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Abstract: This article presents experimental results of resistance against fracture upon static tension of cast aluminum matrix composites
based on aluminum with various content of Al,O5 strengthening phase. The cast aluminum matrix composite materials were produced
by the technology based on burnout of aluminum melt upon interaction with oxygen. Two batches of ingots with various content of solid
phase were smelted for tests of static strength. The average particle size of strengthening phase of predominantly prismatic morphology was
60—80 um, and their content varied from 15 to 25 %. The fracture surfaces obtained upon static uniaxial tension of the considered samples
were studied on the samples destroyed at maximum stress. The fracture surfaces were analyzed using an optical microscope with expanded
options due to improved long-focus system and digital processing of images based on unique procedure of 3D structure analysis. For in-
depth analysis of characteristic fracture region a scanning electron microscope was used equipped with energy and wavelength dispersive
elemental analyzers. It was established in the studies that in the samples with lower content of dispersed phase, the fracture is characterized
by mixed heterogeneous in terms of macrogeometry pattern. This can be interpreted as dry fibrous fracture with visible crystalline pimples
and breakaways. With an increase in the solid phase, a mixed, sufficiently homogenous in terms of macrogeometry, fracture pattern of
fanlike fibrous structure can be observed. Crystalline pimples were also detected of a different fracture surface area, as well as breakaways
of other geometrical sizes. The features of changes in the relief of fracture surface and the fracture mechanisms of the obtained composites
have been detected and described.
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Annoranus: [IpencraBieHbl pe3yibTaThl UCCIEIOBAHUI COMPOTUBICHUS PA3PYLICHUIO TTPU CTATUYECKOM PACTSI)KEHU U JTUTHIX aJIFOMO-
MaTPUYHBIX KOMIIO3UTOB Ha OCHOBE aJIIOMUHUS C PAa3IUYHBIM COlepXKaHueM ynpouHsioleit hassl Al,Os. JIuTble anroMoMaTpuyHbIe
KOMITO3UIIMOHHBIC MaTepHasbl ObIM M3rOTOBJEHBI IO TEXHOJOTHH, KOTOpasi OCHOBaHa Ha MpoIlecce BHITOPaHMS paciijiaBa aTloMU-
HUS TIPU B3aUMOJEUCTBUM C KUcaopomaoM. st TpoBeneHs UCCIeOBAHUY Ha CTATUUYECKYIO TIPOYHOCTD OBIJIM OTJIUTHI IBE MapTHU
CJIMTKOB C PAa3JIMYHBIM COJEPX)aHUeM TBepaoi ¢asbl. CpeaHuii pa3Mep YaCTUIl YIIPOUYHSONIe (ha3bl, IPEUMMYIIECTBEHHO MTPU3MaTHYe-
ckoit Mopdosoruu, coctabisiy 60—80 MKM, a UX KOTUYECTBO U3MeHsITU OT 15 10 25 %. [ToBepXHOCTHU pa3pylIeHUs], TOJyUYeHHBIE TPU
CTaTUYeCKOM OJTHOOCHOM PacTSI)KEHUU UCCIEeOBAHHBIX 00pa3l0B MaTepuaa, u3yuyaanuchb Ha 00pa3lax, pa3pyLBLIUXCS TPU MaKCHU-
MaJIbHOM 3HaueHUU HamnpsikeHus. McciaenoBaHusl MOBEPXHOCTHU pa3pyLIeHU sl TPOBOIMIUCH C TOMOLIBIO ONTHUYECKOTr0 MUKPOCKOIA C
pacMpPeHHBIMHM BO3MOXHOCTSIMU 34 CYST YCOBEPIICHCTBOBAHHOM JTMHHOMOKYCHOM OMTUYECKON CUCTEMBI U IMGbPOBOI 06paboTKU
n300pakeHNsI C TPUMEHEHUEM OPUTUHAJIBHON METOAUKY U3ydeHust 3D-cTpykTyp. Jis yriyOoJieHHOro aHaiu3a XapakTepHbIX 001a-
cTell M3JI0Ma UCIIOJb30BAJICS PACTPOBBIN JIEKTPOHHBII MUKPOCKOII C SHEPTO- M BOJHOAMCIIEPCUOHHBIM 3JIEMEHTHBIM aHaIM3aTopa-
Mu. B xone mpoBeneHHBIX UCCIEIOBAHUI ObITO YCTAHOBJIEHO, YTO Y 00pa3loB C MEHBIIUM COAEPXKAHUEM OUCTIEPCHON (ha3bl U3JI0M
HOCUT CMEIllaHHbI# HEOJHOPOAHBIN MO MAKPOTEOMETPUM XapaKTep, KOTOPbIA MOXHO MHTEPHPETUPOBATH KAK CYXOW BOJOKHMCTHII
M3JI0M C BUJAMMBIMU KPUCTAJJIMYECKOI ChITIBIO U BbIpbiBaMuU. C yBeJIMUYEHUEM KOJMUYECTBa TBEPAOii (has3bl HabI01aeTCs CMEIIaHHBI,
JOCTATOYHO OZHOPOMHBIN MO MAaKPOTEOMETPUM XapaKTep M3JIoMa C BEepooOPa3HO-BOJOKHUCTHIM CTPOCHUEM, B KOTOPOM TaKXKe 3a-
bukcrpoBaHbI KpUCTAIINYECKAS CHIITb, OTIMYAOIIASICS paclipeieIeHUEM I10 TUIONIaAN U3JI0Ma, U BBIPBIBBI IPYTUX T€OMETPUUECKUX
pa3mMepoB. BeisiBiIeHBI U ONTMCAaHBI 0COOEHHOCTHU U3MEHEHU S pelibeda MOBEPXHOCTH PA3PYLICHU ST U MEXAHU3MbI Pa3pPyIIEeHUST MTOTYYeH-
HBIX KOMITO3UTOB.

