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AlyNi, 5Ti, sLa, sMn, 5 alloy with multicomponent alloying elements was prepared by rapid solidification.
The hardness and the compression strength of the alloy reached 285 HV and 712 Mpa, respectively. The
alloy exhibited good wear resistance, which was three times that of the conventional A309 aluminum alloy.
The high strength and wear resistance of the alloy were attributed to the second-phase strengthening and

the solid solution strengthening mechanisms.
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1. Introduction

Considerable efforts had been devoted to the development
of novel lightweight engineering materials during the last
decades. Aluminum alloys had received considerable attention
especially in automobile and aerospace industries due to their
high specific strengths. To further increase the strength of
conventional crystalline aluminum alloys with good ductility,
rapid solidification methods (RS) and mechanical alloying
methods (MA) had been successfully utilized to decrease
grain size, to increase solid solubility and to obtain amor-
phous matrix (Ref 1-8). Al-Ln-TM (Ln = rare earth, Tm =V,
Cr, Mn, Fe, Mo) amorphous aluminum alloys of melt-spun
ribbons possessed high strength (Ref 8-11). The tensile
strengths of the amorphous aluminum alloys were more than
1000 MPa (Ref 9). If a-Al nanoparticles or icosahedral quasi-
crystals were embedded in amorphous matrix with coherent
interfaces, the strength of the alloy was further improved
(Ref 10-17). The strength of the alloys could be further increased
by the precipitation of nanoscale Al particles in the amor-
phous matrix. For example, Choi et al. had reported tensile
fracture strengths as large as 1980 MPa for an amorphous
alloy containing 18% Al nanocrystals; this strength was about
1.6 times larger than for the fully amorphous alloy (Ref 18).
The precipitation of nanoscale Al particles in rapidly solidified
amorphous Al-Ni-Ce, AI-Ni-Cu-Ce, Al-Ni-Zr (Ref 19), and
Al-Ni-Y (Ref 20) alloys had been reported. Although these
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ribbons exhibited ultimate strengths exceeding the perfor-
mance of conventionally produced Al-alloys by a factor of
two to three, they could not be directly utilized as structural
materials due to their small size. Powder metallurgy technique
(P/M) and spark plasma sintering method (SPS) were recently
used to fabricate bulk samples (Ref 21-24). The mechanical
properties, such as strength, plasticity, and wear resistance, of
AlMnCe and AlLaNi alloys prepared by P/M and SPS were
reported (Ref 21-25); the strengths of the bulk alloys could
reach 800-950 MPa. But the fabrication of bulk high-strength
aluminum alloys by P/M and SPS needed high pressure and
temperature as compared with other methods. Furthermore,
the porosity of the fabricated alloys was avoided with
difficultly. Recent researches indicated that by adding multi-
component alloying elements (Ref 25-28), the strength of the
alloys were improved. Based on the thermodynamic principle,
a new alloy design concept, “multi-principle-element alloy,”
was explored by Yeh J. W. et al., which was named as high
entropy (HE) alloy and mainly consists of simple fcc or bec
solid solution phases (Ref 25-28). HE alloys as multicompo-
nent alloys were composed of » major alloy elements with
n = 5 in equimolar or near-equimolar ratios. This leads to an
increase in the stability of the solution due to maximizing the
mixing entropy.

Based on above consideration, in this contribution, the high-
strength aluminum alloy with multicomponent alloying ele-
ments was fabricated by rapid solidification, and the properties
and the microstructure of the alloys were investigated.

2. Experimental Procedures

The starting materials were made of Al, La, Mn, Ni, and Ti
with purities of 99.9% and were melted together in a vacuum
induction furnace under argon atmosphere. After melting, the
molten alloy was injected into the copper mold with 6 mm
diameter and 12 cm length under an applied pressure of
3% 10° Pa; the cooling rate was about 10* K/s. The composition
of the alloy was AlggNi, sTiy sLay sMn, 5 (at.%). The stress-
strain curve of the alloy was measured using an 810 Material

Volume 18(1) February 2009—79



Test System (MTS) at a crosshead rate of 0.2 mm/min. The
wear resistance was measured using a MG2000 pin-on-disc
wear testing machine at room temperature; the loading range
was between 10 and 60 N, and the wear time was 10 min with
a rotating speed of 200 r/min. The alloy was used as pin
material with 6 mm diameter and 10 mm height; the disc was
made of 5CrNiMo steel. Before and after the test, the pin was
cleaned with ethanol and weighed to measure the weight loss.
The weight loss of the samples in the wear test was measured
by use of a photoelectric balance with a precision of 0.01 pg.
The micro-hardness was measured by an HV-1000 micro-
hardness tester under a load of 200 g and a loading time of
15 s. The phase structure analysis of the alloy was made by
X-ray diffractometer. The microstructures of the alloys were
observed by optic microscope (OP) and field emission scanning
electron microscopy (FESEM), and the fracture and worn
surfaces were observed by scanning electron microscopy
(SEM).

