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ABSTRACT

This paper presents some new findings related to the structural changes of
Al-6wt%Ti alloy after hot extrusion and elevated temperature creep. This
aloy was fabricated by ingot metallurgy (IM) followed by hot extrusion
processes, annealed at 650 °C for 48 hrs and then subjected to elevated
temperature creep tests at 590 and 620 °C. Double shear specimen configu-
ration was used in the creep tests due to its suitability for deformation
analysis. Microstructure changes of the alloy under these processes were
examined and analyzed in terms of size and aspect ratio of the second phase,
AlTi intermetallic compound, by using the optical microscopy and image
analysisfacility. The results of thiswork showed the animprovementin size
and redistribution of Al Ti intermetallic compound after hot extrusion and
creep tests. The application of such processes reduced the size and aspect
ratio of thelarge flaky shapeAl,Ti particlesto uniformly distributed smaller
particles. Thecreep curves of thisalloy have been dominated by the primary
creep stage followed by very short steady state stage and no indication of
the existence of the tertiary creep stage. The analysis of this improvement
was discussed in terms of the particle size and aspect ratio of Al,Ti com-
pound. © 2012 Trade Sciencelnc. - INDIA
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INTRODUCTION

Aluminum aloysre nforced with ceramic particles
areattractivefor applicationsrequiring higher stiffness
and strengththantraditional duminumdloys. Thegen-
erd principleassociated with thesetypesof materialsis
to combinethematrix properties, i.e., ductility, fracture
toughnessand machineability, with reinforcement prop-
erties i.e, fiffness, strength and thermal stability. It has
been frequently reported, experimentally, that thein-

corporation of ceramic reinforcementsinto metdlic ma:
tricesresultsin sgnificant changesinthemicrostructure
of thematrix materid™2. Thesechangesindudedevated
dislocation densities, refined matrix grain size and
reiforcement and enhanced precipitation kineticg®4.
Al-Ti based dloysarenow extensively usedin high
temperaturestructura applicationsdueto theexistence
of highly stableAl . Ti phaseand very low equilibrium
solubility and diffusivity of Ti inAl®, SincetheAl-rich
intermetallic compound Al Ti hasalow density (3.3 ¢/
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cm?), ardatively highmelting point (1350°C) and high
elastic modulus (166 GPa)Y, titanium hasbeen sdected
asthe preferred aloying element. Thesealloyshave
been shown to exhibit attractive combinations of low
density (~2.8 g/lcm?), highmodulus, elevated tempera-
turestrength, therma stability, and corrosion resi stance?
¢, There have been many effortsto improve the me-
chanica behavior of Al-Ti dloysat hightemperatureby
aloying e ementsaddition, microstructurerefinement,
and heat trestment!* 2, Resullts of dynamic modulusmeer
surements showed that an increase of ~2.5 GPainthe
modulusisobtained for every 1wt%Ti presentinthe
aloy®™. Microstructure refinement of such aloyshas
been extensively investigated becauseinitia structures
of aloyshaveasdgnificant influence on the mechanica
and physical propertiesof finished products**¥. The
finer grain and particle sizereducethesize of defects
such asmicroporosity, producing improved mechani-
ca properties. Problemswith Al-Ti master alloys can
a so be agglomeration of the carbidesand blockage of
defectsduring subsequent forming operations.

Al-Ti dloysarecharacterized by fineszeandlarge
volumefraction of finedispersonsof Al Ti, Al ,C, and
AlQO, particles® 9. Thecontribution of each congtitu-
ent to thestrength of Al-Ti aloys has been suggested
by Merchandani et a.1¥; the high temperature strength
isstrongly controlled by the carbide and oxide disper-
soids. Al Ti compound onthe other hand contribute
strongly to thestiffnessand strength of thesealloys, and
appear to beresponsible for improving the high tem-
peratureductility of suchadloys. Itisfoundinthelitera
turethat no systemati c information have been reported
for theafter-fabrication treatment onthefeaturesof Al Ti
intermetdlic compound.

Inthiswork, Al-6wt.%Ti aloy wasfabricated by
ingot metal lurgy technique, hot extruded, annealed and
then subjected to € evated temperature-low stresscreep
tests. Theeffect of these processes on thefeaturesand
scaeof Al Ti compoundintermsof itssizeand aspect
ratio was studied. All these structural changes of the
present alloy weredigitally andyzed and discussed.

EXPERIMENTAL

Materials

Thematerial usedinthiswork wasAl-Ti aloy (6
Woterioly Science (Commmm—

wt.% Ti) manufactured by ingot metallurgy (IM) tech-
nique. A charge of pureAl meta (99.5%) with 6 wt.%
Ti (99% minimum) wasmelted and mechanicdly stirred
inagraphite crucible heated by an electric resistance
furnace up to 720+3 °C, holding 20 min at the tem-
peraure, thenthemdt wasdirectly pouredintothemold.
The chemical composition (inwt.%) of the obtained
cast was ; 6.10%Ti, 0.18%Fe, 0.13%0 and the bal-
ancewasAluminum. Thecast materid ishot extruded
through acylindrical diewith anextrusonratio4:1 at
450 °C to ~9 mm diameter rod.

