_hence‘the shape of thg GB versus €
curve as weli as fhe magnitude of o | | |

In copper single crystals containing a dispersidh of 8102
particles, it was obéerved-b& Ebeling éhd Ashby3 that Qith~an increasing
volume fraction of SiO2 singie‘crystals qriented for single slip de-
formed more homogeneously with more obscure slip line traces, Laue
pétterns became blufred and formed Debye rings_and finally shape
changgs became more typical of a polycfyst;l than a single crystal.
The observation of dislocation networks around the partiéles accompanied
these changes in slip behavior. The following relationsﬁip best de-

scribed their data:

T = xy + CG(bfy/E)l/z | ,‘ | (8)

where t'is the shear stress required to flow the two phase alloy, Ty

is the critical resolved shear stress of the two phase alloy and C is

32,33

a constant equal to 0.2 to 0.4. Ashby later demonstrated that

this type bf relationship occurs if it is assumed thét work harden-
'ing occurs because of the intergction of geometrically,ﬁecessary dis-
location loops (secondary dislocationé) nucleated at“£he;bartiéle—
ma;rix interface and dislocations moving on the primary slip plane.
The secgndafy loops are produéed to relieve the stress dug to slip

on the primary plane. Ashby3 has stated that the éecondary slip model
makes predictions about the rotaﬁions of the matrix lattice,

asterism of Laue spots, density of secondary dislocatiéns‘and the
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initiation of cavitation. Primary to the model is theuédhéept that'
if particle fracture or cavitation do not occur, secondafy disloga;ions
are geométrically“necgssary. Hirsch an& Humphreys3l'ha§é quest1§ned
the following three aésumptions made by Ashby: - | N ' }
1) The secondary dislocacioﬂ loopsAare prismatic and |
randomly distributed. -
2) The Burgers vectors are réndom.;
3) The secondary dislocation loops are sessile.
A work hardening_model‘based on thevselfhafdéning of a slip
line By TOWS of‘ldopé generated by.glide dislocations haé been pro-
posed by.Hirsch énd Humphreysé. Above a critical.strain, the form of
thelr relationship is similar to Aéhbys. Because of this similafity
and the uncertaint}'in assigning values to some of the constants in
their relationship, only the Ashby model has beenvpresentédf It is‘ex-
pected that an equivalent experimental fit would be obﬁained with the

Hirsch and Humphrey modei,'however, the magnitude of the stress at a

given strain may be subject to greater error.

B. Comparison Between Calculated and Experimental Flow Curves

The tensile stressfstrain behavior of polyéfysﬁalline iron
containing a dispersion of hard éphérical particles of volume fractions
ranging b;tween 0.73 and 5.3 vol. % have been compared with the
stress-strain behavior predicted by equations 5, 7 and 8. Experimental
agreement with the FHP theory in-the form of equation 5 and the ob-
servation of a maximum o, was observed. Values of op Vere obtainéd

by subtracting the stress-strain curve of iron samples treated and
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tested similarly to the two phase alloys. The values for the volume
fractions and the particle diameters listed in Table 1 were used
for this éomparison. The results of plotting q, versus f3/2/r are

3/2/r

shown in Fig. 9 where good agreement was observed at values of f

o -1

less than 7 x 10'_6 A .~ The maximum values of o, obtained in the

two phase Fe—Ta'alloys are shown in Fig. 10, however a definitely non-
linear relétionsﬁip was observed when dh(mai) was‘plotted versus f3/2.
Since the.FHP theory predicts a linéarISCress-strain relationship31

| while the’e;perimental stress-strain relationship was non-linear, as
shown in Fig, 11, and because of the previpusly cited discrepancies
betweenrexperimeﬁt and the FHP theory, it was'conciuded that the FHP
theory is not adequate to describe the stress-strain behavior of the
polycrystaiiine alloys tested.

