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ABSTRACT

The properties of any composite material depend on a large number of factors, and the choice of a matrix alloy for the
composite with a metal matrix fabrication is one of the most important. In the case of carbon-aluminum composites, the
choice of alloy affects the possibility of the brittle carbides formation and the bond strength at the matrix-fiber interface,
which determines the nature of fracture and the ultimate strength of the composite material.

In this work, unidirectional composite materials with matrices of aluminum alloys grades A7, AMg4 and AK12,
reinforced with continuous carbon fibers, were obtained and investigated. Mechanical tests for three-point bending and
microstructural studies of the composite materials fracture surfaces were carried out. It was found that aluminum alloys,
which contain magnesium (AMg4) or silicon (AK12), can reduce the chemical interaction of the composite components
and increase the material strength as a whole. Thus, the three-point bending strength of composites with matrices A7,
AMg4, and AK12 was 288, 389, and 413 MPa, respectively. In this case, the nature of specimen fractures correlates with
the obtained strength values.
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AHHOTALUS

CBolicTBa 110600 KOMMO3UTHOTO MaTepMana 3aBUCAT OT 6O/bLIOTO YMcia GAKTOPOB, U BbIBOP MATPUYHOrO crnaaBa npu
WN3roTOBNEHUM KOMMNO3UTOB C METAN/IMYECKOWM MATPULLEN ABNAETCA OAHUM U3 BaXKHelLWMX. B cnyyae yrnepoa-antoMmuHu-
€BbIX KOMMO3UTOB BbIOOP CN/laBa BAUAET Ha BO3SMOXKHOCTb 06pa30BaHMA XPYNKMUX KAapOUAOB M CUY CBA3W Ha rPpaHuLLe
MaTpUL,A-BONOKHO, KOTOPasA onpeaenaeT XxapakTep pa3pyLleHMa U KOHEYHYIO NPOYHOCTb KOMMNO3UTHOrO MaTtepuana.

B maHHOM paboTe Bbln NonyyeHbl U UCCAef0BaHbl OAHOHAMNPABAEHHbIE KOMMNO3UTHbIE MaTepuasbl C MAaTPULLAMU U3
ANOMUHMEBBIX CNaBoB MapoK A7, AMr4 n AK12, apmupoBaHHble HENPEPbIBHbIMMK YI/IEPOAHbIMW BOJIOKHaMN. bbiaun
npoBeAeHbl MexaHUYeCKMe UCMbITAaHUA Ha TPEXTOUEYHbIW U3MMO M MUKPOCTPYKTYPHbIE MUCCAEA0BAHNA NMOBEPXHOCTEMN
pa3pyLleHMAa KOMMNO3UTHbIX MaTepuanos. bblo yCTaHOBNEHO, YTO aNlOMUHUEBBIE CMJIABbl, KOTOPbIE MMEKT B CBOEM
cocraBe marHuii (AMr4) nnu kpemHuii (AK12), Nno3BoAAOT CHU3UTb XMMMUYECKOE B3aMMOAENCTBME KOMMOHEHTOB KOMMO-
3UTa M NOBbLICUTb MPOYHOCTb MaTepuana B LenoM. Tak, NPOYHOCTb NPU TPEXTOYEYHOM U3rnbe KOMMNO3UTOB C MaTpULAMM
A7, AMr4 v AK12 coctauna 288, 389 n 413 MIla cooTBeTCTBEHHO. [1pM 3TOM XapaKTep n3nomos 06pasL0oB KoppeanpyeT
C NONYYEeHHbIMW 3HAYEHUAMM NMPOYHOCTHU.

KJIIOUEBBIE CJIOBA
KomnosuT; yrnepogHoe BONOKHO; al'erMMHMVI; NMPOYHOCTb NpH nsrunbe.

Introduction Thus, due to its high specific strength, the

Fibrous composite materials are one of the carbon-aluminum composite can be used as
most effective types of composites that are able @ structural material in aerospace, automotive
to use the maximum strength potential of the and other industrial sectors.
reinforcing fiber and matrix ductility to increase However, the manufacturing composites
the specific characteristics of the composite. technologies with aluminum and carbon fibers
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require certain knowledge due to the specificity
of material obtaining. Particular difficulty is the
control over the components chemical interaction
in the process of manufacturing an aluminum-
carbon composite, which is most important
when fabricating material by liquid-phase
methods [1-3]. The intensity and nature of the
interaction at the matrix-fiber interface are one
of the main parameters that determine the final
mechanical composite properties, therefore, it is
necessary to understand the processes that occur
at the interface in order to further optimize the
technological modes of their manufacture.

