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Abstract:!The!investigation!focuses!on!the!effects!of!the!compaction!directions!(i.e.!transversal!and!
longitudinal)!and!microstructural!arrays!(inside!the!powder!utilized!to!constitute!the!specimens)!
on!the!anisotropic!strengths.!The!initial!powders!are!obtained!from!the!asMcast!AlM4!wt.%!Cu!alloys!
solidified!in!two!distinct!cooling!rates,! i.e.!~0.5!and!2.5!oC/s.!The!powder!particles!are!compacted!
by! using! 300,! 400! and! 600! MPa! and! sintered! at! 540! oC! for! 1h.! The! compressive! and! tensile!
strengths!are!carried!out!and!the!anisotropic!strengths!are!determined.!It!is!found!that!transverse!
samples!exhibit!higher!UCS! (ultimate! compressive! strength)!and!UTS! (ultimate! tensile! strength)!
than!the!longitudinal!samples.!It!is!also!found!that!the!powder!compacted!in!the!transversal!direcM
tion!and!utilizing!powder!with!finer!dendritic!arm!spacing!provides!better!UCS!and!UTS!results.!
The!novelty! in! the!study!concerns! to! the! fact! that! is!evidenced! the!role!of! the!dendrite!spacings!
concatenated! with! the! compaction! pressure! and! direction! upon! the! mechanical! behavior.! It! is!
concluded!that!depending!on!the!compaction!level!intended!or!demanded!mechanical!behavior,!a!
planning! in! the! compaction! direction! is! preprogrammed.! Since! recycled! powder! particles! from!
conventional!machining,! drilling! and! turning! can! potentially! be! utilized! to! constitute! part! and!
components,!the!environmentally!friendly!aspects!are!associated;!and!hazardous!stages!in!a!manM
ufacturing!process!are!substantially!reduced!or!eliminated.!

Keywords:! aluminum! composite;! AlMCu! alloys;! solidification;! dendritic! spacings;! mechanical!
properties,!environmentally!friendly!aspects!
!

1.!Introduction!
Aluminum!and!aluminum!alloys!are! increasingly!used! in!various!fields!of! technology,!
means! of! transport! and! various! branches! of! industry.! They! are! applied! in! the!
manufacturing,! aircraft,! space,!military,! automotive! and! electronic! industries.! A! great!
number! of!AlMbased! composites!with!distinct! reinforcers! and! additives! are! used.!AluM
minum!and!its!alloys!are!one!of!the!most!widely!recycled!non–ferrous!metal![1–5].!Bulei!
and!colleagues![1]!have!demonstrated!that!aluminum!scrap!can!be!originated!from!disM
tinctive!resources!and!recycled!infinitely!without!losing!its!properties!and!quality.!They!
have!stated![1]!that!AlMbased!composites!can!be!stating!from!various!aluminum!wastes,!
derived! from! different! aluminum! products.! There! are! various! AlMbased! alloys,! which!
can! be! selected,! e.g.! 2xxx,! 6xxx! and! 7xxx! series! [1]! as! matrices! for! aluminum!matrix!
composite!or! to! consider! recycling.! In! this!present! investigation,! the! asMcast!AlM4!wt.%!
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Cu! alloy! is! selected! to! investigation.! This! is! similar! to! 2xxx! series! alloys,! which! are!
widely! used! into! distinctive! automotive! and! aerospace! applications! [6M11].! Also,! it! is!
recognized! that! these! alloy! are! heat! treatable! and! properties! substantially! modified.!
When!directly!used!from!casting!procedures,! the!applied!cooling!rate!affect! its!properM
ties.!

It!is!well!recognized!the!effects!of!dendritic!arm!spacings!upon!the!resulting!propM
erties!in!distinctive!materials!and!alloys.!It!is!known!that!an!asMcast!material!commonly!
is! constituted! by! crystallographic! grains! and! inside! a! cellular! or! dendritic! networking!
[12M13].!The!microstructural!formation!is!highly!dependent!of!the!operational!conditions!
imposed! (e.g.! growth! rate,! thermal! gradient,! chemical! composition,! etc.).! Particularly,!
the!resulting!microstructural!arrays!of!AlMbased!alloys!are!significantly!affected!by!operM
ational! parameters! (e.g.! cooling! rate),! and! consequently! the!mechanical! and! corrosion!
properties!can!be!planned!and!improved![14M17].!

In!the!powder!metallurgy,!the!dendrite!spacings!are!not!focused!on!investigation!in!
order! to!prescribe! the!mechanical!behavior.!This!due! to! in!a!green!specimen,! the!comM
paction!stage!is!more!important!to!predict!the!resulting!density!distributions.!AdditionM
ally,!the!size!and!distribution;!the!ductile!or!fragile!characteristic;!and!the!morphology!of!
powder!particles!are!parameters!that!impact!the!final!mechanical!features!of!a!preform!
or! final!component! [18M20].! It! is!also!reported! that! the!geometry!and!the!surface!of! the!
die! tools!associated!with! the! load!control! in! the!compaction!stage!have!also! important!
roles!on!the!final!soundness!and!properties!of!the!compacted!specimens![19M23].!

Depending! on! the! compaction! load! and! its! direction! applied,! the! strength! anisoM
tropic! can! predict! differently! in! each! distinct! condition.! Particularly! in! powder!metalM
lurgy,!the!strength!anisotropy!has!been!focused!on!investigation!of!sintered,!hot!pressed!
powders! and/or!pressed! and!heat! treat! specimens! [17M23].!Galen! and!Zavaliangos! [18]!
have! reported! an! excellent! paper! retracting! a! great! number! of! studies! concern! to!
strength!anisotropy!of!several!different!materials.!It!is!found!that!the!tensile!strength!at!
perpendicular!direction!is!higher!than!at!same!line!of!compaction!direction.!They!have!
reported!that!the!strength!anisotropy!is!strongly!affected!by!density!reached.!The!great!
area!of! the!matter!entitled!strength!anisotropy!has!been!widely! investigated!since!90th.!
When!utilizing! the!PRISMA!concept! (preferred! reporting! items! for! systematic! reviews!
and!metaManalyses),!and!searching!in!Web!of!Science!with!strings!“AlMCu!based!alloys”!
and!“strength!anisotropic”;!more!than!20,000!papers!are!obtained.!In!order!to!catalogue!
and!organize!these!articles!a!“hard!task”!is!established.!Evidently,!it!is!recognized!that!is!
limited!this!kind!of!searching.!However,!it!is!perceived!that!there!is!a!possible!contribuM
tion!when!the!dendrite!arm!spacings!are!focused!on!its!effects!on!the!mechanical!anisoM
tropic! of! AlMCu! powder! particles.! Mainly,! when! these! powder! particles! are! obtained!
from!the!asMcast!AlMCu!and!in!the!powder!metallurgy!stage;!and!no!melting!is!used.!This!
means! that! the! drilled! powders! are! compacted! and! sintered! to! constitute! preforms! or!
possibly!final!components.!These!pieces!depict!distinctive!mechanical!behavior!dependM
ing!of!the!compaction!direction!and!loading!level!(pressure).! !