KuoueBble cii0Ba: JTUTO allOMOMAaTPUYHBIN TUCHIEPCHO-YITPOYSHHBIN KOMMO3MIIMOHHBIN MaTepualn (JJYKM), kopyHn, pacTtskeHue,
TPaHCKPUCTAJUIUTHOE pa3pylleHre, THTEPKPUCTAJUTMTHOE pa3pyllieHrue, MaKpOCTPYKTYpa, MUKPOCTPYKTYpa, nedopmariust
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Introduction

[1—8]. Serial production of dispersion strengthened
composite materials (DSCM) with solid phase in the
form of SiC and Al1203 was pioneered by “Duralcan”

Cast composite materials are promising in terms of
their wide scale implementation in various fields of air-
craft and mechanical engineering as anti-friction struc-

tural and other materials. They provide for decrease in
the item weight, improvement of their specifications and
especially development of new machines and structures

(Canada), “Alcan” and “Alcoa” (Canada, USA). Howe-
ver, full scale use of DSCM is restricted, especially in
Russia, and does not comply with potential technical
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capabilities of these materials. This is primarily attrib-
uted to insufficiently developed scientific and engineer-
ing basis for their creation, which would guarantee the
selection and forecasting of their structure, composition
and production technology. This would also achieve the
required strength and operational properties of machine
parts and structures from DSCM, including those with
nanosized strengthening elements at acceptable costs
[9—11].

Leading positions in terms of application volumes
in various fields of mechanical engineering and aircraft
are occupied by composite materials based on alumi-
num matrix. At present numerous technologies of
strengthening by dispersed phase are available, includ-
ing strengthening by own oxides (Al,03) and carbides
(Al4C5) or mixing of various strengthening dispersed
phases (for instance, TiC—Al,O3;—Al) or aluminides
(for instance, FesAl—TiC) [12—21]. In each case with
an increase in the volumetric fraction of solid phases,
the strength increases and the plasticity of ready com-
posites decreases.