3. Results and Discussion

Figure 1 shows the microstructures of AlggNi, 5Ti, sLa, sMn, 5
alloy. The results exhibit a fine lamellar microstructure that is
similar to pearlite in steel; the average lamina width is about
0.2 pm. The X-ray results show that the microstructure of the
alloy consists of o-Al solid solution, LazAly;, Al3Ni,, and
AljoMny intermetallic compounds (see Fig. 2). Generally, Ti is
prone to formation of intermetallic compounds with Al, but Ti
exists in o-Al solid solution and does not form a compound
with Al element in the present results; it may be due to the fact
that La reacts with Al and forms a compound prior to Ti. The
effect of Ti on the formation mechanism of intermetallic
compound in AINiTiLaMn alloy needs further investigation.
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Fig. 1 Micrograph of the alloy. (a) OP, (b) and (c) FESEM

80—Volume 18(1) February 2009

The appearance of the above compounds should contribute to
the hardness and the strength of the alloy. Thus, the alloy
possesses high hardness; the hardness of the alloy reaches 285
HV, which is two times as high as 128 HV of traditional
aluminum alloy A309 alloy. Figure 3 illustrates the stress-strain
curves of the alloy. The G, (the strength of the alloy for 0.2%
plastic deformation) and G,,,x (maximal compression strength
of the alloy) are 595 and 712 Mpa, respectively. The fracture
surface shown in Fig. 4 exhibits a brittle fracture mode.

The variations in coefficient of friction and wear rate with
load for conventional A 309 aluminum alloy and the experi-
mental alloy are shown in Fig. 5. It is noticeable that the effect
of load on coefficient of friction is evident, the friction
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Fig. 2 X-ray analysis of the alloy
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coefficient decreases considerably with increasing load, and the by high wear resistance. The experimental alloy presents

lowest levels in coefficient of friction curve clearly occurred in improved wear resistance as compared with conventional
a load range of 50-70 N. The coefficient of friction of A 309 aluminum alloy; the results show that there is little
experimental alloy is smaller than that of A 309 aluminum difference in the wear resistance for the experimental alloy and
alloy. The excellent strength of the alloy may be accompanied conventional A 309 alloy at 10 and 20 N load, because at low

load the wear mechanism of the alloys is mainly oxidative
wear, and the oxidative layer on the worn surface separates the

800 studied alloy and the wear disc from metal to metal contact.
200 [ As the load is increased, the plastic deformation on the worn
600 -
L 35 -
© 500 | L
S 30k —=— A 309 alloy
s | —e— experimental alloy
< 400} 2
@ A S o5t
S 300} et
n | mE 20
200 c L
L é 15 |
100 | o f
- S 10
0 L 1 L 1 L 1 L 1 L 1 L § i
0 1 2 3 4 5 6 = 57
Strain (%) o i
n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n
Fig. 3  Stress-strain curve of the alloy 0 10 20 30 40 50 60 70 80 90
(a) Load (N)
0.70 T T T T T T T T
—m— A 309 alloy
—e— experimental alloy
c
i)
5 0.65 B
k]
c
Qo
Q
‘© 0.60F i
Q
O
[ ]
0-55 n 1 n 1 n 1 n 1
0 20 40 60 80
(b) Load (N)

Fig. 5 Wear rate and coefficient of friction curves for the alloys
Fig. 4 SEM micrograph of fracture of the compressed sample under different loads. (a) Wear rate, (b) coefficient of friction

Fig. 6 SEM micrograph of the worn surface of the alloys at 60 N. (a) Experimental alloy, (b) A 309 alloy
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surfaces are different for the studied alloy and A 309 alloy; the
worn surface consists of plows for the alloy whereas an evident
adhesive wear mechanism can be clearly observed for the A
309 alloy (see Fig. 6). At this stage the difference in hardness
played a dominant role in determination of wear rate following
Archard’s law. Therefore, the wear rate of the experimental
alloy becomes better than that of A 309 alloy as load increases.
The wear resistance of the alloy is three times that of A309
aluminum alloy at high load. Thus, the good wear resistance of
the alloy should be related to the high hardness and high
compression strength of the alloy.

4. Conclusions

According to above results, adding multicomponent alloy-
ing elements under rapid solidification can strengthen alumi-
num alloy. The effect of the aggrandizement is related to the
amount and kind of the alloying elements. The hardness and the
compression strength of the AlggNi, 5Ti, sLay sMnj, 5 alloys
reach 285 HV and 712 Mpa, respectively. The alloy exhibits
good wear resistance, which is three times that of the
conventional A309 aluminum alloy. The high strength and
wear resistance of the alloy are attributed to the second-phase
strengthening and the solid solution strengthening mechanisms.
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