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In the present work, two powders of pure Al and of pure Mo, 
respectively, have been mixed (composition: Al with 15 at.% Mo) 
and processed by ball milling. The structural changes of the powder 
vs. milling time were analyzed by X ray diffraction and by scanning 
electron microscopy up to a milling time of 100 hours. The pitting 
potentials of the green and of the sintered alloy were determined in 
NaCl-solution.

2. Experimental Methods

2.1. Materials

The raw materials used in this work were elementary powders of 
aluminum and of molybdenum. The aluminum powder from Alcoa 
had a purity of 99.7% and the following particle size distribution: 
+100#: 0%, +200#: 0.1%, +325#: 11.5%, –325#: 88.4%, according to 
the manufacturer’s analysis. The molybdenum powder from Aldrich 
had a purity of 99.9+% and an average particle size <10 µm (–100#). 
The two powders were mixed before milling and 1 wt.(%) of stearic 
acid was added as process controlling agent.

2.2. Milling process

Milling was performed in a ball mill type Netzsch Molinex PE5. 
The mill had a stainless steel rotator and chromium steel balls of 
6 mm diameter. The ball to powder weight ratio was 10:1. The mill 
was water cooled and the chamber was purged with argon during the 
milling process. Milling was carried out with a velocity of 400 rpm. 
The milling process was interrupted several times in order to remove 
a small quantity of powder for analysis. 

A maximum milling time of 100 hours was considered as con-
venient. Zdujic et al.8 reported that after this milling time, with low 
energy, molybdenum was finely dispersed in the aluminum matrix.

1. Introduction

Aluminum alloys are susceptible to pitting corrosion in chloride 
containing solutions. Massive pitting sets in when a critical potential, 
the so called pitting potential is reached. Alloying elements can influ-
ence this critical potential. However, among the alloying elements 
contained in technical alloys, only Cu shifts the pitting potential 
up to about 150 mV to the noble direction, but this is not enough 
to obtain a substantial improvement of the corrosion resistance. In 
the nineties researchers produced supersaturated Al alloys, mostly 
alloyed with transition elements such as Mo, W, Ta, Zr, Nb, Cr, Ni1-4. 
Also rare earth elements have been added more recently5. Since the 
solubility of these elements in Al is very low, they have to be produced 
by non-equilibrium methods like PVD, ion-implantation or melt-
spinning. Electrodeposition from ionic liquids has also been applied 
for supersaturated aluminum alloys6. Shifts of more than 1V were 
reported for the pitting potential of some alloys in chloride solution1. 
However, the drawback of these materials is that they can be produced 
only as deposited thin films or as thin ribbons, which does not permit 
their direct technical use. Although it is known that supersaturated 
alloys can also be produced by high energy ball milling7, until now 
the powder metallurgical way to corrosion resistant supersaturated 
aluminum alloys has not been examined. Therefore the aim of this 
paper is to study high energy ball milling, compaction and sintering 
heat treatment as a possible production way for bulk supersaturated 
Al-Mo alloys with better resistance to localized corrosion.

Studies about mechanical alloying of aluminum with transition 
elements are scarce. Zdujic et al.8 examined the system aluminum 
– molybdenum. They reported that in their tests a supersaturated 
solution of molybdenum in aluminum was formed. They chose low 
velocity (90 rpm.), i.e. low energy, extremely long milling times (up 
to 1,000 hours) and a high ball: powder weight ratio (90:1) in order 
to study the alloying process. So far, no information exists about 
sintering of these materials or about the electrochemical properties 
of green and of sintered Al-Mo alloys.
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longer milling times and the distribution becomes more uniform 
(Figure 3a-f). However, isolated Mo particles can still be seen after 
100 hours of milling (Figure 3f). 

3.1.2. X ray Diffraction

The analysis by X ray diffraction vs. milling time of the powder 
revealed only elementary Al- and Mo-peaks, i.e., no intermetallic 
phases have been formed during the milling process (Figure 4). 
Peak broadening was observed due to diminishing crystallite size 

2.3. Compaction and sintering

After milling, the powder was compacted, using a cylindrical 
matrix and a press which applied a pressure of 400 MPa. The sintering 
of the compacted powder was carried out in a tubular furnace in an 
argon atmosphere. The temperature was increased at a rate of 5 °C/min 
up to 420 °C. The temperature was held at this value for 30 minutes 
and then raised up to 600 °C at a rate of 5 °C/min. At 600 °C, the 
specimens were held for 60 minutes.

2.4. X ray analysis 

The X ray analyses were performed with a Siemens Kristalloflex 
810 diffractometer with a goniometer D500.