This work investigates aluminum matrix compos-
ites obtained by liquid phase method [22], which is
based on burnout of aluminum melt upon interaction
with oxygen. In the course of its development the pos-
itive features of well-known technologies were taken
into account: basic oxygen-converter process, casting
of aluminum alloys in oxygen environment and devel-
opment of air independent energy facility on the basis
of high metallized fuel [23, 24]. During the interac-
tion of aluminum melt with oxygen, the presence of
solid interface between matrix and filler is provided.
In addition, this method allows composites to be fabri-
cated in one stage and to provide uniform particle dis-
tribution in the melt. Thus, it allows to more complete
implementation of DSCM potential. Our comparative
uniaxial tension tests demonstrated that the ultimate
strength is in the range o, = 180+205 MPa, which
in comparison with the results in [25] (5, = 100+
+150 MPa upon variation of Al,O5 in alloy from 5 to
20 %) is higher by about 25 %.

The aim of this work is to study the fracture surface of
cast aluminum matrix composites after uniaxial tension
to fracture with accounting for structure modification.

Experimental

In order to implement the developed method
of internal oxidation, a unique test rig was created
consisting of a high temperature induction furnace
(Fig. 1, position /) and system of oxygen storage and

supply.
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The test rig is comprised of a high accuracy gas pa-
nel, equipped at the output with needle valve for accu-
rate adjustment of gas supply, connected with a pres-
sure meter, and after the needle transforming into a
regular ball valve and rotameter. Aluminum billets
were loaded into the furnace 4 (Fig. 1, position /) and
smelted. Then, the silicon carbide tube 3 was insert-
ed into the aluminum melt with control of the vertical
supply (/) and in the corner (2), which was hermetically
connected with the steel tube fixed with the rotameter.
Using this system, oxygen was fed into the aluminum
melt. In order to prevent undesirable surface oxidation
of aluminum, the protective inert gas environment was
formed which was fed via the tube 5. As a consequence
of high temperature chemical reaction 4Al + 30, —
2Al,03, the ceramic phase was obtained directly in the
melt in one stage process. In order to eliminate cast de-
fects and to degas, the synthesized material was blown
with argon directly before casting into molds of mod-
erate size.

From the fabricated castings, the samples for tensile
tests (Fig. 2) were fabricated according to State Stan-
dard GOST 1497-84. The ingots were mechanically cut
in the transverse direction into preliminary workpieces
(Fig. 2, a). Then the samples were cut out (Fig. 2, ) and
ground (Fig. 2, ¢) using the rotary horizontally located
wheel of a SShPM-1 machine (Russia) with the ability
to vary the number of rotations. In this case, for ease of
work, the sample was installed in a special device.

After grinding, the samples were mechanically pol-
ished. In this case the wheel was covered with cloth or
felt, wetted with chromium oxide slurry during polish-
ing. The surface of polished samples was washed, de-
greased, and dried.

Aluminum, Grade A6 (Fig. 3, a), was used as a ma-
trix material for fabrication of dispersion strengthened
composite, with the following chemical composition
according to State Standard GOST 11069-2001, wt.%:
99.6 Al; 0.25 Fe; 0.2 Si; 0.03 Ti; 0.01 Cu; 0.06 Zn. The
alloy was strengthened with solid oxide phase Al,O;
(Fig. 3, b), in most cases with a 4- and 6-face shape. In
order to analyze the static strength, two batches of ingots
were smelted with various content of solid phase.

Three samples for various ingot regions were fabri-
cated from the obtained castings. The average particle
size of strengthening phase, mainly of prismatic mor-
phology, was 60—80 um (Fig. 4), and their content was
varied from 15 to 25 vol.%.

