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Abstract : Diffusion controlled phase transformations and tribological properties and hardness of Algs Cu,,Cr, s quasicrystal
particles( QC,)/ Al matrix composites have been studied. The mixtures of the quasicrystal particles with volume fractions
of 15%,20%,25% , 30 % and pure Al powder were hotpressed at 600, 650, 700 'C . During the diffusion-controlled
phase transformation induced by hot-pressing , a simple cubic icosahedric quasicrystal (SIQC) phase transforms into stable
® phase with the microstructure of monoclinic of Al;Cr, through a transitional faced cubic icosahedric quasicrystal
( FIQC) , a decagonal quasicrystal ( DQC) and an approximant of decagonal quasicrystal ( DA) phases. And G. P. zones
and Al- Cu precipitates , 0~ Al,Cu and ¢ Al,Cu, are separated out from the Al matrix respectively after hot-pressing . The
QC,/ Al composites have double-strengthening effect after hot- pressing . One is the strengthening of the particles that rein-
force the matrix Al; the other is the dispersion strengthening of the precipitates in the Al matrix . The hardness of the
composites increases with increasing volume fraction of quasicrystal particles . The maximum hardness reaches 1 200 MPa,
being 4 times that of Al. The frictional coefficient and the wear rate of the QC,/ Al are lower than those of Al. Incompar
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ison with SiC,/ Al matrix composites, QC,/ Al composites have higher hardness and lower frictional coefficient .
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1 INTRODUCTION

The formations, atomic structures, electronic
structures,, high te mperature stability , phase trans-
formations and physical properties of quasicrystals
have been studied deeply for the last twelve years,
but it is nearly impossible to use the m as funda mental
structural materials because of their intrinsic brittle-
ness , thus the research work on quasicrystalline appli-
cations has rarely been carried out. However, the
quasicrystalline materials have better comprehensive

prope rtiest! 76!

, such as high hardness, low frictional
coefficient , heat-resistance , wear resistance and cor
rosiomr resistance so that it becomes possible to use
the m as surface strengthening materials or reinforcing
particles of composites. In the applications of the sur
face strengthening materials, French scholars have
successfully used quasicrystalline plating layer to nomr

stick cook warel”7 .

Tsai et al'®! have simply studied
Algs Cuyy Feys quasicrystalline particles dispersed Al
base composites , but they only tested the hardness of
the composites. Thus the studies on quasicrystalline
materials used as reinforcing particles of composites

are very few.

For the above reasons and in order to explore and
develop the application areas of quasicrystalline mate-
rials , making use of their properties of high hardness
and low frictional coefficient , especially the character-
istic of low density of Al base quasicrystalline materi-
als and their matching with Al, we try to use Al base
quasicrystal , Algs Cuyy Crys , as reinforcing particles of
Al matrix, and will study the phase transformation
regularity and the frictional and wear properties of the
composites prepared by hot-pressing technique in this

paper .
2 EXPERI MENTAL

The Algs Cuy Crys master alloy was prepared by
means of melting high pure aluminum, electrolytic
copper and metal chromium in the magnetic suspen-
sion vacuum furnace . The rapidly solidified ribbons
were cast by melting-spinning in an argon at mosphere
of 0 .45 MPa with a single copper wheel of 345 mm
radius rotating at a rate of 1 800 r/ min. A nearly
100 % simple cubic icosahedral quasicrystal ( SIQC)
phase was obtained in the melt-spun sample .

The particles of AlgsCu,,Cry 5 alloy were prepared
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by grinding the melt-spun samples for 3h in QMIST
ball mill and screening the m below the size of 50 um.
The com mercial pure aluminum powder with a size of
75 pm was used as the matrix material .

The AlgsCuy,Crys particles with volume fractions
of 15%, 20 %, 25 % and 30 % and pure Al powder
were mixed for 30 min in ball mill. The mixed pow-
ders were hot-pressed into samples of dimensions of
d25 mmx 5 mm at 600, 650 and 700 ‘C under 40
MPa for 30 min.

The microstructures of the composite samples
were analyzed by X ray diffractometry ( A CuK,) =
0.154 4 nm) and transmission electron microscopy
(TEM) , the phase compositions were obtained by
electron probe microanalyser ( EP MA) .

The hardness of the composites was tested with a
HV-120 Vicker’s hardometer, and determined by av-
eraging the hardness of six points on the up and down
surfaces of each sample .

