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High cycle fatigue (HCF) behavior of a new heat-resistant aluminum alloy at elevated temperature was investi-
gated. This alloy consists of an α-Al matrix, a small amount of precipitated Mg2Si, and distributed (Co,
Ni)3Al4 strengthening particles. HCF tests were conducted with a stress ratio of (R)=0 and a frequency of
(F)=30 Hz at 130 °C. The fatigue limit (maximum stress) of this alloy was 120 MPa at 107 cycles. This is
a value superior to that of conventional heat-resistant aluminum alloys such as the A319 alloy. Further-
more, regardless of the stress conditions, the new heat-resistant Al alloy has an outstanding fatigue life at
high temperatures. The results of fractography observation showed that second phases, especially (Co,
Ni)3Al4 particles, were effective to the resistance of fatigue crack initiation and propagation. On the other
hand, Mg2Si particles were more easily fractured by the fatigue crack. This study also clarifies the micro-
mechanism of fatigue deformation behavior at elevated temperature related to its microstructure.
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1. INTRODUCTION

Recently, aluminum alloys have been re-focused as a light-
weight material for automobiles and aviation because of its
superiority in strength to weight, mechanical properties, form-
ability and recyclable merit. Heat-resistant Al alloys have been
used for engine heads, cylinder heads, and cylinder blocks [1].
Much development and many studies are still ongoing for the
purpose of improving heat-resistant stability and high tem-
perature mechanical and fatigue properties.

Currently, the most commonly used heat-resistant Al alloy
includes Al-Si-based A319, A356, and A309 alloys [2]. These
alloys have superior castability and demonstrate good high
temperature mechanical properties through the existence of
eutectic Si particles, precipitation hardening and solid solution
hardening achieved by addition of small amounts of alloying
elements. However, as the temperature and exposure time
increase, microstructural changes, e.g., decomposition and
growth of precipitates and eutectic Si particles, occur; thus,
the high temperature mechanical properties deteriorate [3,4].
Therefore, there is a need to develop Al alloys that have superior
properties under high temperatures and cyclic stress.

Studies have been conducted on changing the composition

of Al alloys and modifying hardening mechanisms to enhance
the high temperature mechanical and fatigue properties [5-
9]. First, in relation to changes in alloy composition and
grain size, Moffat et al. [5] reported that the high-tempera-
ture fatigue crack propagation of Al-Si alloys had partial
resistance with an increasing Si content but faster crack
propagation in high-stress conditions. Canadinc et al. [6] stud-
ied the high-temperature cyclic deformation property of Al-
Mg alloys - which have very small grain size - and reported
that grain growth occurred as temperature increased; that
resulted in deteriorating high-temperature fatigue properties.
Recently, some studies have reported that heavily alloyed Al
alloys that have many additional alloying elements, such as
Cu, Ti, Mn, Zr, V, and Ce, have superior mechanical properties
at high temperature, and these have been drawing renewed
attention [7-9]. According to the results published by Zhang
et al. [7] and A.M.A. Mohamed et al. [8], as diverse alloy ele-
ments are added, various kinds of intermetallic compounds
are formed in the microstructures of the aluminum alloys.
Although intermetallic compounds sometimes act as rein-
forcement phases that improve the tensile strength of aluminum
alloys at high temperatures, they generally have brittle char-
acteristics and adverse effects on fatigue properties. Other
researchers studied high temperature fatigue properties of
dispersion hardened Al alloys. In studying such properties of
dispersion hardened composite materials, Uematsu et al. [10]

*Corresponding author: keeahn@andong.ac.kr
©KIM and Springer



244 Kyu-Sik Kim et al.

and Sugimura and Suresh [11] investigated the effect of size
and volume fraction of SiC particles on the high temperature
fatigue properties of dispersion hardened Al-Cu-based alloys.
Their results demonstrated partial enhancement of the high-
temperature fatigue properties in low-stress conditions but
deteriorating fatigue properties in the high-stress regime. Hart-
mann et al. [12] used the 6061-T6 alloy hardened by distrib-
uted Al2O3 particles, which also showed characteristics similar
to composite materials with dispersion-hardened SiC parti-
cles. Several other studies have been conducted on the high
temperature fatigue properties of aluminum-based composite
alloys [13-15]. Their results, however, revealed that aluminum-
based composite materials are not effective in terms of high
temperature fatigue properties despite their superiority to
typically used aluminum alloys in terms of a high temperature
tensile property and wear resistance. There is a need to develop
new heat-resistant Al alloys that demonstrate superior high
temperature fatigue properties, and research must be conducted
on the fatigue fracture mechanism in connection with the
microstructure to enhance the high temperature fatigue properties.