The uniaxial tensile tests of flat samples were carried
out using an AG-Xplus-0.5 universal testing machine
(“Shimadzu”, Japan) at ambient temperature, the load-
ing rate was 5 N/(mm?-s).
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Fig. 1. Layout of ceramic phase fabrication

I — furnace working part with dismounted heat insulation (1, 2 — control system of oxidizer vertical supply (I) and in the corner (2),
3 — silicon carbide tube, 4 — crucible, 5 — supply tube of protective inert gas); IT — jet of supplied oxidizing gas with characteristic turbulent
motion regime I1”; ITI — single bubble of oxidizing gas with laminar motion regime III’; IV and ¥V — microstructures obtained in the course

of processes I1 and ITT

Puc. 1. Cxema nosrydeHUsT KepaMUuecKoit ha3br

I — pabGouast yacTh Neyr C AEMOHTUPOBAHHOM Terion3oisiueit (1, 2 — cuctema peryJMpoBKY MOAaYM OKUCIUTENS 1Mo BepTukanu (1)

u yriy (2), 3 — KapoumokpeMHUeBast Tpyoka, 4 — TUresib, 5 — TpyoKa mojauu 3alluTHOrO MHEPTHOTO Ta3a); II — cTpysi mojaBaeMoro rasa-
OKUCITUTEIISI C XapAKTePHBIM TypOYJIEHTHBIM peXXuMOM aBvxkeHust IT7; II — e IMHUYHBIIA TTy3bIPEK ra3a-OKUCIUTENS C TAMAUHAPHBIM PEXUMOM
nBrkenvst III'; IV u V — MUKPOCTPYKTYPBI, TToJydaeMble TIpy peanusanuu mnpoieccos 11 v ITT

The fracture surface was analyzed using a VHX-1000
optical microscope (“Keyence”, Japan) with expanded
options due to improved long-focus system and digital
processing of images. The 3D structures illustrated in
Figs. 5, eand 6, e, were analyzed using the procedure for
studying fracture surface in 3D image by means of the
“e-Preview Optimal Image” regime [26], on the basis
of which the most heterogeneous morphologically sites
of fracture surface profile. The characteristic features of
these fracture regions were analyzed in details using a
JSM-IT300LV scanning electron microscope (“JEOL”,
Japan) with energy and wavelength dispersive elemental
analyzers.

Results and discussion

The fracture surfaces obtained upon static loading
of the analyzed samples from dispersion strengthened
composite materials were analyzed on samples destroyed
at the maximum stress.

Figure 5, a illustrates macroscopic image of the
fracture surface of flat DSCM sample 1 with 15 % of
inclusions of solid phase. Mixed relief, heterogeneous
in terms of macrogeometry is observed with crystal-
line pimples and breakaways. The fracture center and
crack nucleation area are distinctly observed at the
point of conglomeration of dispersed phase inclusions
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(see Fig. 5, b, ¢). Analysis of the macrostructure in cracking. This can be caused by high normal tensile
polarized light in Optimal Image regime (Fig. 5, b) stresses as a consequence of the separation of ma-
and microstructure (Fig. 5, d) revealed secondary trix—solid phase interface along the plane of maxi-

Ingot
b
h —thickness
of preliminary
workpiece
c rw&
Grinding wheel
V em/s
—_—

Workpiece

W

Fig. 2. Schematic view of fabrication of samples for tensile tests

a — transversal cutting of ingot, b — longitudinal cutting of workpiece, ¢ — grinding of workpiece

Puc. 2. Cxema U3TOTOBJICHUS 06pa3u0B IIJ1S1 UCTIBITAHUY Ha PaCTAXKCHUC
a — 1ionepeyHas pe3ka CinTKa, b— IpoaoJibHasd pe€3Ka 3aroroBku, ¢ — H.U'[I/ICI)OBaHI/IC 3aroToBKH1

Fig. 3. Microstructure of the obtained material in initial state (@) and with indentation of pyramid with the weight of 100 g
of PMT-3 hardness meter (b)