Comparison between the experimental stress-strain behavior
and the relationship proposed by Hartz, as stated by equation 7, was
made with the‘éxperimentally'determined pafticle volume fractions and
the effective volume fractibns. The valueé_of f, G and qy listed in
Table I were used for these calculations; With these particle volume
fractions, equation 7 predicts a flow stress at 5% true ﬁlastic strain
of 43 kg/mmz, 98 kg/mm2 and 157 kg/mm2 for alloys 1, 3 and 5, re-
spectively. These values represent errbrs of 43%, 130% and 170% with
respect to the experimental results. Since the discrepancy was so
great the effeétive volume fractions were calculated.and‘found to
be 0.19%, 6.25%'and'0.402 for alloys 1, 3 and 5, respeCtively. The

effective volume fractions differ by an order of magnitude from those
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listed in Table I and cénnot répresent the fréctionvof'pé:ticles
contributing to the work hardening. Siﬁce the empiricallévaluation of
the particle volume ffactions has the effeqt of shapihgvfhe calculated
stress-strain cﬁrve and adjusting the stress magnitﬁde; a gbod fit
with the experimental results was expected and £s démbnstrated by_
the plo;s shown in Fig. 11. However, the usefullness of‘éqdation 7 for
predicting the stress-strain behavior of an.alloy is sevérély'limited
by the need to fit the function to the results.

'Flow curves have been calculated using Ashbys Qork hardening
model as expressed by the relétipnship below: |

1/2 -
3/zcc -b_f_—e ‘ | (9)

o=0g +M
y D

The single crystal shear stress-strain relationship as expressed by
equation 8 was converted to a polycrystalline tensile stress-strain

12, 13 With the constant

relatioﬁship by applying the Taylor model.
C in equation 12‘équa1 to 0.46 and tﬁe values of.oy,'b? f and ﬁ'equgl
to those listed in Table I and II, the calculated flow:curves shown in
Fig. 11 resulted. >The correlation between these curves ;nd the ex-
perimental results is excellent at small volume fractions (alloy 1)
with increasing deviation at larger volume fractions. At a true
plastic strain of 5%, the deviations are 0%, 13%Z and 14% for alloys 1, -

3 and 5, respectively. The results of alloys 2 and 4 are intermediaté

between those of 1, 3 and 5.
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C. Comments 6n the Application of the Secondary Work Hardening Model
for Predictions of Uniaxial Polycrystalline Stress-Strain Behavior

~ The secondary work hardenihg model proposed by Ashby3 and
stated for polyérystalline material by équation 9 gave the best stress-
strain predictions with a,minihum of empirical fitting. . éome emplricism
was used to obtain a value of 0.46 for the constant C in equation 9
while a value of 0.2 to 0.4 was predicted by Ashbyf Siﬁce_Ashby
propoééd this model for primary slip only, the value of.this constant
may be larger when deformation occurs by multiple slip. : Ashby states
that '"the precise mechanism by which secondary dislocations obstruct
primary ones changes oﬁly the constanf......". Slip on secondary
systems wouid contribute to the obstruction produced by the punched éut
loops aqd thereby increase thevﬁalue of this constant.. AvValue of
0.46 seems smail Qhen the multiplicity of active slip systemé in bece
crystals is considered.

The work hardening saturation predicted by_;ﬁe FHP theory and
illustrated for the Fe-Ta alloys in Fig. 10 may explain the deviation
between experimentél and calculated results at strains greater than 5%.
Tﬁis deviation ffom the secondary work hardening model is‘demonstrated
by Fig. lé where (o—oy) is pléﬁted versus 61/2- Deviation oc;urs at true
plastic strains between 0.03 and 0.05 as compared to strains of 0.04
and 0.06 for work hardening saturation. Transmission eléctron micro-
scope studies of deformed tensile specimens were undertaken to determine
whether particlevfracture or particle/matrix decdhesion contributed to

this change in work hardening behavior. No fractured particles or

separated interfaces were observed in samples strained 20% in tension.
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At plastic stralns greater than those at'Which.saturatian occurs but
. less than those at whichvplagtic instability occﬁrs, the stiess-stréin
behavior of'theéé alloys is similar to that of Ajhomqgeheous poly-.
crystalline material. |