Recently,! it!has!been! investigated! [24]! the!AlMCu!composites! samples,!which!were!
compacted!in!distinct!directions!(longitudinal!and!transversal)!and!sintered/heat!treated.!
It! is! found! different! morphologies! (i.e.! spheroidalMlike! and! flattened)! depend! on! the!
compaction!pressure,! and! the! strength! anisotropic! is! substantially! affected.! It! is! found!
that!those!samples!transversally!compacted!have!indicated!very!similar!anisotropic!ratiM
os!and!slight!increasing!trends!with!the!increase!of!the!compaction!pressure!are!verified.!
On!the!other!hand,!the!longitudinal!samples!show!nonMlinear!decreasing!trends!with!the!
increase!in!the!compaction!pressure.!

However,!a!question!is!still!remained!concerning!to!the!effects!of!the!dendritic!arm!
on!the!strength!anisotropic.!This!is!based!on!the!fact!that!an!asMcast!AlMCu!alloy!is!used!
as!initial!material,!and!inside!each!powder!particle!obtained;!there!are!some!few!dozen!
of!crystallographic!grains.!Besides,!inside!each!grain,!a!dendritic!networking!is!provided!
[12].!



Metals!2023,!xx,!y!FOR!PEER!REVIEW! 3!of!23!
!!

!

It! is!recognized!that! finer!dendrite!arms!improve!the!mechanical!behavior! [12M15],!
but! it! not! true! that! corrosion! behavior! is! concomitantly! improved,!which! depends! on!
certain!parameters!and!microstructural!array!conditions![14M15].!This!evidences!the!imM
portance!of! the!microstructural!arrays!on!the!resulting!properties.!Also,! it!has!been!reM
ported!that!dendritic!arms!spacings!from!the!asMcast!AlMbased!alloy!will!be!remained!or!
maintaining! same!order!of!magnitude!even!after! compaction! load,! sintering!and! short!
aging!time![20;!25M27].!

Kuznetsov!et!al.! [28]!have!recently! reported! that!distinct! technologies! for! the!proM
duction!of!metal!powders!are!developed,!e.g.!gas,!water!spraying,!centrifugal!spraying,!
plasma!spraying,!mechanical!grinding!and!doping,!solid!phase!recovery,!electrolytic!and!
various!chemical!processes.!From!these,!distinctive!morphologies,!shapes!and!sizes!are!
attained.!It!is!worth!noting!that,!in!this!present!investigation,!an!alloy!casting!is!used!to!
produce!(drilling)!powder!particles!with!characteristic!remained!from!two!distinct!coolM
ing!rate!applied!in!solidification.!This!also!corroborates!with!novelty!aspect.!

Differently!from!those!previously!investigations!concerning!to!compaction!pressure!
and!other! operational! aspects! and!parameter,! in! this! present! investigation! the!novelty!
and!scientific/technological! contributions!are! focused!on! the!evaluation!of! the! strength!
(tensile! and!compressive)! anisotropic!of!AlM4!wt.%!Cu! (AlM4Cu)! samples! (transversally!
and!longitudinally!compacted).!For!this!purpose,!two!distinctive!powder!microstructurM
al!arrays!are!considered.!These!are!constituted!by!finer!and!coarser!dendrite!arms!spacM
ing! originated! from! cooling! rates! of! 0.5! and! 2.5! oC/s,! respectively.! It! is! remarked! that!
neither!atomization!or!ball!milling!are!utilized.!These!particles!can!be!potentially!be!used!
from!recycling!of!conventional!machining,!drilling!and/or!turning.!This! induces!to!reaM
sonable!decreasing!into!final!production!costs!and!environmentally!friendly!aspects!asM
sociated!with!new!ESG!(environmentalMsocialMgovernance)![29]!practices/philosophy!are!
also!involved.!

!

2.!Materials!and!Methods!
The!process!of!working!out!the!stages!was!carried!out!on!a!developed!experimental!

complex,! which! includes:! to! produce! powders! from! the! asMcast! AlM4! wt.%! Cu! alloy,!
drilling!the!ingots;!to!compact!the!powers;!to!sinter!the!preform!samples;!to!carry!out!the!
mechanical! tests;! to! characterize! resulting!microstructures.!The! stages! are!described! in!
each!subsection!followed.!

!
2.1.!Powder,!Compaction!and!Sintering!

Initial!powder!particles!are!originated! from! the! ingots!of!asMcast!AlM4!wt.%!Cu!alM
loys!produced!by!using!two!distinct!cooling!rates:!0.5!and!2.5!oC/s.!The!ingots!are!drilled!
by!using!a!tool,!which!produces!flakes!particles,!as!previously!described![24].!A!unique!
range!of!powder!size!distribution!is!obtained!due!to!the!utilized!drilling,!as!also!previM
ously!reported![24].!The!morphologies!of!powders!are!majority!flakedMlike!or!flattened.!
The!particles!have!length!of!about!2!times!higher!than!width!(i.e.!an!average!of!290!µm!
against!~160 µm,!respectively).!

Two! tempered! dies! (VC131! and!AISI!D6,! hardness! ~60!HRc)! are! utilized.! A! first!
produces!prismatic! (5!x!2!x!32!mm)!specimens!and!another!provides!cylindrical! speciM
mens!(diameter!8!mm!x!25!mm),!as!previously!detailed![24].!All!specimens!are!transverM
sally!and!longitudinally!performed!with!respect! to!along!specimen!axis.! It! is!remarked!
that!when!the!cylindrical!samples!are!transversally!performed,!the!diametrical!compresM
sion! is! carried! out,! as! forwardly! will! be! discussed.! The! samples! are! designated! as!
“transverse”!when! the! compaction! load! is! applied! transversally! to! the! tensile! loading!
direction.!The!samples!called!as!“longitudinal”!are!the!cylindrical!specimens!due!to!the!
powders!are!compacted!along!the!specimen!axis,!as!also!previously!detailed![24].!This!is!
coplanar!to!tensile!or!compressive!directions!loading!direction.!All!specimens!are!comM
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pacted!by!using!three!distinctive!compacting!pressures,!i.e.!300,!400!and!600!MPa.!A!sinM
gle!acting!hydraulic!press!is!used!and!uniaxial!compacting!direction!is!provided.!Due!to!
the!shape! (cylindrical)!of! the! longitudinal! specimens,!a!bidirectional! compacting! is!apM
plied.! In! all! mentioned! stages,! in! order! to! guarantee! the! reproducibility,! triplicate! is!
adopted.!

Two!groups!of!the!compacted!AlM4Cu!samples!are!constituted.!A!first!group!is!sinM
tered! at! 540! oC! for! 1h,! and! a! heating! rate! ~10! oC/min! is! adopted.! Subsequently,!
airMcooling!is!adopted!(similar!to!annealing).!The!second!group,!after!the!sintering!stage,!
the!environmental!water!quenching!(27!±2!oC)!followed!by!natural!aging!during!30!days!
is!adopted.!Triplicate!or!duplicate!are!considered.!Remembering!that!these!two!groups!
have!samples!produced!using!a!higher!and!another!lower!cooling!rates,!which!produce!
a!finer!(average!30!µm)!and!coarser!(average!of!150!µm)!dendrite!spacings,!respectively.!

!