Puc. 3. MukpocTpyKTypa mojy4eHHOTO MaTepurasia B MCXOMHOM COCTOSIHUY (@) ¥ ¢ OTIeyaTKaMu MupaMuaku maccoii 100 r
TBepaomepa [IMT-3 (b)
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Fig. 4. Topographic image of surface and profile of samples

a — relief across the highlighted cross section with determination of height across this cross section; b — analysis of relief heights using

colored image

Puc. 4. Tormorpaduyueckoe 0ToOpaxeHUe MOBEPXHOCTU U TPOodUIIb 00pa3iioB

a — pesibed 10 BbIICTEHHOMY CEYEHUIO C OTPEIeJIEHUEM BBICOT 10 3TOMY CEUYEHHIO; b —ncceoBaHue BBICOT pesibedha ¢ MCTIOIb30BaHUEM

LIBETHOT'O OTOOPaKEeHUS

mum shear depending on orientation of each single
grain.

The general macrogeometry of fracture surface is
heterogeneous, however, individual sites were iden-
tified on it. They were characterized by morphologi-
cally unified fracture surfaces with nearly similar re-
liefs and existence of single type fracture elements.
This is illustrated in Fig. 5, e in the form of degree of
surface roughness in the direction perpendicular to
the plane of load application, related to the stability
of high energy propagation of crack upon fracture at
these sites.

A relatively moderate amount of dispersed inclu-
sions (in comparison with the second batch of sam-
ples) in the matrix of analyzed material located at
significant distances leads to formation of moderate
seams. This can be attributed to the fact of their by-
passing by crack frontal zone, which is simpler than
over the body of high solid phases. The profilogram
distinctly illustrates a rather acute single change in
the profile oriented at the angle ~45° to the tension
axis (see Fig. 5, e).

This is related to a slowing of crack growth and the
blunting of its tip as a consequence of significant plastic
deformation with formation of a cup-like structure and
can be interpreted as a shear at this site characteristic for
the shear area.

Microstructural studies (see Fig. 5, d) illustrate an
alteration of crystalline segments and cleavage edges
around oxides according to the transcrystalline mecha-

nism with thin fibrous stripes. In some places a dendritic
structure with intercrystallite fracture and quasi-cleav-
age can be observed.

The pattern of fracture surface of DSCM samp-
le 2, with 25 % of solid phase inclusions, is illustrated
in Fig. 6. The fracture center is far from the tension
axis but does not appear at the free surface of the sam-
ple. It is possible to observe a mixed fracture pattern,
homogenous in terms of macrogeometry, with a fan-
like fibrous structure (Fig. 6, a). In addition, crystal-
line pimples are detected which differ from previously
considered samples by distribution over the fracture
surface, as well as breakaways of other geometrical siz-
es. The higher amount of dispersive inclusions in the
matrix of the analyzed material in comparison with
DSCM 1, located at shorter distances between them-
selves, smooths out the roughness at certain sites. This
can be attributed to a decrease in the distance of by-
passing of the solid phase by crack frontal zone. The
profilogram (see Fig. 6, e), and the 3D structure, indi-
rectly confirms the provisions discussed above. It does
not contain morphologically heterogeneous in terms
of macrogeometry area with significant differences of
fracture surface relief.

Contrary to DSCM 1, comprised of fibrous area and
shear area, at some segments of fracture surface of sam-
ple 2 a radial area is detected (see Fig. 6, ¢, d). Its oc-
currence is related to an increase in the content of solid
phase in alloy and characterizes transfer of crack from
slow growth to its unsteady propagation with formation
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Fig. 5. Fracture surface of DSCM sample /

a — optical macrostructure (x40); b — macrostructure in Optimal Image regime; ¢ and d — scanning electron microscopy; e — 3D structure

