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Interaction between Al 99.5 and stainless 
steel at elevated temperature and pressure
Interakcija med Al 99,5 in nerjavnim jeklom pri 
povišani temperaturi in tlaku

Abstract
The aim of this work was to investigate interaction be-
tween aluminium 99.5 and austenitic stainless steel 
1.4301 or ferritic stainless steel 1.4767 at elevated 
temperature and pressure. Three series of tests were 
done. Samples were pressed with Thermomechani-
cal simulator of metallurgical states ‘’Gleeble 1500D’’. 
Before each series of bonding, aluminium 99.5 was 
cleaned in a liquid agent for degreasing and remov-
al of oxides ‘’Nabadur 152 (5 %)’’. After pressing, the 
samples were prepared for metallographic analysis. 
Samples were analyzed under an optical or a scanning 
electron microscope.
Cleaning agent Nabadur 152 (5 %) ensures proper 
cleanliness of the surface of the aluminium, the steel is 
not needed to be cleaned. The formation of the joint is 
heavily dependent on the geometry of the tool. In or-
der to achieve a good bond, bonding at a temperature 
of 550 °C or more is required. The holding time at the 
temperature for successful bonding should be at least 
5 s. Minimum force required for the formation of the 
bond is 13 kN.

Key words: bonding, aluminium alloys, stainless steel, 
elevated temperature, elevated pressure

Izvleček
Namen dela je bil ugotoviti optimalne razmere za 
spajanje avstenitnega nerjavnega jekla 1.4301 oziroma 
feritnega nerjavnega jekla 1.4767 z aluminijem 99,5 
pri povišani temperaturi in tlaku. Narejene so bile 3 
serije preizkusov. Vzorce smo spajali s simulatorjem 
termomehanskih metalurških stanj Gleeble 1500D. 
Pred vsako serijo spajanja je bil aluminij 99,5 očiščen v 
tekočem sredstvu za razmaščevanje in odstranjevanje 
oksidov Nabadur 152 (5 %). Po stiskanju so bili vzorci 
pripravljeni za metalografsko analizo. Vzorci so bili 
analizirani z optičnim oziroma vrstičnim elektronskim 
mikroskopom. 
Čistilno sredstvo Nabadur 152 (5 %) zagotovi ustrezno 
čistočo površine aluminija, tako da jekla ni treba 
posebej čistiti. Nastanek spoja je močno odvisen 
od geometrije orodja. Za dosego spoja je potrebno 
spajanje pri temperaturi 550 °C ali več. Časi držanja na 
temperaturi spajanja morajo biti vsaj 5 s. Minimalna 
potrebna sila stiskanja za nastanek spoja je 13 kN.

Ključne besede: spajanje, aluminijeve zlitine, nerjavno 
jeklo, povišane temperature, povišan tlak
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Introduction

Diffusion bonding of materials in the solid state 
is a process for making a monolithic joint with 
the formation of bonds at an atomic level as a 
result of joining the opposite surfaces due to 
local plastic deformation at elevated tempera-
tures, which increases the interdiffusion at 
the surface layer of the materials, which are 
brought together. [1]

Bonding in solid state is a joint mark for pro-
ceedings in which there is no bonding ma-
terial, but the material is heated only to the 
pitting state and the bond is achieved by press-
ing. Here the surface is brought to the atomic 
level distance (distance between the atoms), 
therefore the adhesion forces influence on the 
bond. Due to the increase in temperature at the 
boundary layer the process of diffusion occurs. 
Because the bond is deformed due to the pres-
sure, a combination with the high temperature 
processes of recrystallization occurs. [2]

Prior to the joining of aluminium and stain-
less steel it is necessary to both materials are 
adequately prepared. It is very important that 
the surface is clean and of suitable roughness, 
because only in this way a good bond can be 
achieved. Stainless steel and aluminium have 
different melting temperature, so these materi-
als must be bonded under the melting point of 
aluminium. Temperatures higher than 550 °C 
are problematic, because there is a softening 
of aluminium. For joining of steel and alumin-
ium by rolling, the aluminium is heated up to 
a temperature of 450–550 °C, while the steel 
is heated to 400 °C. It is very important, that 
the oxides do not form on the surface, which 
would prevent the bonding. Problems at the 
bonding with the rolling process may be main-
ly caused by oxides in the steel, which are not 
disrupted, while the oxides of the aluminium 
may be disturbed easily. [3] During the bonding 
brittle intermetallic phase may also be formed, 
which weakens the joint. [4] The formation of 
this phase takes place at temperatures above 
500 °C. [5] The thickness of the intermetallic 
phase can be from a few nm to a few hundred 
µm. The most common phase resulting from 
the bond between the stainless steel and alu-
minium are phases from the ternary system 
Fe-Cr-Al. [6] To achieve the best possible bond, 

it is important that the intermetallic phase is 
as narrow as possible or that they are not pres-
ent. [4] Acceptable thickness of the intermetallic 
layer, which does not impact the strength of the 
bond is 3–5 µm, while the thickness exceeding 
10 μm causes the bond unusable. [7]