2.2.!Mechanical,!Microstructural!and!Phase!Characterizations!
The! tensile! and!compressive! tests! according!with! the!ASTM!standard!E8M/04!are!

carried!out.!A!speed!cross!head!of!0.25!mm/min!and!a!strain!rate!~!2!10M4!sM1!at!24!(±2)!oC!
are! considered.! All! specimens! are positioned! at! machine! in! such! way! that! the! both!
transversal!and!longitudinal!directions!are!performed.!This!same!group!is!also!examined!
in!a!second!direction,!which!is!also!perpendicularly!or!transversal!to!the!compaction!diM
rection.!When!the!samples!are!subjected! to! the!compressive! test,!and! this! is!coincident!
with!the!tensile!and!compressive!directions,!this!sample!is!designated!as!the!longitudiM
nal!sample.!On!the!other!hand,!when!both!the!compressive!or!tensile!tests!are!transverM
sally!carried!out!to!the!compaction!direction,!the!samples!are!entitled!as!the!transverse!
samples.!

!
A! scanning! electron! microscope! (SEM),! TESCAN®,! model! VEGA3,! Brno,! Czech!

Republic!combined!with!an!energyMdispersive!xMray!(EDX)!detector!is!used.!Thus,!the!inM
itial! powder! particles! and! the! resulting! microstructural! arrays! are! characterized.! A!
PANalytical®!XPert!diffractometer!(X’Pert!model),!Malvern,!Worcestershire,!U.K.!is!utiM
lized!to!determine!the!crystal!phases!attained.!A!voltage!of!40!kV!and!current!of!30!mA!
with!Cu!Kα! radiation! associated!with! the!wavelength! of! 0.15406! nm!are! adopted! and!
XRD!(xMray!diffraction)!patterns!are!plotted!in!Origin!Microcal®!software!and!analyzed.!

!
!

3.!Results!and!Discussion!
3.1.!Powder!Size!Distribution!and!Microstructure!

!
Fig.! 1!depicts! the! typical! starting!powder!particles! obtained! from! the! asMcast!AlM4!

wt.%!Cu!alloy!ingot.!It!is!remarked!that!powders!were!obtained!by!using!similar!operaM
tional!parameters,!which!provide!similar!averages!of!the!particle!lengths.!Fig.!1(a)!shows!
the!obtained!powders!from!the!asMcast!ingot!utilizing!cooling!rate!of!0.5!(±0.15)!oC/s!and!
coarser!dendritic!arm!spacings!are!resulted.!When!a!cooling!rate!of!2.5!(±0.5)!oC/s!is!apM
plied,! finer! dendritic! spacings! are! obtained.! Evidently,! the! dendritic! arms! are! not! obM
served!in!these!images,!which!will!forwardly!be!demonstrated.! !

!
However,! it! is! revealed! that! the! distributions! of! size! particles! displace! to! lower!

measured!values!than!coarser!one,!as!depicted!in!Fig.!1(c)!and!1(d).!It!is!also!remarked!
that!the!majority!particles!exhibits!a!flakedMlike!morphology!with!the!length!of!about!2x!
higher! than! the!corresponding!widths.! It! is!also! interestingly!verified! that! the!bimodal!
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distributions! are! characterized,! as! also! reported! in! other! studies!with!Al! powders! obM
tained!in!similar!operational!conditions![25M28].!

!
!

!
!

!
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Figure!1.!Typical!images!obtained!from!the!asMcast!AlM4Cu!alloy!ingot:!(a)!using!of!about!~0.5!oC/s!
cooling! rate! and! (b)!~2.5! oC/s!with! their! corresponding! particle! length! distributions;! and! (c)! atM
tained!coarser!and!(d)!finer!dendritic!arm!spacings.! !

!
!
It!is!worth!noted!that!the!powder!particles!are!obtained!by!drilling,!as!described!in!

the! experimental! procedure.! Due! to! this! stage! processing,! a! certain! “portion”! of! the!
AlMCu!alloy!ingot!is!“withdrawn”.!From!the!metallurgical!point!of!view,!since!the!powM
ders!are!from!asMcast!condition,!it!is!expected!that!inside!each!powder!particle,!a!deterM
mined!microstructural!array!is!preserved.!Thus,!each!powder!particle!contains!some!few!
crystallographic!grains.!Inside!of!each!one!of!the!grains,!a!microstructural!array!is!conM
stituted!by!dendritic!spacings.! !

!
With! this,! intending! to! characterize! these!described!microstructural!parameters;! a!

particular! powder! particle! was! examined.! For! this! purpose,! the! magnifications! were!
adopted.! Fig.! 2(a)! depicts! the! starting! powder! particles! from! the! drilled! asMcast!AlMCu!
alloys.!Sequentially,!three!magnifications!are!applied!in!order!to!characterize!the!possiM
ble!grain!boundaries!and!its!internal!dendrite!spacing!arrays,!as!shown!in!Figs.!2(b),!2(c)!
and! 2(d).! Based! on! the! SEM! typical! images,! it! is! not! possible! to! affirm! that! the! grain!
boundaries!are!clearly!characterized.!This!seems! to!be!associated!with! the! fact! that! the!
drilling!provokes! the!“slip”! lines!during! the!plastic!deformation,!as!groove!and! rough!
surface!depicted!in!Fig.!2(d).!

!
However,!it!is!clearly!verified!that!the!whiteMbright!regions!are!characterized.!These!

are!surely!corresponding!with!the!resulting!Al2Cu!intermetallic!particles.!It!is!recognized!
from! the!metallurgical! point! of! view! that,! these!Al2Cu! particles! are! allocated! at! interM
dendritic!arms!regions,!as!also!shown!in!Fig.!2(d).!It! is!speculated!that!the!Al2Cu!interM
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metallic!are!delineated!as! the! secondary!dendritic!arm!spacings! (λ2)! sizing!of!about!30!
(±6)!µm,!due! to! the!examined!powder!particles!are! from! the!asMcast!AlMCu!alloy! ingot,!
which!is!more!rapidly!cooled.! !

!
Fig.!2(e)!and!2(f)!show!the!typical!coarser!and!finer!λ2!prevenient!from!the!cooling!

rates! of! about! 0.5! and! 2.5! oC/s,! respectively.! Similar!magnitudes! of!λ2! are! reported! in!
previously!published!articles!concerning!AlMCu!based!alloys!in!the!asMcast!condition![12;!
15;!30M34].!It!is!remarked!that!these!SEM!images!shown!in!Figs.!2(e)!and!2(f)!are!obtained!
and!characterized!when!the!compacted!samples! (under!compaction!pressure!600!MPa)!
are!appropriately!ground!(SiC!papers!#1200!mesh)!and!examined!by!using!a!BSE!(back!
scattered!electrons)!technique.!

!
Figs.!3(a)!and!3(b)!show!the!obtained!SEM!micrographs!of!the!coarse!and!fine!λ2!at!

magnifications! of! 100x! and! 400x.! This! evidences! that! a! coarser!λ2! is! of! about! 150!µm,!
while!a!fine!λ2!characterizes!its!arm!spacings!approximately!4!or!5!times!(~30!µm)!lower!
than!the!coarse!sample.!This!is!intimately!associated!with!the!two!distinct!cooling!rates!
applied!when! the!multi!directional!unsteadyMstate! solidification! is! conducted.! It! is! imM
portant!to!remark!that!the!applied!cooling!rate!has!very!important!role!on!the!resulting!
properties.! For! instance,! a!high! cooling! rate! (higher! than! 5! oC/s)! is! commonly! reached!
when!the!waterMcooled!permanentMsteel!mold!is!involved.!