M echanical testing

Fully rounded doubl e shear test specimenswere
cut fromthe as-extruded rod parall €l to theextrusion
axis. Creep testswere conducted using doubl e shear
specimenswith 6.4 mm gauge diameter and 34.9 mm
total length. Prior creep testes, the specimenswerean-
nealedinair at 650 °C for 48 hr. This procedure was
performedin order to stabilizetheinterna structure of
thematerial. The specimenswere stressed under con-
stant load condition normal to theextrusion direction
using a(SATEC testing machine). Dueto double shear
configuration™, constant |oad implies constant stress.
Extradetail sregarding thetests, specimen’s configura-
tion and measurements are found € sewherd®¥. Figure
1 showsaphotograph of thetesting machineused in
the present work. The creep datawas obtained by con-
ducting aseriesof cregp testsonidentica specimensat
testing temperatures, 590 °C (863 K) and 620 °C (893
K) under stressesranged from 1 MPato 7 MPa These
elevated temperaturetestswerechoseninorder tohdp

Figurel: Univeral testingmachineusedin thiswork.
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inthematerial flow during the creep deformation.
Microstructureinvestigation

For microstructure analysis, the specimenswere
sectioned parallel to the extrusion axis, ground, pol-
ished, etched, and then examined using an optical mi-
croscope. Samplesfrom the as-cast, extruded and crept
materiad swere examined for characterizing themicro-
structure featuresand scale. Moreover, thefeatures of
theAl . Ti compound weredigitized and statisticaly ana-
lyzed usngimageandysisfacility.

RESULTSAND DISCUSSION

Creep behavior

A typical example of creep curveof Al-6wt.%Ti
specimen, tested under 1 MPain shear at 620°C, is
shownin Figure 2. Asseen, the creep curve exhibits
extensive primary creep stage where the creep rate
decreases continuoudly until it becomes constant, then
ashort steady creep stateexists. It isnoticed that, all
the creep curves are generally dominated by the pri-
mary creep stage and thetertiary creep stateisaways
disappeared. Figure 3 showsaplot of the steady state
creeprate, [1°, against the applied shear stress, [, ona
doublelogarithmic scale. The gpparent stressexponent,
(n=aln_°/élnC]),isnot constant and it wasfound tovary
sgnificantly withthegpplied sress. Twodistinctivecregp
regimesare observedinthisgraph; low-stressregime
and high-stressregime. Inlow stressregimethe appar-
ent sressexponent is~3.6 and in high stressregimeits
valueequas~5.5. A trangtion sressisobtained inthe
region between thesetwo regimesanditsvaueequds
~3 MPa. Theexistence of such atransition stresssug-
gested that atransition from creep driving mechanism
to another occursat this stress*. The observation of
high and variabl e apparent stressexponent, ng, isoften
attributed to theexistence of athreshold stressfor creep,
[ 131, Onthisbasis, theobserved creep deformation
isdriven by theeffectiveshear stress, [, (= Ig) not by the
applied stress (t,) Therate controlling equation was
modified torationalizethehigh stressexponent indis-
persion strengthened systems and represented by the
following equationi*+ 14

y =A((r-1,)/G) exp(-Q/RT) (1)

—== Py Paper

where Aisaconstant, Gistheshear stress, nisthe
stressexponent, Q isthe apparent activation energy, R
isthegasconstant, and T isthe absol ute temperature.
A procedurewas used to estimate t, from the obtained
creepresultinwhichif thecreep of thisaloy obeysEq.
1, t, can be estimated by plottingy*¥" vst onadouble
linear scale, where n=3, 5, or 8. Each one of these
valuesrepresentsaparticular creep model™. By ex-
trapol ating theresultant straight lineto zero creeprate,
the corresponding valuerepresents 1. It was found
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Figure2: Typical example of the creep curve of specimen
tested under 1M Paat 620°C.
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from this procedure that the most appropriate linear
fittingisfor n=5andinthiscaser, equalsto 0.5MPa.
Theestimated vaue of stressexponent, n, suggeststhat
the present material iscreep controlled by high tem-
perature dislocation climb (lattice diffusion) in pure
metal §7. Theseresults suggest the present material
reached the state of Newtonian viscousdeformationin
which Newtonian flow control the elevated tempera-
turecreep deformation.