The bonding speed is also important, which 
vary from procedure to procedure. Speeds may 
range from a few cm/s and up to 1600 m/s at 
the explosion bonding. To achieve good joints 
between aluminium and steel at least 50 % 
deformation is required. The bonding time 
varies from a few hundredths of a second and 
up to several hours, and are dependent on the 
bonding process and other parameters, such as 
speed, temperature, pressure and atmosphere.
The aim of this work was to investigate the in-
teraction between aluminium 99.5 and auste-
nitic stainless steel 1.4301 or ferritic stainless 
steel 1.4767 at elevated temperature and pres-
sure. 
The company Talum, d. d., wanted to produce 
new products which would be produced by 
bonding in the solid. The purpose of the study 
was to investigate the interaction between 
99.5 aluminium and stainless steel, as well as 
to establish optimal conditions for achieving 
a good bond. To achieve a good bond it is very 
important the surface preparation, which has 
to be properly cleaned. All impurities must be 
removed, such as oxides, dust and moisture.

Experimental work

With the aim of bonding of aluminium 99.5 
(AA1050, Table 1, soft annealed state) and aus-
tenitic stainless steel 1.4301 or ferritic stain-
less steel 1.4767 at elevated temperature and 
pressure, three different series of compression 
tests were made at various experimental con-
ditions, presented in Table 2. Tests of bonding 
were carried out by Thermomechanical sim-
ulator of metallurgical states Gleeble 1500D. 
Bonding was carried out at different tempera-
tures where the samples were induction heat-
ed to the testing temperature, holding at the 
coupling temperature times, the compression 
speeds and displacements of the tool on the 
sample surface of approximately 2 cm2. Sam-
ples were subsequently analyzed by optical 
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(Olympus BX61) and scanning electron micros-
copy (Jeol 5610). Using a computer simulation 
program Thermo-Calc, based on different data-
bases, a simulation of thermodynamic equilib-
rium bond formed between the steel and alu-
minium was produced.
In a first series 7 samples were compressed. 
Bonding was carried out at a temperature of 
550 °C and 600 °C, movement of the tool was 
0.4 mm, while the retention time at the tem-
perature of compression was 0 s and 10 s. 
Samples 1.2, 1.5 and 1.6. were analysed using 
microscope. In the first two samples, a ferrite 
stainless steel 1.4767 and aluminium 99.5 
were used, and in the third sample austenit-
ic stainless steel 1.4301 was used. All three 
samples were compressed at a temperature of 
550 °C, samples 1.5 and 1.6 were maintained 
at a temperature of compression for 10 s, while 

the sample 1.2 was only compressed. Forma-
tion of the bond was observed in samples 1.5 
and 1.6, whereas at the sample 1.2 the bond 
was not achieved. At the samples where the 
bond was formed an intermediate layer was 
observed, whereas the thickness in the sample 
1.5 was 4.08 µm and in the sample 1.6 5.84 µm. 
In both cases, the samples were compressed 
with a force of 13 kN. At the same time 59 % 
and 40.55 % deformation of aluminium was 
achieved. 
In the second series 6 samples were com-
pressed, using profiled tool. Bonding was car-
ried out at a temperature of 560 °C. The dis-
placement of the tool was set on 0.4 mm, tool 
speed was 100 mm/s, the holding times were 
(0, 2, 4, 6 and 8) s. From this series, the sam-
ples 2.1, 2.2, 2.3 and 2.4 were analyzed. In all 
samples aluminium 99.5 and ferritic stainless 

Alloy Element

AA1050
Si Fe Cu Mn Mg Cr Zn Ti Al
0.07 0.26 <0.001 - <0.001 - <0.002 <0.007 99.50

Sample Upper 
sample

Lower 
sample

Temperature
(°C)

Movement
(mm)

Holding time
(s)