The frictional and wear properties were mea-
sured in a MM 200 wear test machine under a load of
20 N at 200 r/ min in the state of dry friction. The di-
mensions of the samples are 10 mm X 10 mm X 16 .5
mm. 6CrW2Si steel was used as frictional counter,
whose hardness is HRC 60 ~ 62 . According to the
variational curves of the frictional moment with fric-
tional time, the frictional coefficient was obtained.
The wear resistance was described by the width of the
grinding cracks. The morphology of the grinding
crack was observed by JSM-35CF Scan Electric Mi
croscope .

3 RESULTS

3.1 Distribution of reinforcing particles

The distributions of the quasicrystal particles are
shown in Fig.1 . The particles are homogeneously
distributed in the Al matrix for the composites of par
ticle volume fractions of 15 % and 20 %, such as the
composite of particle volume fraction 15 % at 650 C
for 30 min ( Fig.1(a)) . While the particle volume

fraction exceeds 20 % , for example, 25 % and 30 %,
the particles segragate progressively ( Fig.1(b)) .

The volume fraction of practical particles and the
geometrical parameters are calculated by quantitative
metallography ( Tables 1 and 2) . Table 1 shows that
the practical volume fractions of particles are close to
the original ones . Thus, after transformations in hot
pressing process , it is possible to neglect the change
of particle volume . Table 2 shows that Adand O de-
crease with increasing volume fraction, and the
change of d is not obvious. The distribution parame-
ter of the second phase particles is one of the impor
tant factors which determine the strength of materi-
als .

3.2 Microstructures

The microstructures of QC,/ Al composites de-
pend on the parameters of hotpressing processing ,
such as te mperature , pressure , time and volume frac
tion of quasicrystal particles . This paper only studied
the influence of te mperature and volume fraction of
the quasicrystal particles on microstructure .

It is found that the microstructures vary with
hot-pressing te mperature in 20 % QC,/ Al composite
under the conditions of 40 MPa pressure and 30 min
time as follows .

(1) In hot pressing at 600 C

Under this testing condition both the Al matrix
and QC particles keep solid ; the morphology is shown
in Fig.2(a) . The composition of the particles is
AlggCu;9Cry, , whose structure is a faced cubic ico

sahedric quasicrystallg]. A small amount of Al,Cu
particles is observed at the grain boundaries of Al ma-
trix by TEM ( Fig .3(a)) .

(2) In hotpressing at 650 C

The Al matrix and the particles still keep solid,
but the temperature of the Al matrix is close to its
melting point. The speed of diffusion is faster than
that at 600 C. The back-scattered electron image of
the composite is shown in Fig.3(b) . The reinforced
particles consist of white phase and intergrowth-like

Fig.l
(a) —¢=15%,650 C, 30 min; (b) — ¢=30%, 650 C, 30 min

Distributions of reinforced particles in composites



Trans . Nonferrous Met. Soc. China

Jun. 2000

© 360 *
Table 1  Volume fraction of original and
practical particles ( %)
t/ C Original Practical
600 20 19.2
700 20 19.7
650 15 14 .3
650 20 18.6
650 25 23 .5
650 30 28 .2
Table 2 Geometrical parameters of particles
@/ % A mm J mm d/ mm
15 0.1604 0.1887 0.0283
20 0.1053 0.1316 0.0263
25 0.0816 0.1087 0.0272
30 0.0609 0.0869 0.0261

A—average free distance; O—average distance between parti-
cles; d —average diameter of particles

phases. EMPA and TEM experiments show that the
white phase has a composition of Alg;Cuy 5Cry, 5 and
a microstructure of monoclinic of Al;;Cr,. The com-
position of the intergrowth-like phases can’t be
distinguished ; the average is Al;g3Cu;(Cry,, and their
microstructures are respectively decagonal quasicrystal
(DQC) and an approximant of decagonal quasicrystal
(DA)!! . There are a lot of #-~Al,Cu and # Al,Cu in
the Al matrix, which precipitate both in the grains
and at the grain boundaries , and the typical images
are shown in Fig .3(b) .

(3) In hot press processing at 700 C

The particles still keep solid, but the matrix be-
comes liquid, the diffusion is accelerated even more ,
its back-scattered electron image is shown in Fig.2
(c) . The particles only consist of a single white

Yo ,."._  1

Fig .2 Back-scattered electron images of reinforcing particles

phase. The analyses of EMPA and TEM show that
the phase has Algg Cu, 5 Crj3 composition and Al;;Cr,
structure .