Microstructureobservations

Figure 4 shows samples of photomicrographs of
Al-6wt.%Ti specimensinthe as-cast, after hot extru-
sion and after creep testing. Two mgjor phasesare co-
exised; Al matrix and Al Ti intermetallic compound par-
ticlesinarandomly oriented flaky shape. From Figure
4aitisobviousthat theflaky shaped Al [Ti isuniformly
distributed without any micro-segregations. Theaver-
ageparticlesize, g, of Al Tiinthiscaseis~140 um.
Figure 4b shows a micrograph of hot extruded Al-
6wt.%Ti specimen. It clear that themgority of Al Ti
flakshavebeen fracturedinto small segments. Thedis-
tribution of AL, Ti phaseisinhomogeneousintheAl ma-
trix anditsaverage particle s zedecreased sgnificantly
tobe~750m. Itisobviousthat the application of ex-
truson processtothemateria affectsthedistribution of
second phase, Al Ti, by bresking them into shorter seg-
ments. Figure 4c showsamicrograph of the material
after long timeanneding and creep testing. Relatively
uniformdistributionof theAlTi compoundinsmdl size,
compared to the other two cases, isobseved. Itisevi-
dent that annealing and creep testing breaksAl, Ti par-
tidesintosmaler segmentsand redistributetheminregu-
lar manner. Theaveragesizeof Al Ti phase decreased
tobe~67 umandtheinterplaner distancebetweenAl, Ti
particles decreased from 95 um, for as-cast specimen
tobe35 umfor thecrept one. According toAl-Ti phase
diagramtl, theweight fraction of Al Ti compound can
be estimated from the content of Ti, by assuming that
thed ement wasfully reacted withduminumtoformthe
Al Ti compound. Theca culation showed that thealoy
contains~25wt%Al . Ti compound.

A largenumber of micrographsareused to analyze
thefeaturesof AL Ti intermetallic compound. Histograms

of thedigtribution of particlessize, 4, and aspectratio,
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Figure4: Photomicrographsof Al-6wt.% Ti ally specimens.
(X200for all graphs) Ascast, b) After hot extrusion, and c)
after creep test under 1 M Paat 620°C.

S=1/d, against their count, using imagefacilities, are
shown in Figures5-7. Generaly Thedistributionis
Gaussianfor theaverage particlessizeand aspect ratio
with aconfidencelimit 95%. Asshownin Figure 5a,
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the particles s zeisinhomogeneous and the maximum
relativefrequency isclosetotheaverageparticlesize.
In Figure5b significant decreaseinthe particlessize
obtained whenthe as-cast materia ishot extruded, this
besidesthe average particle size continueitsdecrease
asthe creep stressincreased. Figure 6 showsthe esti-
mated aspect ratio of Al Ti compound under different
processes. It isfound that |arge decreasein the aspect
ratio wasobtained after the gpplication of hot extruson
processto the as-cast specimens. The average aspect
ratio decreased from 7.7 for as-cast samplesto 4.1 for
hot extruded samples and this decrease continued at
elevated temperature creep to be 3. Figure 7 (aand b)
representstypical examplesof histogramsof the aspect
ratio of AL, Ti compound of theshoul ders of crept speci-
mens under 2 MPa and 3 MPa at 590 °C. A close
comparison between thetwo cases showsthat thereis
no significant differencein the aspect ratio for speci-
mens’ shoulders. Meanwhile, as shown in Figure 7c,
considerablereductioninthe aspect ratio isobtained
for the gage sectionsof acrept specimen under 3MPa
compared to that under 2 MPa. Theimprovementin
thefeaturesof Al Ti compound suggeststhat hot extru-
sion process and creep deformation hasasignificant
roleonthegrain refinement of theAlTi intermetallic
compound. Microgtructura changesexperienced by hot
extrusion isattributed to the presence of hot working
processesthat resultsinlarge high temperatureplastic
flow inthematrix materid whichinturnbresk thelarge
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flaky shaped particlesto smaller ones. An extraenergy
isgiventothematerial during hightemperature creep
deformation that providesadriving forceto break and
redistribute Al Ti intermetallic compound reaching an
improved Sizeand aspect ratio. Additiona effort should
be paid to investigate the mechanical behavior of this
materia after the gpplication of these after-fabrication
treatments.

CONCLUSIONS

Themicrostructure changesof ingot metallurgy Al-
6wt.%Ti alloy have been studied, inthis paper, under
threedifferent states, namely; as-cast, after hot extru-
sion, and after high temperature creep testing. Based
onthe preceding experimenta resultsand discussions,
thefollowing conclusionscan bemade.

1. Thecreep curves are dominated by the primary
creep stage followed by a short steady state and
thetertiary creep stage always disappeared. The
threshold stress appeared heretointerpret the ob-
served high va ues of the stressexponent for creep.
Thepresent materia exhibited ahigh stressexpo-
nent and itsvalue is not constant along the used
stressrange.

2. Sgnificantimprovementsinthefesturesof AL Ti in-
termetallic compound are obtained after the appli-
cation of hot extrusion process and €l evated tem-
perature creeptotheas-cast materia. Theparticle
sizeof Al ,Ti compound decreased from 140um,
for as-cast materia, to 67 umfor that subjected to
1 MPaa 590 °C, and thisdecrease continued, with
increasing the creep stresses, up to 27.7 um. Par-
dlel decreasesintheaspect ratio of Al Ti compound
areobtained with thegpplication of sameprocesses.
Theseresultssuggested that such processesimproves
the sizeand aspect ratio of thelarge needle shape
ALTi particlestouniformly distributed smaller par-
tides
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