1.1 Al 99.5 1.4767 550 0.4 -
1.2 Al 99.5 1.4767 550 0.4 -
1.3 Al 99.5 1.4767 550 0.4 10
1.4 Al 99.5 1.4767 600 0.4 -
1.5 Al 99.5 1.4767 550 0.4 10
1.6 Al 99.5 1.4301 550 0.4 10
1.7 Al 99.5 1.4301 600 0.4 10
2.1 Al 99.5 1.4767 560 0.4 2
2.2 Al 99.5 1.4767 560 0.4 6
2.3 Al 99.5 1.4767 560 0.4 8
2.4 Al 99.5 1.4767 560 0.4 4
2.5 Al 99.5 1.4767 560 0.4 0
2.6 Al 99.5 1.4767 560 0.4 2
3.1 Al 99.5 1.4767 540 0.4 5
3.2 Al 99.5 1.4767 540 0.4 5
3.3 Al 99.5 1.4767 540 / 5
3.4 Al 99.5 1.4767 540 0.6 5
3.5 Al 99.5 1.4767 540 0.6 3
3.6 Al 99.5 1.4767 540 0.6 8

Table 1: Chemical composition of investigated Al-alloy Al99.5 (AA1050) [8]

Table 2: Experimental samples
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steel 1.4767 were used. At these conditions the 
bond in all sample was not achieved. In this se-
ries of compression test the compression force 
was ranging from 8 kN to 20.5 kN, while the 
deformation of the aluminium was in the range 
between 30 % and 60 %. 
In the third series 6 samples were compressed 
(aluminium 99.5 and ferritic stainless steel 
1.4767). Bonding was carried out with a pro-
filed tool at a temperature of 540 °C. The dis-
placement of the tool varied from 0.4 mm to 
0.6 mm. The holding time at the temperature 
of compression (3 s, 5 s and 8 s) also varied. 
In this series, samples 3.3, 3.4 and 3.6 were 
thoroughly analyzed. Bond occurred only in the 
sample 3.6. In this sample, a force of 16 kN, and 
deformation of the aluminium 55.46 % were 
achieved. When the bond occurred, 1 µm thick 
discontinuous intermediate layer appeared, 
whose composition corresponds to phases 
AlCr2 and Al8Cr.

Results and discussion

First series
Using optical microscopy samples 1.2, 1.5 and 
1.6 were analyzed. The bond was achieved in 
samples 1.5 and 1.6. Therefore, in these two 
samples the analysis with a scanning electron 
microscope was made. 
Sample 1.2 was heated up to 550 °C, where it 
was held for 5 s, so the temperature was con-
stant over the entire sample. Then it was com-
pressed with a force of 15 kN. The displace-
ment was set to 0.4 mm. At the compression of 
the sample 1.2 there is a 43.2 % deformation 
of the aluminium, while no deformation of the 
steel occurred. The different width of the gap 
is due to non-parallel jaws and the tool during 
pressing.
Here, the sample 1.5 was heated to the tempera-
ture of 550 °C, pressed with a force of 13 kN, 
where it was held for 10 s. At this sample the 
bond occurred. Figure 1 shows the thickness 
of the individual areas of the sample 1.5 after 
compression. From the Figure 1 it can be seen 
that the bond formed along the entire length 
of the sample. In Figure 1a, which shows the 
left-compressed side of the sample, it can be 
seen that the thickness of the aluminium was 