!
Fig.!3!(c)!depicts!the!resulting!AlM!and!CuMKα!and!the!conjugated!SEM!images!conM

stituting! the! elemental! maps! are! also! shown.! These! indicate! the! AlMrich! and! CuMrich!
(Al2Cu! intermetallics)! regions.! It! is! remembered! that! the! solubility! limit! of!Cu! into!Al!
matrix!is!~5.6%![14M15],!which!justifies!some!few!“red”!points!distributed!throughout!the!
Al!matrix.! The!Al2Cu! intermetallics! are!majority! located! at! the! interdendritic! regions.!
However,!it!is!possible!that!other!Al2Cu!phases!(e.g.!θ,!θ’!and!θ’’)!be!also!located!inside!
or!diluted!into!the!Al!matrix,!as!previously!reported![36M38].!These!other!morphologies,!
cubic!particles,!needleMlike! and!nanoMscaled!needleMshaped!particles! (lower! than!5!µm)!
correspond!to!θ,!θ’!and!θ’’,! respectively! [38].!These!Al2Cu!are!commonly!characterized!
using!TEM!techniques.!The!θ−Al2Cu!phase!interfacing!with!the!αMAl!constitutes!the!euM
tectic!network.!With!the!magnifications!of!100x!up!to!2,000x!using!both!optical!and!SEM!
techniques,!these!phases!are!more!easily!characterized.!

!
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Figure!2.!Typical!SEM!images!of:!(a)!the!starting!drilled!asMcast!AlMCu!alloy!powders,!(b),!(c)!and!
(d)! distinct! magnifications! of! powder! revealing! Al2Cu! intermetallics! (white/bright! regions),! the!
slip! lines!(plastic!deformation)!and!the!rough!surface!of! the!powder,!and! (e)!showing!the!coarse!
and!(f)!the!fine!dendritic!spacings!characterized!in!the!compacted!samples!(600MPa).!
!
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Figure!3.!(a)!Typical!SEM/BSE!images!characterizing!both!the!feature!of!(a)!the!coarse!and!(b)!the!
fine!dendritic!arm!spacings!(λ2)!sizing!of!about!150!µm!and!~30!µm,!respectively;!and!(c)!the!eleM
mental!maps!showing!the!AlMmatrix!and!CuMrich!regions!(including!Al2Cu!phase).!

(a)! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (b)!

!

!

(c)! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

!

!
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Figs.!4(a)!and!4(b)!characterize!the!typical!SEM/BSE!images!corresponding!with!the!
two!different!magnifications!(50x!and!100x)!of!the!samples!transversally!compacted!(T4!
treated),! which! are! entitled! as! the! transverse! samples,! as! previously!mentioned.! Figs.!
4(c)!and!4(d)!demonstrate!also!the!two!distinct!magnifications!(50!and!100x)!for!the!lonM
gitudinally!compacted!samples!(designated!as!longitudinal!samples).! !

! !

(a)$ (b)$

(c)$ (d)$
(e)$
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Figure!4.!(a)!Typical!SEM/BSE!images!depicting!morphologies!of:!(a)!and!(b)!the!sample!transverM
sally!compacted,!(c)!and!(d)!the!sample!longitudinally!compacted!at!600!MPa;!and!(e)!the!resulting!
XRD!patterns!corresponding!with!the!green!sample,!T4Mtreated!with!the!coarse!and!the!fine!denM
dritic!spacings!with!its!corresponding!detected!Al2Cu!phases!(JCPDS!#!01M1180).!
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When! the! SEM! images! shown! in! Fig.! 4! are! compared,! it! is! observed! that! a! slight!

tendency!to!more!flattened!morphology!favors!the!transverse!sample;!and!a!morphology!
more! spheroidal! charactering! the! longitudinal! sample! is! constituted.! It! is!worth!noted!
that!the!initial!powder!particles!(flakedMlike!morphology,!shown!in!Fig.!1)!are!identical!
for!both!the!transverse!and!longitudinal!samples.!This!induces!that!the!distinctive!comM
paction!directions!provide!slight!differences!in!the!compacted!particles!morphologies.!It!
was! previously! reported! that! both! the! transverse! and! longitudinal! samples! have! also!
very!similar!compressibility!capacities![24].!This!suggests!that!the!deformation!capacity!
is! identical! under! same! compaction!pressure.! This! is! attributed! to! the!nature! of! initial!
powder! utilized! (i.e.!magnitudes! of! the! particle! sizes,! chemical! composition! and!morM
phology).!

!
After!compared!these!compacted!morphologies,!the!resulting!XRD!patterns!are!also!

analyzed,!as!shown!in!Fig.!4(e).!The!two!T4!treated!samples!are!compared!with!a!typical!
green! sample! (no! sintered!or! treated),!which!was!only! compacted.!Based!on! this! comM
parison,!it!is!evidenced!that!both!the!T4Mtreated!coarse!and!fine!samples!have!decreased!
those! intensity! peaks! correlated! with! the! θ−Al2Cu,! mainly! those! corresponding! with!
crystallography!planes!(110)!and!(200)!at!~21!and!29!degrees,!respectively.!Other!peaks!
corresponding!with! the! θ−Al2Cu! phase! are! also! decreased,! but! few! substantial! as! ocM
curred!with!(110)!and!(200)!planes.!This!suggests!that!the!main!θ!Al2Cu!phases!have!parM
tially!dissolved!into!the!Al!matrix,!which!seems!to!be!constituted!a!supersaturated!soluM
tion.!Forwardly,!this!observation!will!be!help!to!explain!the!reason!that!the!mechanical!
results!are!improved.!Zhang!et!al![37]!have!also!previously!reported!similar!results.!

!
Since!compared!the!inducedMAl2Cu!phases!after!the!T4!treatment!and!the!resulting!

morphologies! attained,! it! is! remained! to! verify! the! resulting! mechanical! behavior!
reached! in!each!one!of! the!different!dendritic!spacings!and!to!analyze! their!correlation!
with! the!mechanical! responses.! In! this! sense,! in! the! next! section! both! the! tensile! and!
compressive!strengths!are!discussed.! !

!
!
!

3.2.!Anisotropic!Tensile!and!Compressive!Strengths!
!
!
Fig.! 5! demonstrates! the! experimental! results! of! the! tensile! strengths! of! both! the!

transverse! and! longitudinal! samples.!Duplicate! results! are!depicted! in! each!one!of! the!
plotted!graphs.!Fig.!5(a),!(b)!and!5(c)!show!the!tensile!strengths!results!of!the!transverse!
samples!using! the! three!distinct! compaction!pressures,! i.e.! 300,! 400! and!600!MPa.! It! is!
clearly!observed!that!the!increase!of!the!compaction!pressure,!the!UTS!results!of!both!the!
fine!and!the!coarse!samples!are!also!increased.!These!results!are!summarized!in!Table!1!
in! order! to! facilitate! the! comparisons! among! the! examined! samples.! A! comparison!
among! all! examined! transverse! samples! are! depicted! in! Fig.! 5! (d).! Since! all! examined!
longitudinal!samples!have!demonstrated!similar!(or!equal)!tendency,!a!typical!stress!vs.!
strain!curves!utilizing!the!fine!and!coarse!dendritic!spacings!as!initial!powders!is!shown!
in!Fig.!5!(e).!This!occurrence!seems!to!be!associated!with!the!compaction!method,!which!
provides!a!neutral!line!located!approximately!at!the!same!line!or!fracture!plane,!i.e.!perM
pendicular!to!the!tensile!direction.!It!is!remarked!that!these!samples!are!bi!directionally!
compacted,!but!the!neutral! line!is!not!prevented.!Based!on!this,! the!tensile!strengths!of!
these!longitudinal!samples!will!be!considered!as!those!results!obtained!from!the!diametM
ric!compression,!as!also!previously!reported![24].!