This study presents a new Al-1%Mg-1.1%Si (wt%)-based
aluminum alloy that is heat-resistant, aluminum alloy-dis-
tributed, and has Co-Ni base particles. We investigated the
microstructure and high cycle fatigue properties of the new
heat-resistant aluminum alloy in this study. We also discuss the
deformation and fracture mechanism of the new heat-resis-
tant aluminum alloy as they relate to its microstructure.

2. EXPERIMENTAL PROCEDURES

This study used an Al alloy composed of Al-1%Mg-1.1%Si-
0.8%CoNi (wt%) [16]. The Al-Mg-Si-0.8%CoNi alloy was
manufactured using powder ball milling, high frequency induc-
tion melting and continuous casting. First, pure Co and pure
Ni powders (manufactured by a powder metallurgy process
of atomization) were mixed and prepared by the ball milling
process for one hour. These powders were added to the pure
Al melts to manufacture the Al-3%CoNi master alloy. This
master alloy was re-melted, and Al, Mg, and Si were added
to adjust the Al-1%Mg-1.1%Si-0.8%CoNi (wt%) composi-
tion. It was directly manufactured into billets by continuous
casting. Then, additional heat treatments (510 °C/2 h and then
190 °C/8 h) were conducted. A 1 ml HF + 99ml H2O solution
was used for etching; optical microscopy and scanning elec-
tron microscopy (JEOL JSM-6300) were used to observe the
microstructure. In addition, X-Ray Diffraction (XRD) analysis,
Energy Dispersive Spectroscopy (EDS), and High Resolution-
Transmission Electron Microscopy (HR-TEM) were used to
perform a phase analysis. Differential Thermal Analysis (DTA)
was conducted to check the thermal stability of the alloy with
an increasing temperature from room temperature to 900 °C
(heating rate =10 K/min).

All specimens were prepared according to ASTM E466,

and Fig. 1 shows the size and shape of the specimens for the
high-cycle fatigue used in this study. Before testing, the gauge
was polished using #2000 SiC paper to minimize the effect
of surface roughness (surface roughness: below ~2 μm). The
high-temperature, high cycle fatigue test was conducted using
MTS 810 servo-hydraulic equipment at 130 °C through uniax-
ial stress control with a stress ratio of R=0 (tension-zero con-
dition) and frequency = 30 Hz. The high cycle fatigue limit
was set from 107 cycles to the maximum stress at which frac-
tures did not occur, with the average fatigue life set after
three tests at the same maximum stress. After the fatigue test,
scanning electron microscopy (SEM) was used to check the
fatigue fracture surfaces. The vertical cross-section of the frac-
tured surface was also observed to examine the high-temper-
ature fatigue crack propagation behavior.

3. RESULTS AND DISCUSSION

3.1. Microstructure and phase analysis of new heat resis-
tant Al alloy

Figure 2 presents the microstructure of the new Al alloy.
As shown in Fig. 2(a), grains of the alloy had a size range of
40-400 μm and an average value of 185 μm. Figure 2(b) shows
the bright particles observed together with the dark particles,
which existed in the α-Al matrix. The bright particles were
elongated in directions similar to a matrix, and they had an
average size of 1.57 μm. Moreover, the bright particles were
evenly distributed inside the alloy with an average inter-particle
distance of 17.4 μm. In contrast, the dark particles showed a

Fig. 1. Specimen size and shape for high cycle fatigue test at elevated
temperature.

Fig. 2. Microstructure of new heat resistant Al alloy; (a) observed by
optical microscope after etching and (b) by SEM before etching [16].
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relatively spherical morphology and had a bigger average
size (~10 μm) than the bright phase. The bright particle sam-
pled using a Focus Ion Beam (FIB) were analyzed through
High Resolution-Transmitted Electron Microscopy (HR-TEM)
for the phase analysis, and the results are shown in Fig. 3.
The bright particle phases were identified as (Co, Ni)3Al4, an
intermetallic compound combining Co and Ni with an Al.
The phase formed an incoherent interface with the Al matrix
[16]. The results of the XRD analysis are also shown in Fig. 4.
Note that the results were different from those obtained by
analyzing Al-Mg-Si alloys that have Al matrix, Mg2Si parti-
cles, eutectic Si phases, and intermetallic compounds [17].
In the EDS mapping analysis (Fig. 5), Mg2Si particles were

usually observed in the black regions around (Co, Ni)3Al4

particles, and some had formed at the grain boundary or inside
grains. It is noteworthy that the eutectic Si phase and Fe-
based intermetallic compound were not identified in new
heat-resistant aluminum alloy. DTA analysis was also con-
ducted to investigate the thermal stability of the new heat-
resistant aluminum alloy. As shown in Fig. 6, the new Al alloy
maintained the initial phase without phase transformation
from room temperature to 625 °C as the melting point of alu-
minum alloy used in this study. This suggests that the (Co,

Fig. 3. Phase analysis results of dispersed particle (white) in new Al
alloy by using HR-TEM [16].