2.5. Electrochemical tests

The samples produced with the matrix were cylinders of 12 mm 
diameter and a height of about 10 mm. For electrical contact a cop-
per wire was connected at the backside with conductive silver glue. 
Backside and lateral areas of the cylinder were isolated by epoxy 
resin. The front side, exposed to the electrolyte, had an area of about 
1,1 cm2 and was prepared by grinding up to 1200 grit finish, cleaned 
with distilled water in an ultrasonic bath and dried in air short time 
before the tests. The conventional 3-electrode equipment consisted 
of the working electrode, a Pt-counter electrode and a AgCl/Ag ref-
erence electrode. All potentials mentioned in this work refer to the 
normal hydrogen scale. The corrosion tests with compacted green and 
with heat treated specimens were performed in an open glass cell at 
25 °C in air-saturated 1M NaCl solution. The pitting potentials were 
measured galvanostatically. Using a PINE-AFCBP1-potentiostat 
current densities of 0.05, 0.1, 0.5, 1, 5, 10 and 20 mA/cm2 were 
applied, beginning with the lowest value. The specimens were held 
for 8 minutes at each current density. The potential transients were 
recorded with a PC-based data acquisition system. Some of the 
specimens were analyzed by scanning electron microscopy after the 
corrosion tests.

3. Results

3.1. Characterization of the milling process

3.1.1. Scanning electron microscopy

Samples taken from the milling chamber after defined milling 
times were analyzed by scanning electron microscopy. 

The elementary Al powder consisted of elongated particles, typi-
cal for powders produced by atomizing (Figure 1a). The size varied 
between 1 and 100 µm and the surface showed a cellular structure 
with cell diameters of 1 to 5 µm (Figure 1b). The elementary Mo 
powder consisted of small crystallites with diameters between 1 and 
8 µm. An agglomeration of the Mo particles was observed at the 
beginning of the milling process (Figure 1c). 

The Al powder is heavily deformed after 1 hour of milling and 
the Mo particles become more and more incorporated into the bigger 
and softer Al particles (Figure 2b). The particle size grows by cold 
welding up to a milling time of 70 hours (Figure 2c-e). Particles flat-
tened by plastic deformation prevail after 70 hours (Figure 2e). After 
100 hours embrittlement by work hardening caused fracturing of the 
particles. The particle size has therefore diminished considerably and 
the particle shape has become more globular (Figure 2f).

During the milling of the powder mixture the distribution of the 
Mo particles can be monitored by backscattered electron imaging, 
where the much heavier Mo appears bright due to mass contrast. 
One observes a constant diminishing of the Mo particle size with 

Figure 1. Raw material: a, b) Al-powder; and c) Mo-powder.
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After 40 hours of milling the calculated values remained nearly 

constant at about 25 nm for Al crystallites and about 15 nm for Mo 

crystallites (Figure 5). 

A slight shift of the diffraction peaks towards smaller lattice 

spacing as a function of milling time was observed for Al (Figure 6a). 

The Mo peaks did not change significantly (Figure 6b).

and straining during the milling process. The crystallite size D 
was estimated from the broadening of the diffraction peaks, using 
 Scherrer’s formula:

D = 0.9λ•/ W•⋅ cos Θ	 (1)

with: λ = 0.154060 nm, W = peak width at half maximum, Θ = peak 
position.

Figure 2. Morphology of Al-Mo powder mixture vs. milling time. Scanning electron micrographs, secondary electron images. Milling time: (a) 0 hours, 
(b)1 hour, (c) 10 hours, (d) 40 hours, (e) 70 hours, (f) 100 hours.
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rather stable value. When the current density was increased an anodic 

“overshot” of the potential was observed, especially at higher applied 

current densities. Within a few minutes the potential returned from this 

high anodic value to a rather constant potential (Figure 7). The pitting 

potential measured with the green alloy sample after 25 hours of mill-

3.2. Electrochemical tests with compacted green alloy

The threshold potential for pitting corrosion was measured gal-
vanostatically with compacted, green specimens in 1 mol.L–1 NaCl 
solution. Within the period of eight minutes in which the samples 
were held at each current density the potential usually reached a 

Figure 3. Morphology of Al-Mo powder mixture vs. milling time. Scanning electron micrographs, backscattered electron images. Milling time: (a) 0 hours, 
(b) 1 hour, (c) 10 hours, (d) 40 hours, (e) 70 hours, (f) 100 hours.
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ing did not differ significantly from the pitting potential of pure Al. 
The pitting potential measured with the green sample after 100 hours 
of milling had a pitting potential about 100 mV higher than the pure 
Al when low current densities were applied and about 150 mV higher 
when higher current densities were applied (Figure 7).