In the matrix, many G.P. zones and g~ Al,Cu
are observed by TEM; Fig.3(c) shows their images
in typical areas .

The variations of microstructure with volume
fraction of reinforcing particles after hot- pressing at
650 T, 40 MPa for 30 min were investigated by TEM
and EMPA. The compositions and the structures of
the composites with volume fractions of 15 %, 20 %,
25 % and 30 % are listed in Table 3. In the compos-
ites with volume fractions of 20 %, 25 % and 30 %,
the particles consist of & Al;;Cr, and ( DQC + DA) ,
and the amount of & phase increases while the
amount of ( DQC + DA) decreases with increasing
particle volume fraction .

The precipitates in the composites are mainly 9-
Al,Cu and & Al,Cu ; the quantity and the size of both
@ and @ increase with increasing particle volume
fractions .

3.3 Hardness and tribological properties

The macro-hardness of the composites with dif-
ferent hot pressing process and volume fractions were
measured, and the results are shown in Fig.4 and
Fig .5. The hardness of 20 % QC, + Al composite in-
creases with increasing te mperature and time, but
when the time increases from 30 min to 90 min, the
hardness increases little .

The frictional coefficients and the wear rates of
the composites with volume fractions of 0 % ( pure
Al) , 15%, 20 %, 25 % and 30 % respectively after
hot pressing at 650 T, 40 MPa for 30 min were mea-
sured, and the results are shown in Fig .6 and Fig.7.
Both the frictional coefficients and wear rate of the
composites are lower than those of the pure Al. And

the wear rates decrease with increasing volume

(a) —600 C; (b) —650 C; (b) —700 T
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Fig .3

I'mages of precipitates in matrix
(a) —600 C; (b) —650 C; (b) —700 C

fraction in the composites of 15%QC,+ Al and
20 %QC, + Al. When the volume fraction exceeds

20 % , both the frictional coefficient and the wear rate
begin to increase , but when the volume fraction ex-
ceeds 25 %, they do not have obvious change .

4 DISCUSSION

It is known that the properties of composites

Table 3 Compositions and structures of
phases in particles of composites with
different volume fractions

Alloy Features Composition Structure
15 %QC, + Al White Algy Cuy Cryy FIQC
Gray Al Cuy o Cry,y DQC
20 %QC, + Al Gray Alg;Cu, ,Cry5 & Al;Cr,
Intergrowth- AlgCu/oCr, DQC+ DA
like
25 %QC, + Al Gray Alg; Cus 5Crpy 5 @ AlL;Cry

Interlghi(e)wth- Aly; ,Cu;,Cry s DQC + DA

30%QC, + Al Gray

Algy 9Cuy 5Cri3 5 @ Al;Cr,

Interlghi(e)wth- Al;; 5Cu;; Cryy 5 DQC + DA

10001 M 30 min
] 90 min

600 650 700

t/C
Fig .4 Variation of hardness of 20 % QC, + Al
composite with hot pressing te mperature and time

13001
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Fig.b Variation of hardness of composites with
volume fraction of reinforcing particles

depend mainly on the nature, distribution, size and
the quantity of the reinforcing particles. The experi
ments showed that the size of particles keeps
constant , the quantity is about the volume fraction,
both of the m can be controlled by man made design in
these composites . The distribution of the particles is
related to the hot-pressing process and the volume
fraction. When the volume fraction exceeds 25 %,
the particle distribution becomes inhomogeneous in
the composites prepared by hot-pressing at 650 C , 40
MPa for 30 min.

The nature of the particles depends on the



- 362 - Trans . Nonferrous Met . Soc. China

Jun. 2000

o
=)

o
F9

Frictional coefficient
=
[ )]

0 15 20 25 30
i/ %

Fig.6  Variation of frictional coefficient with

volume fraction of reinforcing particles

=
3
B
3
B
0 15 20 25 30
¢f/ %

Fig .7 Variation of wear rate of composite
with volume fraction of reinforcing particles

microstructures , and at last on the hot-pressing tech-
nology and the volume fraction. So, the studies on
the transformational regulation of the particles are re-
garded to be important for the composites .