Further support that the secondary work hardening model
adequately describes the stress—strain behavior of these alloys at
strains less fhén saturation is given by the linearity_of'the plots
shown in Figs. 12band 13 and the agreeﬁent between the_éalculated
and experimentall&'determined slopes of these curves és listed 1in

Table II. The'siope of the curve plotted in Fig. 13 is 12.5 x 103

kg/mm2 while the value prédicted by equation 9 is 17.8 x 103 kg/mm2
when C is taken as 0.46. |

It is expected that equation 9 would be equally effective
1n.predicting'the'stress-strain behavior of other polycrystalline alloys
containing a dispersion of hard equiaxed particles. Some consideration
must be given to the value of C selected but it may be true that C
in most poiycrystalline alloys is between 0.4 - 0;5.“ A1§o, care must
be taken to insﬁre that plastié deformation is no? localized at grain
vboundérieslas,woﬁld occur if a wide PFZ was present,~th;t-grain |

boundaries are not cluttered with particles and that the dispersed

phase is non-deformable and approximately equiaxed.
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VI. CONCLUSIONS

The stress-strain behavior of polycrystalline a iron
containing a dispersion of hard spherical particles has been measured
experimentally and compared with the behavior predicted by a modified

Orowan yielding model and work hardening models prOposedbby Fisher,

Haft and Pry, Harts revised FHP model and Ashby. Alloys containing

up to 5 volume percent of the intermetallic compound FéZTa dispersed
in polycrystalline o iron were evaluated at room,temperatﬁfe. The
temperature and strain rate dependencies were not evaluated since
the main objecti§e Qas tovevaluéﬁe the éccuracies of these modeis for
predicting theisfress-strain behavior of polycrystalline ﬁéterial.
It Qas found that an Orowan type relationship as modified

by Ashby satisfactorily described the yieid strength aé a function of
the interparticle spacing and»particle diémeter. An expérimental slope
of 11.1 x 10"5 kg—cm/mm2 aﬁd a calculated slope of 9.75 X lO-5 kg—cm/mm2
were found for this relationship. The calculéted and experimental values
for the¢ yleld ﬂﬁrength ditffered at moat by 13Z for four of the five alloys
tested;. » | »

Both the Hart revised FHP work hardéning model and Ashby's model
based on thé generation of secondary dislocations weré in good agreement with

the experimental data. Harts revised FHP model required the use of empirically

obtained values for the particle>volume fraction which differed by a factor of

27



10 from the measured volume fraction and therfofe‘is'n6t>suitable for
predictive purpoées; “ At tensile strains greatei than'SZ, the work
hardening was characteristic of the matrix without partiéles therefore

deviation between the exﬁerimental and calculated results based on

Ashby's model differed at large strains. A difference of 0%, 13%
and 14%.was'found'between the ekperiﬁentai flow strength and . that
calculated with Ashby's model at 5% true plastic straih.fér alloys
with 0.73, 3.08 and 5.32 volume fraction of second phase, respectively.
While further work is needed to verify the general appiica-
~bility of these models to other éolycrystalline alloys, the results of
this study indicate that it is poésible to calculate thevstreSs-strain
behavior.of polycrystalline alloys to some limiting strain. Also, it
is evident fhat a greater understanding of particle~-dislocation
interaction mechanisms has been made possible by thevdéV¢lopment'of

the work hardening models of Hart, Hirsch and Humphreys and Ashby.
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TABLE I. DATA ON AVERATE PARTICLE DIAMETERS, INTERPARTiCLE SPACING,
VOLUME FRACTIONS AND COMPOSITIONS OF Fe-Ta ALLOYS