One of the most informative methods for
studying the interphase interaction at the matrix/
fiber interface is the fractographic analysis of
composite fractures, which, depending on the
type of fracture, may indicate the nature of the
interaction of the components.

As a rule, the strength of composites of the
«aluminum — carbon fiber» type with a fiber
volume fraction of 30-35% does not exceed
200-300 MPa due to an intense chemical reaction
at the interface with the formation of brittle and
hygroscopic aluminum carbide ALC, [4-10].
The presence of a large volume of this carbide
phase, as well as the accompanying negative
effects of embrittlement, affect the composite
final mechanical properties.

Depending on the bond strength at the
interface between phases and stress concentrators,
fibrous metal-matrix composites fractures
(including carbon-aluminum composite) are of
three main types: brittle fracture, bundle fracture
and single-fiber fracture (with pulling out of
fibers) [11, 12]. Composites with a brittle type of
fracture are characterized by the lowest strength
and undeveloped fracture surface, generally
perpendicular to the direction of fibers laying [13].
A bundle fracture is the optimal type of fracture
with a multilevel fracture, with a predominant
pulling out of individual fiber bundles. Single
pulling out of fibers from the matrix occurs if
the fibers infiltration is poor or if the bonding
between the fibers and the matrix is weak.
Thus, by analyzing the fracture of composites,
information can be obtained that facilitates the
choose of a matrix alloy for obtaining maximum
strength properties.

As mentioned above, increasing the strength
of composites requires the formation of an optimal
interphase boundary. In this case, excessive

hardening of the matrix — fiber interface in the
case of a brittle fiber/plastic matrix combination
during intense chemical reactions can lead to
embrittlement of zones around the fiber and
reduce energy dissipation at the crack tip [13].
One of the simplest methods that can be used to
reduce the strength of the interface is alloying
the matrix with components that inhibits the
formation of carbides or other undesirable phases.
Zinc, magnesium and silicon can be used as such
components. It was shown in [14, 15] that the
listed elements can reduce the solubility of carbon
in aluminum, which in turn will limit the carbon
oversaturation of the regions near the fiber and
the subsequent formation of aluminum carbide
crystals. Japanese and Chinese researchers
studied the possibility of using a matrix based
on aluminum and magnesium [4, 16], and French
scientists studied composites with aluminum and
silicon [17], but this work compares the effect
of both elements alloying an aluminum matrix
on the bending strength of composites obtained
under equal conditions by one method.

This article studies the effect of replacing a
pure aluminum matrix in a carbon-aluminum
composite with the widespread alloys AMg4 and
AK12 on the three-point bending strength, as
well as the nature of the fracture of composites
when using the above-mentioned matrices.

1. Research methods

For  the  unidirectional  composites
fabrication, carbon fiber was used in the form of
a unidirectional fabric grades UMT-49 (tensile
strength 4.9 GPa), made of PAN fiber. The fiber
volume fraction in all composites was set equal
to 30%.

Aluminum alloys A7 (aluminum of technical
purity 99.7%), AMg4 (main alloying element
magnesium, 4%) and AKI12 (eutectic silumin,
main alloying element 11% silicon) were used as
matrix alloys.

Samples of carbon-aluminum composites
were obtained by a type of liquid-phase
infiltration — by the the shell molding process,
the essence of which is to place the composite
components in a steel hermetic shell, evacuate
the shell and heat until the aluminum melts, and
infiltrate the fibers by the melt under the external
pressure, followed by cooling. The method is
described in more detail in [18, 19]. The resulting
composite samples were in the form of plates
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with dimensions of 70x70x3 mm. Each of the
resulting composite plates was divided into
5 parts for mechanical testing.