!
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Figure!5.!The!experimental!results!of!the!tensile!strengths!(stress!vs.!strain)!of!the!AlM4Cu!composite!samples!usM
ing!the!coarse!and!fine!dendritic!spacings!as!initial!powders,!and!the!compacted!at!the!transverse!direction!using:!
(a)!300!MPa,!(b)!400!MPa!and!(c)!600!MPa!and!(d)!comparison!among!all! transverse!samples.!Typical!stress!vs.!
strain! curves!utilizing! the! fine! and! coarse!dendritic! spacings! as! initial! powders,!which!were! compacted! at! the!
longitudinal!direction.!

!
!
!
!
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Table!1!summarizes!the!ultimate!tensile!strengths!(UTS)!and!elongations!(ε)!of!the!
all!examined!transverse!and! longitudinal!samples.! It! is!evidenced!that!when!the! initial!
powders!containing!finer!dendritic!arm!spacings!are!observed,!the!UTS!results!are!highM
er! than!those!samples!containing!coarser!spacings,! i.e.!~1.5x!utilizing!compaction!presM
sure!of!300!and!400!MPa,!and!of!about!1.7x!when!600!MPa!is!used.!Comparing!the!UTS!
among!the!coarse!spacings!samples!and!among!the!fine!spacings,!the!increase!of!about!
1.5x!in!the!compaction!pressures!is!reached.!An!increasing!of!about!1.5x!is!also!reached,!
as! also! observed! in! previous! investigation! [24].! As! aforementioned,! all! longitudinal!
samples!have!reached!the!same!order!of!magnitude!of!both!the!UTS!and!ε. This!is!intiM
mately! associated! with! the! neutral! line! provoked! when! the! longitudinal! samples! are!
compacted.!
!
Table! 1.!Summarized! values! of! the!UTS! (ultimate! tensile! strength)! and! elongation! (ε) obtained!
from!the!stress!vs.!strain!curves!of!the!AlMCu!alloy!samples!utilizing!two!the!distinct!dendritic!arm!
spacings! (λ2)! inside! the! initial! powders.! The! samples! are! compacted! in! both! the! transverse! and!
longitudinal!compaction!directions.!

 
   

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!TRANSVERSAL!!!!!!!!!!!!!!!LONGITUDINAL!
Compaction!
Pressure!

Dendritic)
Spacings)

UTS)
(MPa) 

ε  
(%) 

UTS)
(MPa) 

ε  
(%) 

300!MPa!
Fine% 20%(±2)% 5%(±1)% 2.0%(±0.5)% 0.3%(±0.05)%

Coarse% 13%(±2)% 4%(±1)% 2.5%(±0.5)% 0.5%(±0.05)%

400!MPa!
Fine% 25%(±2)% 4%(±1)% 2.8%(±0.3)% 0.3%(±0.05)%

Coarse% 17%(±2)% 4%(±1)% 2.2%(±0.6)% 0.4%(±0.05)%

600!MPa!
Fine% 43%(±3)% 5%(±1)% 3.8%(±0.5)% 1.0%(±0.05)%

Coarse% 25%(±2)% 6%(±1)% 3.2%(±0.6)% 0.8%(±0.05)%

 

 

!
!

!
Figs.!6(a),!6(b)!and!6(c)!depict! the!experimental! results!of! the!compressive! tests! in!

the!longitudinal!directions!utilizing!the!fine!and!coarse!dendritic!arm!spacings!and!unM
der!the!three!distinct!compaction!pressures.!Fig.!6(d)!and!6(e)!show!the!results!of!comM
pressive! strengths! corresponding! with! the! samples! utilizing! both! the! fine! and! coarse!
spacings! and! adopting! the! three! compaction! pressures! considering! the! transversally!
compacted!samples,!respectively.!

As!also!observed!to! the! tensile!strength!results,! the!ultimate!compressive!strength!
(UCS)!increases!with!the!increase!of!the!compaction!pressure!(of!about!1.3x).!Similar!reM
sults!are!observed!when!the!T4!and!the!sintered!samples!are!compared![24].!Besides,!the!
samples!with!finer!dendritic!arm!spacings!have!shown!their!corresponding!UCS!values!
at!least!1.9x!higher!than!the!coarser!ones.!When!the!longitudinal!samples!are!compared,!
also! those!samples!produced!using!powders!with! finer!arm!spacings!provide! the!UCS!
higher!(~1.6x)!than!the!coarser!ones.!It!is!remarked!that!the!stress!vs.!strain!for!all!examM
ined!samples!have!similar!shapedMcurves!with! the! three!distinct!regions.!A!first!region!
designated!as!nonlinear!elastic!region,!the!quasiMlinear!elastic!and!the!last!region!characM
terizing!the!stable!crack!extension,!as!also!previously!reported![38].!

Table!2!shows!the!UTS!values,!elongations!and!diametrical!compression!(DC)!based!
on!Hertz’s! equation,! as! previously! reported! [23M24;! 38M39].! The!determined!DC!values!
are!used! in! order! to! calculate! the! anisotropy! ratio! (AR)! or! the! anisotropy!degree.!AltM
hough! the!DC! corresponds!with! the! indirect! tensile! strength! and! commonly! is! deterM
mined!for!composites!and!ceramic!composites,! it!was!previously!reported![24]! that! the!
DC! represents! perfectly! the! tensile! strength! of! the!AlMCu! powders! as! sintered! and! T4!
treated! samples.! Based! on! this,! the!DC! results! are! used! to! determine! anisotropy! ratio!
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(AR).!This!due!to!the!UTS!results!determined!in!the!longitudinal!samples!have!not!eviM
denced! tendencies! or! behavior.! This! occurrence! is! associated!with! the! neutral! line! (or!
plane)! formation!when! the!bidirectional! compaction! is! carried!out,!as!previously!menM
tioned.!

!
!

!
!
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Figure!6.!Experimental!results!of! the!compressive!strengths!(stress!vs.!strain)!of!the!samples!utiM
lizing! coarse! and! fine! spacings! compacted! in! the! longitudinal! direction:! (a)! at! 300!MPa,! (b)! 400!
MPa!and!(c)!600!MPa.!The!transverse!samples!under!the!three!compactions!with:!(d)!finer!and!(e)!
coarser!arm!spacings.!

!
!
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Table!2.!Experimental!UCS!(ultimate!compressive!strength),!elongation!(ε),!diametrical!compresM
sion!(DC)!and!anisotropic!ratio!(AR)!considering!both!the!finer!and!coarser!dendritic!arm!spacings!
inside!the!initial!powders!utilized!to!produce!the!AlMCu!alloy!composites.!

!!

Samples!
Finer!spacings! Coarser!spacings!

TRANSVERSAL! UCS!
(MPa)!

ε !
(%)!

DC*!
(MPa)!

AR!
**!

UCS!
(MPa)!

ε !
(%)!

DC*!
(MPa)!

AR!
**!