Alloy D& o) 2& A-DA) £(%) at. L Ta

1 1250 450 5640 4390  0.73 0
2 1575 475 4970 3395 1.44  0.41
3 1825 800 4110 2285  3.08 - L.00
4 2300 875 4380 2025  4.14  1.52
52050 990 3460 1390  5.32  2.05

TABLE II. SUMMARY OF CALCULATED AND EXPERIMENTAL YIELD STRENGTH AND
WORK HARDENING DATA FOR Fe-Ta ALLOYS '

1/2

Alloy oi(kg/mm}z zDIFF. w3/ 2ce ‘Ef) ZDIFF.
EXP. CALC. : EXP. CALC.
1 18.8 16.3 -13 75.5 67.8  -10
2 20.0 20.0 0 ,95.5 84,7 . . -10
3 28.1 27.7 4 115.0 1150 0
4 31.4 31.7 1 112.0 119.0 - 6
5 32.9 42.9 30 138.0 143.0 4
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NOMENCLATURE

Average particle diameter

Particle volume fraction

Mean planar interparticle spacing

Matrix tensile yield strength

_Alloy tensile yield strength

Taylor factor

Matrix shear modulus
Matrix‘Burgers vector
Shear stress

Iensile stress

Shear strain

Tensile strain
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FIGURE_CAPTIONS

. Time-temperature schematic illustrating the heat treatment used to
‘obtain a dispersion of spherical Laves phase particles in Fe-Ta alloys.

Lattice parameter of iron versus atomic percent tantalum for single
and two phase Fe-Ta alloys.

Cumulative probability versus particle diameter of Laves phase
particles extracted from two phase Fe-Ta alloys

a) Cumulative probability versus part1c1e d1ameter p]ot is typical
of alloys ¥, 2, 3 and 4.

b) Cumulative probab1]1ty versus 1log part1c1e d1ameter for
alloy 5

The probability, P(r), that a randomly placed square contains r
particles versus r, the number of particles per square for alloys
3 and 5.in the two phase condition. Calculated data obtained with
the Poisson distribution function and the experimental data from

-~ extraction replicas.

Transmission electron micrograph showing the Laves phase dispersion
and matrix dislocation structure in two phase Fe-Ta alloys subsequent

to the heat treatment diagrammed in Fig. 1. a) Alloy 3 ; b) alloy 5.

The 0.2% y1e1d stress, oy, versus the Orowan parameter, n (5/4b)/(A-D),
for two phase Fe-Ta alloys.

The particle contribution to the work hardening, op, versus £3/2/r
for two phase Fe-Ta alloys at true plastic strains of 0.01, 0.02,
0.03 and 0.04. v

The particle contribution to the work hardening, Ops Versus the true
plastic strain for two phase Fe-Ta alloys.

Calculated and experimental true stress- true'strain c rves for twg
phase Fe-Ta alloys. Calculated curves based on Harts and Ashbys

work harden1ng models.

Stress 1ncrement of-o s versus 61/2 for two phasé'FefTa alloys.
a) a]]oySv] 2 and 3; b) alloys 4 and 5.

Stress 1ncrement of-0y, versus the dimensionless, parameter, (bfe/ﬁ)]/2

for two phase Fe- Ta a*]oys at true plastic strains of 0.01, 0.025
and 0.050. , o
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Curve 651137-8
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extracted from two phase Fe-Ta atloys. (a) Cumulative probability versus
particle diameter plot is typicat of alloys 1, 2, 3, and 4, (b) Cumulahve proba-
bility versus log particle diameter for alloy 5.
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Fig. 5=Transmission electron micrograph showing
the Laves phase dispersion and matrix dislocation
structure in two phase Fe-Ta alloys subsequent to
the heat treatment diagrammed in Fig. 1 (a) Alloy
3 (b) Alloy 5
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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.




e ee—

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