Fig. 4. Result of the X-ray diffraction analysis of new Al alloy.

Fig. 5. EDS mapping results of the particle existed in new Al alloy.

Fig. 6. DTA analysis result of new Al alloy from R.T. to 900 °C.
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Ni)3Al4 and Mg2Si phases inside the alloy can maintain a sta-
ble condition even at high temperatures.

 
3.2. High temperature fatigue properties of the new heat-
resistant Al alloy

Table 1 shows the room-temperature and high-temperature
tensile properties of the new heat-resistant Al alloy and A319
alloy [15]. At 130 °C, the high cycle fatigue test condition,
the yield strength was 240.5 MPa, the tensile strength was
255.5 MPa, and the elongation was 16.6%. The A319 alloy
showed a yield strength of approximately 157 MPa, a tensile
strength of 225 MPa, and elongation percentages of approx-
imately 3% at 130°C. With these results, the new heat-resistant
Al alloy demonstrated superior tensile and yield strengths
and higher elongation compared to the A319 alloy.

Figure 7 presents the results of the high cycle fatigue test
performed at 130 °C and compared with typical Al alloys for
engine piston and blocks (A319 alloy and A356 alloy [19]).
The new heat-resistant Al alloy had longer fatigue life than
the conventional Al alloys in all stress conditions. The fatigue
limit of the A319 alloy was approximately 60 MPa, whereas
that of the new heat-resistant Al alloy was two times higher
(120 MPa) at 107 cycles; This value (120 MPa) is a fatigue
limit similar to that of the A356 alloy obtained under the same
experimental conditions. However, as the maximum stress
increased, the fatigue life of the new heat-resistant Al alloy was
relatively longer than the conventional A356 alloy. Through

these results, the high-temperature, high-cycle fatigue prop-
erties of the new heat-resistant Al alloy were confirmed to be
superior to those of the conventional heat-resistant aluminum
alloys. Figure 8 shows the fracture surfaces appearing under
low stress and high stress conditions, respectively; fatigue crack
was initiated at the points indicated by the arrows. While
fatigue fracture surfaces are usually smooth and perpendicular
to the stress direction, the fracture surface of the new heat-
resistant Al alloy was rough, but well developed striations were
found on the fatigue fracture surface (Figs. 8(b) and (d)).

Fatigue strength or fatigue life are usually determined by
fatigue crack initiation and fatigue crack propagation pro-
cesses, with crack initiation showing particularly significant
influence on the high cycle fatigue property. It is well known
that fatigue cracks can be easily initiated at the inclusion,
pore, and 2nd phase near the surface [20,21]. Fatigue crack
initiation sites were observed on the fatigue fracture surface,
and the representative results presented in Fig. 9. The results
showed that no hardening phases such as Mg2Si and (Co,
Ni)3Al4 particles or any other defects were found (Fig. 9(a))
near crack initiation sites. The cross-sections of fatigue crack

Fig. 7. High cycle fatigue results of new heat resistant Al alloy and the
conventional aluminum alloys [19], tested at 130 °C.

Fig. 8. Fatigue-fractured surface of Al-Mg-Si-CoNi alloy; (a-b) maxi-
mum stress at 130 MPa, and (c-d) maximum stress at 200 MPa.

Table 1. Tensile properties of new heat resistance Al alloy [13] and A319 [15] from R.T. to 250 °C
Yield strength (MPa) Tensile strength (MPa) Elongation (%)

New heat resistant Al A319 New heat resistant Al A319 New heat resistant Al A319
R. T. 239.4 155 255.4 210 15.7 2

130 °C 240.5 157 255.5 225 16.6 3
250 °C 225.4 150 247.0 160 17.5 2
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initiation regions were examined to identify another factor
that influenced fatigue crack initiation, and the results are
shown in Fig. 9(b). The direction of the initiated crack caused
by fatigue was approximately at a 45° angle to the applied
stress. Several slip bands formed in a specific direction around
the fatigue fracture surface were also noted, which was sim-
ilar to the results of Henaff et al. [22]. Fatigue fracture of the
alloy was believed to have been initiated along the persistent
slip band as the typical fatigue crack initiation mechanism of
the metal. 