According to the Al Cr and Al Cu binary dia-
grams , the phases that can maintain equilibrium with
Al are @ Alj; Cr, and & Al,Cu in thermodynamics,
but & Al,Cu was only observed in the Al matrix, not
in the particles, and & Alj;Cr, was only observed in
the particle , not in the Al matrix . Although both Cu
and Cr atoms can diffuse from the particles to the ma-
trix Al, the experiments showed that Cr atoms exist
mostly in the particles, there is only an insufficient
quantity of Cr atoms in the matrix Al, maybe because
the Cr content in the particles approaches to the Cr
content in the equilibrium phase of & Al;Cr,
(Algg 7Cr;3 3) . Cu atoms tend to solve into the ma-
trix, then G.P. zones and the transitional phases,
0~ Al,Cu and the stable phase & Al,Cu are precipitat-
ed from the Al matrix , and the decrease of Cu in the
particles induces the phase transformations from the
original SIQC to a series of transitional phases, at
last, to the equilibrium phase & Al;; Cr, in which
there is a few Cu atoms . As shown above , the phase
transformations of the particles could take place dur

ing hot-pressing as follows :
600 C

STQC( Algs Cuyy Cryy)
0T

FIQC( Algg Cuy; Cryg)

650 C
DQC( Alyg Cuy Cry,) DA( Alyg Cuy Cry)
700 C
& AlgyCu, 5Cry3 5)

The SIQC transformations depend fully on the
diffusion ability in the system , and the diffusion abili-
ty of the system depends mainly on the hot-pressing
te mperature . The results of transformations are close-
ly related to the composition of the particles and the
compositions depend on the diffusing ability too, that
is, depend on the hot-pressing te mperature. SIQC
transferred into FIQC by atom ordering at 600 C.
There is a coherent orientation relationship between
the two phases. When being hot-pressed at 650 C,
the SIQC finally transferred into DQC and DA. The
approximant of the decagonal quasicrystal DA is prac
tically the result of the ordering transformation of the
DQC, and the decagonal DQC is a result of the order
ing of the FIQC. With increasing hot pressing te m-
perature , only a single phase of & Al;;Cr, in the par
ticles can reach equilibrium with the Al matrix. All
the transformations above are caused by the change of
the composition diffusion-controlled, so the micro
structure of the particles can be controlled by the hot-
pressing techniques .

The precipitates in the matrix Al are formed as
follows .

700 C: §~Al,Cu (at the boundaries) ; 650 C :
0-Al,Cu + @ AlL,Cu; 600 C: G.P. zones + 0~
Al,Cu.

The strengthening of the QC,/ Al composite is
contributed to two sides : one is the strengthening of
the particles that reinforce the Al matrix , the other is
the dispersion strengthening of the precipitates from
the matrix Al. The hardness of composites with the
same volume fraction is dependent on the microstruc
ture of the particles and the precipitates . According to
Fig .7, when the particles have the microstructure of
monoclinic of & Al;;Cr,, and the precipitates from
the matrix Al are G. P.zones and @/-AlzCu, the
hardness of QC,/ Al reaches the maximum. Under
the same conditions of hot-pressing the hardness of
QCp/Al reaches the maximum at 25 % particle vol-
ume fraction. Although there are nearly similar
microstructures in the composites of 20 %, 25 % and
30 % particles, the distribution of the particles be-
come inhomogeneous in the 25 % QC, + Al composite .
So, it is not significant to strengthen the QC,/ Al
composite by adding particles when the volume frac
tion exceeds 25 % .

The reduction of the frictional coefficient is
mainly caused by the particles. According to Fig.6,
there occurs the lowest frictional coefficient in 20 %
QC, + Al which has more ( DQC + DA) phases in the
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Fig.8 Comparisons of properties of QCp/ Al
with corresponding properties of SiC,/ Al
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particles . ( DQC+ DA) phases in the particles de-
crease with increasing particle volume fraction in 20 %
QCp + Al, 25 %QCp + Al and 30 %QCp+ Al , so the

lower frictional coefficient of QC,/ Al should be con-
tributed to quasicrystals and its approximants of the
particles , because the low frictional coefficient charac-
terize the quasicrystalline alloys .

The experimental results on the properties of
QC,/ Al have been compared with the corresponding
properties of SiC,/ Al''Jin Fig .8 . Fig.8(a) shows
the diagram of the contrast of hardness, which shows
the hardness of QC,/ Al is higher than that of SiC,/
Al . According to Fig .8(b) , the variations of the fric-
tional coefficient with volume fraction of particles are
fully contrast to SiCp/Al. This is resulted from the
specific properties of the quasicrystalline material.

Fig .8 (c¢) shows that the wear resistance of both
composites have no obvious difference .
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