300!MPa! 120$(±$10)$ 2.0$(±$0.5)$ **$ 0.183$ 60$(±$5)$ 3.5$(±$0.5)$ **$ 0.200$

400!MPa! 130$(±$8)$ 2.2$(±$0.5)$ **$ 0.192$ 80$(±$5)$ 3.0$(±$0.8)$ **$ 0.213$

600!MPa! 180$(±$10)$ 1.6$(±$0.5)$ **$ 0.250$ 110$(±$8)$ 3.0$(±$0.6)$ **$ 0.227$

LONGITUDINAL! UCS!
(MPa)!

ε !
(%)!

DC*!
(MPa)!

AR!
**!

UCS!
(MPa)!

ε !
(%)!

DC*!
(MPa)!

AR!
**!

300!MPa! 75$(±$5)$ 3.5$(±$0.5)$ 10$(±$4)$ 0.133$ 45$(±$5)$ 3.5$(±$0.5)$ 9$(±$3)$ 0.191$

400!MPa! 90$(±$5)$ 3.0$(±$0.5)$ 13.5$(±$0.5)$ 0.150$ 60$(±$8)$ 2.5$(±$0.5)$ 11.5$(±$3)$ 0.200$

600!MPa! 135$(±$8)$ 3.0$(±$0.5)$ 27$(±$3)$ 0.200$ 80$(±$10)$ 2.0$(±$0.5)$ 23$(±$0.8)$ 0.288$

*$DC$=$$2$x$F$/$π$x$L$x$D,$where$F$is$the$load$at$failure,$L$and$D$are$the$initial$length$and$diameter$of$the$sample$[12*13;$26*27].$
**$AR$=$UTS/UCS$(Anisotropy$Ratio)$

$

$

$

 

!
!
!
Figs.!7(a)!and!7(d)!show!the!specimens!of! the!AlMCu!composites!designated!as!the!

transverse!and!longitudinal!samples.!Fig.!7(c)!depicts!the!longitudinal!(cylindrical)!samM
ple! after! the! tensile! test,! which! has! induced! to! a! tension! in! the! same! direction! of! the!
compaction!direction.!Fig.!7(d)!shows!a!transverse!sample!(flat!specimen)!after!the!tenM
sile!test,!which!was!carried!out!in!a!perpendicular!direction!with!relation!to!the!compacM
tion! direction.! The! fracture! plane! in! the! cylindrical! specimen! (longitudinal! sample)! is!
perpendicular!to!both!the!compaction!and!tensile!testing!directions.!On!the!other!hand,!
the!flat!specimen!(transverse!sample)!has!their!fracture!plane!perpendicular!to!the!tenM
sile! test,! but! at!parallel! to! the! compaction!direction.! Figs.! 7(e),! 7(f)! and! 7(g)!depict! the!
three!flat!specimens!subjected!to!the!compression!tests,!which!are!perpendicular!to!the!
compaction! direction.! It! is! clearly! observed! that! the! distinct! cracks! are! produced.! Fig.!
7(e)! is!a!postMmortem!transversal!compression! (using!powder!with! finer!arm!spacings)!
carried!out!in!a!transverse!sample!compacted!using!a!pressure!of!300!MPa.!It!is!observed!
a!crack!displayed!in!the!central!region!of!the!specimen!and!extended!in!the!same!direcM
tion! of! the! compressive! load! (vertical).! Figs.! 7(f)! and! 7(g)! are! similar! samples,! which!
were! compacted! using! 400! and! 600! MPa,! respectively.! It! is! clearly! observed! that! the!
cracks!extend!differently!from!that!occurred!in!Fig.!7(e),!which!the!crack!damage!is!more!
pronounced.!Fig.!7(g)!shows!smaller!cracks!than!other!examined!sample!and!more!hoM
mogeneously!distributed!to!bulk!of!the!specimen.!

Figs.!7(h)!and!7(i)!show!the!typical!fractographic!images!after!the!tensile!tests!of!the!
flat! and! cylindrical! specimens,! respectively.! It! is! reasonably! perceived! that! the! flat!
(transverse)! sample! is! more! consolidated! in! terms! of! the! coalescence! of! particles! and!
bonding! than! the! longitudinal! sample.! It! is! recognized! that! the! intergranular! fracture,!
smooth! surface! without! dimples! formation! charactering! cleavage! facets! are!main! feaM
tures! associated! with! the! low! plastic! deformation! indicating! a! brittle! fracture! [39M40].!
Distinct! fracture! mechanisms! considering! nano,! micro! and! macroMreinforced! matrix!
metal,!considering!AlMbased!composites!are!reported![41M44].!
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Figure!7.!The!compacted!and!sintered!samples:!(a)!flat!(transverse)!and!(b)!the!cylindrical!(longiM
tudinal)!samples,!(c)!typical!fracture!in!the!cylindrical!sample,!(d)!typical!fracture!in!the!transverse!
sample;!the!resulting!crack!aspects!in!the!sample!compacted!at:!(e)!300!MPa,!(f)!400!MPa!and!(g)!
600!MPa!evidencing!distinct!crack!distributions;!and!(h)!and!(i)!are!the!SEM!images!(magnification!
100x)!showing!the!fracture!surface!of!a!flat!(transverse)!and!the!cylindrical!(longitudinal!samples,!
respectively.!
!
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It!is!reported!that!the!particle!size,!spatial!distribution!and!nature!(brittle!or!ductile)!
of!particles!(as!reinforce!or!initial!powders)!have!important!roles!for!the!fracture!mechaM
nism!and!consequently!upon!the!resulting!mechanical!behavior.!Yang!et!al![41]!have!reM
cently! reported! that! an!A356!alloy! containing!a!dendritic! formation!as!microstructural!
characteristic,! the! sample!with! the! fine!dendrites!has!crack!propagation!occurring!preM
dominantly!in!a!trans.dendrite!path!(~62%!of!the!total!length!of!cracks!in!fracture!section).!
On! the! other! hand,! when! a! coarser! microstructure! arrays! is! examined,! the! fracture!
mechanism!favors!that!the!cracks!occurring!along!the!eutectic!regions![41].!

!
Although!any!correlation!with!the!fracture!aspect!and/or!with!the!fracture!mechaM

nisms! (evidencing! trans.dendritic! or! transgranular! cracking! propagation)! is! clearly! conM
firmed,! it! seems! that! the! transverse! sample! has! a! less! “porous”! or! less! rough! surface!
than!the!cylindrical! (longitudinal)!sample.! It!can!be!said!that!a!mixture!between!brittle!
and!ductile! fractures!domains! the! resulting!mechanism! for! all! examined! samples.! The!
longitudinal! sample! seems! to! be! slightly! more! ductile! than! the! transverse! samples,!
which!can!be!confirmed!with!those!UTS!and!elongation!shown!in!Table!2.!Additionally,!
it!is!presumed!that!the!transverse!sample!has!more!bridging!effect!increasing!the!bondM
ing!energy!due!to! the! interface!among!the!elongated/deformed!particles,!as!also!previM
ously!reported!by!Galen!and!Zavaliangos![18].!

!
!
3.3!Anisotropic!Ratios!
!
Fig.!8(a)!and!8(b)!summarizes!the!UCS!(ultimate!compressive!strength)!and!the!UTS!

(ultimate!tensile!strength)!as!a!function!of!the!compaction!pressures!considering!both!the!
coarser!and!finer!dendritic!spacings.!It! is!evidenced!that!both!the!compaction!direction!
and!refinement!of!the!dendrite!spacings!affect!significantly!the!resulting!mechanical!reM
sponses.! The! highest! UTS! and! UCS! are! attained! when! the! transverse! and! finer! arm!
spacings!are!considered.!