Ribes et al. [23] suggested that it is difficult for typical dis-
persion hardened particles to bond tightly with the aluminum
matrix in the metal matrix composite (MMC). The discrete
interface in the usual MMC can cause a significant increase
of dislocation density in front of the interface and sometimes
detachment between particle and matrix especially during
high temperature fatigue deformation [23]. Thus, this results
in a detrimental effect on the initiation and propagation of
fatigue cracks [24,25]. Note, however, that the Co-Ni based
reinforcing phase ((Co, Ni)3Al4) formed in the new alloy was
created by combining Co-Ni powder and matrix aluminum; it
had a highly deformation resistant interface - although incoher-
ent [16] - unlike general-dispersed reinforcing phases. Figure
9(c) suggests that (Co, Ni)3Al4 particle had no detachment of
interface or occurrence of shearing or cracking when the par-
ticle met slip bands during fatigue deformation. It could be
assumed that the interface between (Co, Ni)3Al4 and Al matrix
had the characteristic of precipitates, stable and effective for

fatigue deformation, though the particle was originally designed
to be a dispersion hardening one. Furthermore, the size and
distribution of the (Co, Ni)3Al4 particles could be well con-
trolled, since it was originated by Co-Ni powder particles. It
was distributed finely and evenly in the matrix as an appro-
priate size of hardening particle. We believe that this new
Co-Ni based particle played an effective strengthening role
for improving high temperature mechanical and fatigue prop-
erties of the Al alloy.

(Co, Ni)3Al4 and Mg2Si hardening phases were observed
in the new heat-resistant Al alloy; the influence of these phases
in fatigue crack propagation is shown in Fig. 10. Figure 10(a)
illustrates the fracture of the Mg2Si phase caused by fatigue
cracks as they propagated along slip bands or grain bound-
aries and met the Mg2Si phase. In this alloy, the Mg2Si phase
had a coarse appearance (above 5 μm); it was a relatively
small-volume fraction compared to the (Co, Ni)3Al4 phase
and probably has no significant influence on the enhance-
ment of fatigue properties. The Mg2Si phase, which was rela-
tively smaller, likely has some reinforcing effect. Consequently,
if the (Co, Ni)3Al4 phase encounters fatigue cracks, the cracks
propagate to the interface between the reinforcing phase and
the matrix as shown in Fig. 10(b), which is unlike Mg2Si pre-
cipitates [26,27]. Since the crack direction changes as fatigue
cracks propagate to the interface of the matrix and (Co, Ni)3Al4
phase, this is expected to reduce the crack propagation rate
(improvement of high-cycle fatigue properties and reinforce-
ment mechanism). For these reasons, the (Co, Ni)3Al4 phase
does not have a negative influence on the fatigue crack gen-
eration but - in case of fatigue crack growth behavior - effec-
tively changes the direction of fatigue crack propagation. Thus,
we think it plays a major role in high-cycle fatigue properties.

4. CONCLUSIONS

High temperature fatigue deformation behavior of a new
heat-resistant aluminum alloy was investigated in this study.
The following conclusions were drawn:

Fig. 9. Observation results of fatigue crack initiation sites; (a) crack
initiation site on the fractured surface, (b) its cross sections, and (c)
interactions between (Co, Ni)3Al4 and slip band (left) with high mag-
nification (right).

Fig. 10. SEM observation results (cross section of the fatigue-frac-
tured surface) of the fracture of particles by fatigue crack propagation;
(a) Mg2Si phase and (b) (Co, Ni)3Al4 phase.
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(1) The new Al alloy was fabricated using powder ball mill-
ing and continuous casting processes. The alloy consisted of
a primary Al matrix with an average grain size of 185 μm, a
small volume fraction of Mg2Si phases, and (Co, Ni)3Al4 parti-
cles as a reinforcing phase with a small size of 1.57 μm on
average and even distribution throughout the entire alloy.

(2) The new heat-resistant Al alloy represented superior high
temperature tensile properties. Comparing the high cycle fatigue
properties at high temperatures of the new Al alloy to those
of the A319 and A356 alloys, we found that the fatigue life was
longer under all stress conditions. Furthermore, the fatigue limit
(107 cycles) was considerably superior to the A319 alloy at
120 MPa.

(3) This alloy formed a reinforcing phase of (Co, Ni)3Al4

from the initial Co-Ni powder particles. Fine (Co, Ni)3Al4 phases
distributed evenly throughout the entire alloy decreased the
stress concentration and were not easily fractured by fatigue
cracks. The phase likely played a role similar to that of pre-
cipitates in terms of strong bonding with the matrix, though
it maintained the merits of dispersion strengthening particles
(easy control of the size and distribution of strengthening
particles). The (Co, Ni)3Al4 phase had effective fatigue strength-
ening particles on both fatigue crack initiation and crack
propagation.
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