The fabrication conditions of composites
with matrices A7, AMg4, and AKI12 (the
conventional  designation of  composites
further like A7/Cf, AMg4/Cf and AKI12/Cf,
respectively) were completely identical except
for the heating temperature, due to the different
melting temperatures of alloys A7, AMg4 and
AK12. Overheating of the alloys was about
60...70 °C above the liquidus to improve fluidity
and warming up the mold.

Mechanical three-point bending tests were
carried out in accordance with GOST R 56810-
2015 on an AS-102 BendingTester, loading was
carried out until the sample failed.

Microstructural and fractographic analyzes
were carried out on a scanning electron
microscope SEM, JEOL JSM 6490-LV (Japan), in
the secondary electron mode at a voltage of 20 k'V.

2. Results and discussion

The macrostructure of carbon-aluminum
composites obtained by the shell molding process
is shown in Fig. 1.

The dark, dotted, horizontally elongated
shapes represent the cross-section of the
bundles that make up the unidirectional carbon
fiber fabric. The images below show the areas
from them. Light areas — aluminum alloy. The
structure shown in Fig. 1 is typical for all three
composites, regardless of the matrix.

The fracture surface analysis can provide
a large amount of information about the processes

occurring at the interface during the manufacture
of a composite material. Based on the fracture
pattern, it is possible to estimate the interaction
intensity, the bond strength at the interface, and
other parameters.

A composite with a pure aluminum matrix,
as noted, has low strength and brittle fracture
(Fig. 2, a). The figure shows that the fracture
surface is brittle and almost flat. This type of
fracture corresponds to the low strength of the
composites, as a result of high adhesion, fiber
degradation and stress concentration at the sites
of carbide formation between the fiber and the
matrix, crack energy dissipation practically does
not occur [12, 20], the function of the so-called
«mechanical safety device» does not work. The
crack propagates freely, passing from the fiber to
the fiber practically only in one plane —i.e. a flat
crack is formed [17].

This pattern is observed mainly in areas
with high fiber density. However, as the crack
reaches a sufficiently large area of the matrix
free of fibers, the crack propagation slows down,
because in this section of the composite, the
crack energy is spent on plastic deformations in
front of the crack tip.

In the case of the AMg4/Cf composite, the
fracture surface becomes more pronounced
(Fig. 2, b), which indicates changes at the matrix —
fiber interface. A multilevel surface indicates
a change in the nature of crack propagation in
the material, due to a decrease in the number
of defects and concentrators on carbon fibers.
As a result, the crack propagation work and
strength of the composite as a whole increase.

Fig. 1. Panoramic view of the carbon-aluminum composite cross section

Puc. 1. HaHopaMa YIIICAIIOMHUHUCBOI'O KOMIIO3UTA B IIONIEPEYHOM CCUCHUN
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Fig. 2. Fracture surfaces of carbon-aluminum composites: a — A7/Cf; b — AMe4/Cf; ¢ — AK12/Cf
Puc. 2. [ToBepxHOCTH pa3pyIICHUS YITICATIOMUHUEBBIX KOMITO3UTOB: a — A7/Cf; b — AMe24/Cf; ¢ — AK12/Cf

The AK12/Cf composite has an even more
developed fracture surface (Fig. 2, ¢). Also in the
picture you can see fibers sticking out from the
matrix separately. These signs indicate an even
greater decrease in the chemical interaction of
the fiber and matrix and an increase in the crack
propagation work. The strength of the composite
also increases, which will be discussed below.

Due to the different intensity of chemical
interaction and, as a consequence, differences
in the nature of the destruction of composites,
their strengths are different. Thus, the three-
point bending strength of the A7/Ct, AMg4/Cf{,
and AK12/Cf composites was 288, 389, and
413 MPa, respectively. Thereby, replacing the A7
aluminum matrix with the AK12 silumin matrix
led to an increase in the average bending strength
of the composite by 40%.

Conclusion

The fracture patterns of composites with A7,
AMg4, and AK12 matrices differ significantly
due to different degrees of chemical interaction

at the matrix-fiber interface. Carbon-aluminum
with a matrix of pure aluminum has a brittle
fracture nature and the lowest three-point bending
strength of 288 MPa. Alloys with additions of
magnesium and silicon react less intensively
with carbon fibers, due to which the type of
fracture changes — the fracture surface becomes
multilevel, and the strength increases to 389 and
413 MPa, respectively.
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