3.3. Corrosion attack on the compacted green alloy

The green samples of the supersaturated alloy which showed 
a shift of the pitting potential were examined by scanning electron 
microscopy after the corrosion tests. The studies showed how the 
corrosion attack is correlated with the porosity of the samples. 

Figure 4. X ray diffraction of the powder mixture vs. milling time. 

Figure 5. Crystallite size of Mo and Al as a function of milling time, calculated 
by Scherrer’s formula.

Figure 6. a) Lattice spacing vs. milling time of molybdenum in the powder and 
in the compacted and sintered specimens; b) lattice spacing vs. milling time of 
aluminum in the powder and in the compacted and sintered specimens.



216 Rodrigues et al. Materials Research

The density of samples pressed with powder of 70 hours milling is 
about 86% of the samples pressed with unmilled powder. The lower 
density is due to the formation of cold welded, flat particles which 
grow during the milling process and make compaction more dif-
ficult (Figure 8a). Pitting attack on these samples is localized in the 
pores and crevices between the alloy particles and becomes visible 
by the thick layers of corrosion products, which form over the pits 
inside the pores and crevices (Figure 8b). At the samples pressed 
with powder of 100 hours milling the particle size has diminished, 
leading to smaller pores (Figure 9a). The pitting attack on these 
samples is also occluded by corrosion product layers. Now, with 
smaller pores, the corrosion products accumulate as hillocks on the 
surface (Figure 9a,b).  EDS-analysis showed high aluminum and 
chlorine concentrations besides oxygen in the corrosion products. 
The molybdenum concentration, on the other hand, was far below 
the molybdenum concentration of the alloy, presumably indicating 
selective dissolution of the alloy. The attacked sites were randomly 
distributed over the surface. The samples’ border wasn’t a preferred 
site for pitting attack. 

3.4. Microstructure after sintering

X ray diffraction of the powder mixture, sintered in the as-received 
condition (i.e. without milling) shows only Al and Mo diffraction 
peaks (Figure 10). With growing milling times, the Al and Mo peaks 
become smaller and diffraction peaks of the intermetallic Al

12
Mo 

phase are appearing. Up to a milling time of 70 hours, Al and Mo 
peaks are still present beside the Al

12
Mo peaks. In the X ray spectrum 

of specimens sintered after 100 hours of milling, the Al peaks have 
almost completely disappeared, remaining only the intermetallic 
Al

12
Mo phase and some small peaks of metallic Mo (Figure 10). The 

Al peaks, which were shifted towards smaller lattice spacing during 
milling, returned after sintering to a peak position close to that of the 
as-received Al-powder (Figure 6b).

3.5. Electrochemical behavior after sintering

For short milling times the electrochemical behavior of the heat 
treated alloy is determined by the presence of Al particles. The pit-
ting potential is close to the value of pure aluminum in 1M chloride 
solution, which is in agreement with the X ray analysis. With the 
proceeding of milling it becomes slightly more negative as the par-
ticle size diminishes (Figure 11). Obviously, with heterogeneities 

Figure 7. Pitting potential of compacted green Al-15at.%Mo powder, meas-
ured galvanostatically in 1M NaCl solution.

Figure 8. a) Surface of sample with powder of 70 hours milling time before 
corrosion test; b) surface of sample with powder of 70 hours milling time 
after corrosion test in 1M NaCl solution.

at a smaller scale and an increase of the number of interfaces pit 
initiation is facilitated. The electrode behavior changes significantly 
after 70 hours of milling (Figure 12). The Al has been consumed 
almost completely by the formation of Al

12
Mo. Although the X ray 

spectrum still demonstrates the presence of some Al, these particles 
seem to be so small that they do not permit the formation of pits 
which sustain an elevated current density. The pitting potential of 
around +100 mV(NHE) of the samples after 70 hours and 100 hours 
of milling seems to reflect the behavior of the Al

12
Mo phase, since 

for pure molybdenum in 1M chloride solution the literature reports 
a significantly higher value of +650 mV(NHE)9.

4. Discussion

X ray diffraction of the Al-Mo powder mixture showed slightly 
lower lattice spacing with growing milling times. This is the expected 
result in the case of the formation of a supersaturated substitu-
tional solid solution of Al-Mo. It agrees with the results reported by 
 Zdujic et  al.8. As in the present work, elementary Mo was still present 
after milling. Zdujic estimated that 2.4 at.% were homogeneously 
dissolved in Al in an Al-17 at.% Mo powder mixture. The homogene-
ously dissolved Mo in the powder mixture of the present work can 
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about the mechanism of pit growth. However, in the present work the 
preferential formation of pits in pores and crevices and the formation 
of thick product layers over the pits impeded such observations.