!
A!correlation!between!the!UCS!and!UTS!is!shown!in!Fig.!8!(c).!As!also!previously!

reported! [24],! a! nonlinear! trend! is! characterized.! A! unique! logarithmic! equation! (i.e.!
UCS! =! 69! ln(UTS)! –! 90)! describes! the! trends! for! both! the! transverse! and! longitudinal!
samples,!but!when!the!powder!with!finer!dendritic!arm!spacings!are!utilized.!Interesting!
this!trend!equation!is!very!similar!to!that!obtained!when!the!transverse!and!longitudinal!
samples!for!the!sintered!AlMCu!alloy!samples!were!investigated,!i.e.!64!ln(UTS)!–!80.!On!
the!other!hand,!when!the!sample!utilizing!powders!with!the!coarse!dendritic!spacings,!
the!tendency!for!the!longitudinal!sample!is!different!of!the!transverse!sample.!The!ratio!
between!the!UCS!and!UTS!of!the!transverse!sample!is!higher!than!the!ratio!of!the!longiM
tudinal!samples,!as!depicted!in!Fig.!8(c).!

!
The!strength!anisotropy!or!anisotropic!ratio!is!determined!by!determining!the!ratio!

between!the!UCS!and!UTS!considering!the!transverse!and!longitudinal!samples!associM
ated!with!the!coarse!or!fine!dendritic!arm!spacings!to!produce!the!samples.!Galen!and!
Zavaliangos![18]!have!stated!that!the!anisotropy!ratio!for!deformable!materials!is!lower!
than!1!and!becomes!smaller!with!increasing!the!densification.!

!
!
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Figure! 8.! The! experimental! results! of! the! UTS! and! UCS! vs.! the! compaction! pressure! (CP)!
considering:!:!(a)!finer!and!(b)!coarser!dendritic!arm!spacings;!(c)!correlation!between!the!UCS!and!
UTS;!and!(d)!the!anisotropic!ratio!between!the!UCS!and!UTS!for!the!longitudonal!and!transverse!
samples!considering!both!the!coarse!and!fine!dendrite!arm!spacings.!

!
Fig.!8!(d)!shows!the!strength!anisotropy!ratio!(AR)!as!a!function!of!the!compaction!

pressure.! It! is!verified! that! all! examined! samples!have! the!AR! lower! than!1.!This! sugM
gests!that!these!examined!samples!exhibit!the!ductile!behavior,!as!reported!by!Galen!and!
Zavaliangos![18].!However,!a!ductile!material!commonly!demonstrates!its!degree!of!anM
isotropy!decreasing!with! the! increase! of! the! densification,! i.e.!with! the! increase! of! the!
compaction!pressure.!Based!on!the!attained!AR!results,!all!examined!samples!show!inM
creasing!trends!with!the!increase!of!the!compaction!pressure.!This!suggests!that!the!exM
amined!samples!become!more!isotropic!with!the!increase!of!the!compaction!pressure.!

This! means! that! independent! of! the! compaction! direction,! i.e.! longitudinal! or!
transversal,! there!exist!a! trend! to!become!more! isotropic!with! the! increase!of! the!comM
paction! pressure.! It! is! important! to! remark! that! this! tendency! is! not! permanently! obM
served!when!the!ductile!materials!are!compacted,!as!the!case!of!the!AlMCu!alloy!powders!
utilized! in! a! previous! investigation! [24].! In! this! mentioned! study! [24],! the! transverse!
samples!have!demonstrated!the!anisotropic!ratios!quasiMlinearly!increased!trends,!while!
the! longitudinal! samples! shown! nonMlinear! decreasing! trends.! This!was! verified! indeM
pendently!of!only!a!sintering!treatment!is!applied!or!if!the!T4!is!carried!out.!AdditionalM
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ly,! the! effects! of! the! heat! treatments! have! also! revealed! that! the! sintered! longitudinal!
samples!are!more!isotropic!or!less!anisotropic!than!the!T4!treated!longitudinal!samples.!

Galen!and!Zavaliangos![18]!have!reported!that!a!same!material!with!nonMequiaxed!
morphology!(acicular)!has!higher!strength!anisotropy!than!the!same!material!with!equiM
axed!morphology.!In!a!previous!investigation![24],!it!was!also!observed!a!same!tendency!
(decreasing)!when!the!longitudinal!samples!produced!with!the!AlMCu!alloy!powders!are!
considered.! It! is! found! that! the! morphology,! the! compaction! pressure! and! the! heat!
treatments!are!important!parameters!affecting!the!anisotropic!strength.!

Additional!to!these!studies,!and!based!on!the!foreshown!results,!it!is!found!that!the!
microstructural! arrays! constituting! the! initial!powders! (i.e.!distinct!dendrite! arm! spacM
ings)!have!also! important! roles!on! the!anisotropic! ratio.! It! is! recognized! that! there! is!a!
limitation!in!this!present!investigation!due!to,!up!to!the!present!moment!and!considering!
the!analyzed!results,! it! is!not!possible! to!determine!or! to!state! if! the!dendritic!spacings!
are!more!influent!than!other!parameters,!or!if!there!exists!a!conjugated!or!associated!efM
fect!among!them.!Although!a!very!similar!tendency!of!the!correlation!between!the!UCS!
and!UTS!is!verified!when!compared!with!previous!study![24],!i.e.!69.5!ln(UTS)!M!90!and!
64! ln(UTS)! M!80,! respectively,! the!correlation!AR!vs.!compaction!pressure!demonstrates!
that!both!the!AR!trends!of!the!longitudinal!and!transverse!samples!are!increased.!Also,!
transverse!and! longitudinal!samples!exhibit!nonlinear!and! linear! trends,!but! in! this! inM
vestigation,! all!AR! trends! are! increased! trends! and! previous! one! has! opposite! trends.!
Another!interesting!observation!that!is!different!from!previous!study!is!the!fact!that,!for!
example,!at!300!and!400!MPa,!excepting!the!transverse!sample!with!finer!arm!spacings,!
all!examined!samples!have!shown!AR!values!in!a!same!order!of!magnitude.!

When!at!600!MPa!the!AR!is!analyzed,!slight!differences!are!observed,!as!can!be!seen!
in!Fig.!8(d).!The!longitudinal!samples!(with!coarse!and!finer!arm!spacings)!have!the!AR!
between!~0.24!and!0.30,!while!those!corresponding!with!the!transverse!samples!(coarser!
and!finer)!are!slight!lower!(between!0.18!and!0.22)!than!the!longitudinal!ones.!Interesting!
when!observing!the!AR!values!at!600!MPa!in!previous!study![24],!the!AR!for!all!examM
ined!samples!are!similar!(~0.14),!excepting!for!the!T4!samples!with!the!AR!is!0.08.! !