with profilogram across the highlighted cross section

Puc. 5. IMoBepxHocTb uznoma oopasua JIYKM [

a — onTuyeckas MakpocTpykrypa (x40); b — makpocTpykTypa B pexxume Optimal Image; ¢ 1 d — pe3y/ibraTbl pacTpOBOi 2JIEKTPOHHOI
MUKpOCKOTH; e — 3D-cTpyKTypa ¢ MpodrIorpaMMoii To BbIIECIEHHOMY CEUEeHUIO

of radial seams. It is possible to observe the chaotic alter-
ation of viscous fracture according to the tearing mech-
anism and shear with a brittle cleavage fracture in the
form of crystalline fracture. This fracture has stepwise
relief and occurrence of dendritic sites with intercrystal-
lite structure (see Fig. 6, d).

Such features are caused by the non-compliance of
the general direction of crack propagation and the shor-
test direction from its front to a free surface. This is re-
lated to unsteady vortex crack propagation at a microlev-
el, characterized by stepwise (either fast or slow) propa-
gation across the material body. However, in contrary to
the DSCM sample 7 with lower content of solid phase
inclusions, this is not related to the existence of single
type fracture elements, but with an absolutely opposite

44

fracture mechanism. This is comprised of the alteration
of viscous fracture according to tearing and shearing
mechanisms with consideration for brittle cleavage frac-
ture at a separate fracture site surface (see Fig. 6, d).

Conclusions

The fracture surface of dispersion strengthened alu-
minum matrix material, with 15 % and 25 % content of
dispersed phase exposed to deformation under condi-
tions of static uniaxial tension was studied in this paper.
The following differences in morphology of fracture sur-
face were established.

In the material with lower Al,O5 content analyz-
ed, the macroanalysis of fracture surface demonstrates
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Fig. 6. Fracture surface of DSCM sample 2

a — optical macrostructure (x40); b — macrostructure in Optimal Image regime; ¢ and d — scanning electron microscopy; e — 3D structure

with profilogram across the highlighted cross section

Puc. 6. [ToBepxHoCcTh U30Ma ob6pasua JYKM 2

a — onTuyeckas MakpocTpyKrypa (x40); b — makpocTpyKTypa B pexkume Optimal Image; ¢ u d — pe3y/ibTaThl pacTpoOBOii 27IeKTPOHHOIM
MUKpOCKOTNH; e — 3D-cTpyKTypa ¢ mpoduIorpaMmMoii 1o BbIIEJIEHHOMY CEUEHUIO

mixed heterogeneous in terms of macrogeometry pat-
tern. This can be characterized as a dry fibrous fracture,
comprised of fibrous area and shear area and accompa-
nied by secondary cracking.

With an increase in the content of solid phase, a
radial area appears on the fracture surface, evidenc-
ing a change in the fracture mechanism and frontal
zone of the main crack. The occurrence of features of
the radial area is related to structural changes result-
ing from an increase in the content of solid phase in
the alloy. This characterizes crack transfer from slow
growth to its unstable propagation with formation of
radial seams.

The structure of DSCM sample 2, with 25 % content
of strengthening phase, does not allow stable propaga-

tion of the crack. A higher amount of dispersed phas-
es is a significant obstacle for its propagation, resulting
in material strengthening. This consumes a significant
portion of the fracture work. At higher (in compari-
son with the samples of the first batch) content of the
strengthening phase in the material structure an obvi-
ous alteration of viscous fracture according to breaka-
way mechanism and shear with brittle fractures can be
observed. However, the morphology of fracture surface
becomes sufficiently homogeneous in terms of macro-
geometry.

Analysis of fractures in the samples of the sec-
ond batch did not reveal sharp differences in the re-
lief. The profilograms were not characterized by any
sharp relief drops or extreme values of the profile.
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Therefore the macrostability of fracture processes
can be stated, which cannot be attributed to fracture
of DSCM sample 1, where a rather strong single drop
is observed.
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