Mechanical compaction and heat treatment are the necessary steps 
to obtain bulk material with a sufficient resistance and close to the 
theoretical density. It is clear that the heat treatment step is the most 
critical, when the purpose is the maintenance of the supersaturated 
microstruture produced during milling. The treatment applied in the 
present work was not able to maintain this microstructure and thus 
the better corrosion resistance of the green alloy. However there might 

be estimated by a comparison with data from Al-Mo alloys produced 
by PVD10 (Figure 12). The shift of the pitting potential of 100 mV to 
150 mV towards the noble direction points to a Mo content between 
1 at.% and 2 at.% in solid solution. It can be discussed if other struc-
tural changes introduced by the milling process have an influence on 
this result. Sweitzer et al.5 mentioned that amorphization tends to el-
evate the pitting potential since it eliminates microstructural elements 
such as grain boundaries and interface boundaries which represent 
typical sites for pit initiation. The shift of the pitting potential of the 
green alloy in the present work occurs despite of the presence of finely 
distributed Mo particles. This points to solid solution formation as 
the main reason for pitting potential shift.

The negative influence of fine scaled inhomogeneities was con-
firmed in the case of the heat treated alloy, which showed after short 
milling times a pitting potential slightly more negative than pure Al. 
The same observation was made by Sweitzer et al.5 in the case of the 
pitting potential of a heat treated Al-Fe-Gd alloy due to the presence 
of finely distributed precipitates. 

Research about amorphous alloys generally does not include 
examination of the pitting morphology since there is no correlation 
with microstructural features of the alloys. Nevertheless microscopic 
characteristics such as pits with irregular borders or hemispherical pits 
with electropolished smooth surfaces might give some information 

Figure 9. a) Overview of pitting attack on sample with powder of 100 hours 
milling time; and b) pit on sample with powder of 100 hours milling time.

Figure 10. X ray diffraction of sintered specimens as a function of the mill-
ing time.

Figure 11. Pitting potential in 1M NaCl of sintered Al-15 at.Mo alloy vs. 
milling time.

Figure 12. Pitting potential in 1M NaCl of:  Al-Mo PVD-alloys10 and of: 
 Al

12
Mo phase (7.7 at.%Mo).
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preserve the corrosion resistant microstructure developed by high 
energy ball milling.
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be alternative procedures which permit a better preservation of the 
corrosion resistant microstructure. 

The possibility of cold sintering, powder consolidation at high 
pressures up to 3 GPa and heat treatment at rather low temperatures 
has been described by Gutmanas11. 

Sweitzer et al.5 have reported that the corrosion resistance of 
supersaturated AlFeGd and AlNiY alloys can be maintained after a 
heat treatment of 25 hours at 150 °C. During this treatment nanoc-
rystals of 15 nm size have been formed, embedded in an amorphous 
matrix. This nanocrystal formation has been observed up to 400 °C. 
Only above this temperature the mechanism is substituted by direct 
formation of precipitation phases.

In the case of Al-Cu alloys it has been observed that the forma-
tion of Cu-clusters (GP-zones) does not alter the pitting potential of 
a homogeneous Al-1.7at.%Cu alloy12.

These examples show that diffusion processes occurring during 
sintering do not necessarily destroy completely the corrosion resistant 
microstructure. Only the formation of equilibrium phases in systems 
with low solubility of the solute elements must be avoided.

Spark plasma sintering might be another promising technique, 
which permits sintering at lower temperatures. Recently the ability of 
producing ultrahigh strength bulk Al-based amorphous/nanocrystal-
line composites with the aid of spark plasma sintering was shown 
by Sasaki13.

The sintered alloy with 100 hours of milling showed an interest-
ing electrochemical behavior, since the matrix is free of Al and the 
behavior is determined by the elevated pitting potential of the Al

12
Mo 

phase. Figure 10 shows that the pitting potential of about +0.1V is 
consistent with the value expected for a homogeneous alloy with 
7.7 at.% Mo (equivalent with the Mo content of the Al

12
Mo phase), 

assuming a linear influence of Mo on the pitting potential. However, 
since the present work is focused on supersaturated alloys, the me-
chanical properties and the application potentialities of this material 
was not further examined.

5. Conclusions

The tests proved that supersaturated Al-Mo alloys with enhanced 
resistance to localized corrosion can be made by high energy milling 
of elementary Al and Mo powders. A shift of the pitting potential of 
100-150 mV was obtained with compacted powder after 100 hours 
of milling, indicating the formation of a supersaturated alloy with 
1-2at.% Mo in solid solution. The production of supersaturated 
powder can be seen as first step to obtain stainless bulk material. 
However the milling process has to be improved in order to increase 
the Mo content in solid solution and thus further increase the pitting 
potential of the alloy. Alternative consolidation treatments such as 
cold sintering or spark plasma sintering might be tried in order to 