At! 600! MPa! the! anisotropy! ratios! demonstrate! a! decreasing! sequence! with! the!
highest!ratio!is!that!of!the!longitudinal!coarser!spacing!sample!followed!by!the!longituM
dinal! finer! spacing! sample! and! the! transverse! samples! with! the! coarse! and! fine! arm!
spacings! at! the! last! two! positions;! and! the! lowest! value! is! that! of! the! transverse! finer!
spacing! sample.! This! evidences! that! the! transverse! samples,! when! compacted! at! 600!
MPa!have!higher!differences!between! the!UCS!and!UTS!values! and! the! finer!dendrite!
arm! spacings! contribute! to! increase! the!mentioned! difference.!Although! there! are! difM
ferences! in! the! UTS! and! UCS! values! depending! on! the! microstructural! refinement,! a!
same! order! of! magnitude! in! the! UCS! is! attained.! For! example,! the! longitudinal! finer!
spacings!sample!has!an!UCS!reaching!of!about!90!MPa!and!the!transverse!coarser!spacM
ings!sample!reaches!of!about!80!MPa.!Considering!the!error!ranges,!equal!ranges!of!valM
ues!are!attained.!This!shows!that!depending!on!the!compaction! level! intended,!a!planM
ning!in!the!compaction!direction!should!be!preprogrammed,!or!vice!versa.!Also,!when!a!
restriction!or!limitation!in!the!compaction!direction!and!pressure!(e.g.!400!MPa)!is!prevM
alent!in!a!certain!project!or!component,!it!can!also!be!programmed!or!planned!if!a!powM
der!is!obtained!from!the!ingots!or!from!the!recycled!alloys!which!possess!a!more!refined!
microstructural!arrays.!

With! this,! it! seems! that! the!dendrite! arm!spacing! confirms! its! effect!on! the!AR!of!
AlMCu!alloys!produced!using!powders! constituted!by! the!distinct! sizes!of! the!dendrite!
spacings.!Associating!with! this! very! recognized!metallurgical! effect! to! the! compaction!
direction,! the! highest! mechanical! behavior! is! that! of! the! sample! produced! with! finer!
spacings!and!applying!a!compaction!in!the!transversal!direction.!Considering!the!effects!
of!the!dendritic!arm!spacings!on!the!anisotropy!strength,!it!can!be!stated!that!the!largest!
anisotropy! ratio! is! that! of! the! sample! with! finer! dendrite! arm! spacing,! which! has! its!
transverse!strength!of!about!1.5!times!higher!than!the!longitudinal!strength!(considering!
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both!UTS!and!UCS!results).!Similar!observation!is!perceived!when!Galen!and!ZavalianM
gos![12]!have!investigated!the!anisotropy!strength!in!the!steel!powders!and!associating!
with! the! resulting!morphology! powders;! and! not! correlating!with! the!microstructural!
refinement.!Additionally,!the!finer!arm!spacings!associated!with!the!compaction!carried!
out!in!the!transversal!direction,!the!highest!anisotropy!ratio!is!constituted.!

!

4.!Conclusions!
Based! on! the! attained! results! of!mechanical! behavior! using! two!distinct! powders!

containing!different!dendrite!arm!spacings! (coarse!and!fine)!of! the!asMcast!AlMCu!alloy,!
the!following!conclusions!can!be!drawn:!

!
• It!is!found!that,!although!distinct!microstructural!arrays!(i.e.!dendrite!spacings)!are!

obtained!as!a!function!of!the!cooling!rates!applied,!very!similar!morphologies!of!the!
drilled!powders! are! attained.!Also,! all! crystallographic! phases! identified! are! very!
similar!for!all!examined!samples.!After!the!compaction!and!sintering,!the!identified!
phases!are!identical!to!those!in!the!asMcast!condition.!

• It!is!also!found!that!the!increase!of!the!compaction!pressures!both!the!UCS!(ultimate!
compressive!strength)!and!UTS!(ultimate!tensile!strength)!are!also!increased.!When!
analyzing!the!sample!compacted!at!transversal!and!longitudinal!directions,!it!is!evM
idenced! that! the!UCS!and!UTS!values! corresponding!with! the! transverse! samples!
are! higher! (~1.5x)! than! the! longitudinal! samples.! When! the! powders! utilized! to!
produce!the!specimens!are!separated!between!finer!(~30!µm)!and!coarser!(~150!µm)!
dendritic! spacings,! it! is! revealed! that! the! fine!dendritic! spacing!provides!a!higher!
UCS! and!UTS! in! both! the! transverse! and! longitudinal! samples.! This! induces! that!
the! dendritic! spacings! have! also! important! roles! to! determine! the! anisotropic!
strengths!of!the!samples!examined.!

• The!anisotropic!ratio!(AR)!is!determined!using!the!UTS/UCS!ratio.!Based!on!the!atM
tained!AR!results,!it!is!found!that!all!examined!samples!have!shown!the!increasing!
tendencies!with! the! increase! of! the! compaction! pressure.! This! induces! that! indeM
pendent!of!the!compaction!directions,!i.e.!longitudinal!or!transversal,!a!tendency!to!
become!more! isotropic!with! the! increase! of! the! compaction!pressure! is! characterM
ized.!

• When! the! UCS! per! UTS! ratios! are! analyzed,! an! unique! mathematic! relation! deM
scribes!this!trend!ratio!(i.e.!69.5!ln(UTS)!–!90)!involving!both!the!transverse!and!lonM
gitudinal! samples.!However,! it! is! interestingly! observed! that!when!only! the! samM
ples!containing!the!fine!dendrite!arm!spacings!are!considered.!When!the!longitudiM
nal! and! transverse! samples! with! coarser! dendritic! spacings! are! examined,! the!
UCS/UTS! ratios! characterize! two! distinctive! equations! to! describe! the! tendencies,!
which!are!different!from!those!determined!to!the!samples!with!finer!spacings.!

• Considering! the! anisotropy! ratios,! independently! if! coarser! or! finer! arm! spacings!
are! considered,! the! transverse! samples!have!depicted! linear! increasing! trends.!On!
the! other! hand,! the! longitudinal! samples! considering! both! coarser! and! finer! arm!
spacings,!nonlinear!increasing!trends!are!clearly!established.!Although!it!is!not!posM
sible! to!determine!how!much! the!dendritic! spacing!overlaps! or! overestimates! the!
effects! of! the! compaction! directions! (transverse! or! longitudinal),! the! compaction!
loading!and!the!powder!morphology,!it!is!evidenced!that!they!have!important!roles!
up!on!the!anisotropic!strengths.!It!seems!that!the!effect! is!combined!or!conjugated!
with!the!compaction!direction,!which!affects!significantly!the!tensile!and!compresM
sive!anisotropic!strengths.!

• It!is!also!found!that!at!300!and!400!MPa,!excepting!the!transverse!sample!with!finer!
arm!spacings,!all!examined!samples!have!same!order!of!magnitude!for!the!anisotM
ropy! degree.! Interestingly,! at! 600!MPa,! the! anisotropy! ratios! depict! a! decreasing!
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sequence!being:!the!highest!ratio!is!that!of!the!longitudinal!coarser!spacing!sample!
followed!by!the!longitudinal!finer!spacing!sample!and!the!transverse!samples!with!
coarser!and!finer!arm!spacings.!Although!there!are!differences!in!the!UTS!and!UCS!
values!depending!on!the!microstructural!refinement,!a!same!order!of!magnitude!in!
the!UCS!is!prescribed.!Depending!on!the!compaction!level!intended,!a!planning!in!
the! compaction!direction! can! be! preprogrammed! or! vice! versa.! Based! on! the! fact!
that! the! recycled!powder! particles! from! the! conventional!machining,! drilling! and!
turning!can!be!considered.!With!this,!environmentally!friendly!aspects!are!attained!
and!hazardous!stages!are!also!substantially!decreased!or!eliminated.!
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