323.43 µm and of the steel 475.50 µm. On the 
right compressed side of the sample represent-
ed by the Figure 1b the thickness of the alumin-
ium was 307.79 µm, while the thickness of the 
steel was 470.35 µm. Figure 1c shows a middle 
part of the compressed sample. Here the thick-
ness of the aluminium was 311.84 µm, the steel 
was 471.63 µm. In the compressed part, where 
the bond was reached, the intermediate layer 
between the aluminium and steel is present, 
but it was not thick enough to be measured 
with an optical microscope. The thickness of 
the undeformed aluminium was 749.52 µm 
and the thickness of the steel was 475.52 µm 
(Figure 1d).
Figure 2 shows the three areas marked with 
numbers from 1 to 3, where the surface EDS 
analysis was made. The special attention was 
paid to the intermediate part of the bonded 
sample. From Figure 2 it can be seen that the 
area 1, the intermediate layer between the steel 
and aluminium, is composed from amount frac-
tions 71.432 % Al, 4.842 % Cr and 23.726 % 
Fe. In the area 2, which presents the composi-
tion of the steel, is from 5.472 % Al, 0.271 % 
Si, 17.639 % Cr and 76.619 % Fe. Region 3, 
which presents the composition of aluminium, 
is composed from 99.833 % Al and 0.167 % Fe. 
In a sample 1.5 the thickness of the layer that is 
formed between aluminium and steel was also 
measured. The thickness of the intermediate 
layer was 4.08 µm and is shown in Figure 3.
Compressing test of the sample 1.6 took place 
at a temperature of 550 °C. Upon reaching the 
temperature of 550 °C, the sample was kept at 
the temperature for 5 s, in order to reach the 
constant temperature through the whole sam-
ple. Furthermore, the compressing of the sam-
ple took place with a force of 13 kN, and hold-
ing at a temperature of 550 °C for 10 s.
In Figure 4a is presented the left side of the 
compressed sample, where the displacement 
of aluminium occurred. The thickness of the 
aluminium in this part was 456.15 µm, the 
steel was 710.13 µm. As illustrated in Figures 
4b–d, the thickness of the steel was 706.30 μm 
or 710 μm at the compressed part of the sam-
ple, while the thickness of the aluminium was 
445.84 μm or 474.27 µm. Figures 4e and 4f 
show the thickness of the steel and aluminium 
on the uncompressed part of the sample. The 
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thickness of the steel was 706.75 µm, while al-
uminium was 748.84 µm.
At the sample 1.6 40.55 % deformation of the 
aluminium occurred, and the same as at the 
sample 1.2 and 1.5, no deformation of the steel 
occurred. Sample 1.6 was previewed under the 

scanning electron microscope. Thickness and 
chemical composition of the intermediate layer 
was determined, resulting in the compression 
test of the sample 1.6. In Figure 5 presents the 
areas where the surface analysis of the sample 
1.6 was done. 

Figure 1: Thickness of the sample 1.5 after compression test: left compressed part (a), right compressed part (b), middle 
compressed part (c) and left uncompressed part (d).

Figure 2: EDS surface analysis of bonded part of the sample 1.5.
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From Figure 5 it can be seen that the area 1, 
which presents the steel, contains amount 
fractions 0.750 % Si, 19.734 % Cr, 1.537 % Mn, 
70.471 % Fe, 7.298 % Ni and 0.210 % Mo. Sec-
tion 2 (intermediate layer) contains amount 
fractions 67.847 % Al, 0.284 % Si, 5.955 % Cr, 
0.445 % Mn, 23.326 % Fe and 2.143 % Ni, while 
section 3 (aluminium) contains 99.454 % Al, 
0.333 % Cr and 0.213 % Fe. The thickness of 
the intermediate layer that forms between the 
bonding of aluminium and steel was also mea-
sured and it was 5.84 µm (Figure 6).
Using the Thermo-Calc programme, isoplete 
equilibrium phase diagram (Figure 7) for the 
intermediate phase was constructed, result-
ing in a sample 1.6. From the Figure 7 can be 
see that when the mass concentration of Fe is 
36.174 %, following phases are possible: Al8Cr5 
and Al13Fe4.

Second series
In the second series, where 6 compressing tests 
were made, profiled tool was used. In all sam-
ple no bond occurred. 

Third series
In the third series 6 samples were compressed 
under certain conditions. Using an optical mi-
croscope, samples 3.3, 3.4 and 3.6 were ana-
lyzed. The bond occurred only at the sample 
3.6, which was further analyzed using a scan-
ning electron microscope. Sample 3.3 was heat-
ed to a temperature 540 °C, where it was held 
for 5 s so the temperature was homogeneous 
throughout the sample. This was followed by 
compressing the sample with a force of 23 kN. 

Figure 3: The thickness of intermediate layer in sample 1.5.

The displacement of the jaw was 0.4 mm. On 
Figure 8a it can be seen the part of a sample 3.3, 
which was compressed on the rib of the tool. 
The thickness of the aluminium in this part of 
the sample was 198 µm, thickness of the steel 
was 468 µm. Figures 8b and 8c shoe a part of 
the compressed sample, which was in the ‘wal-
ley’ of the tool. The thickness of aluminium on 
this part was 892 um (Figure 8b), while the 
thickness of the steel was 463 µm (Figure 8c).
Sample 3.4 was heated to 540 °C where it was 
held for 5 s so the temperature was uniform 
throughout the sample. This was followed by 
pressing with a force of 22.5 kN. Rear calipers 
were set on 0.4 mm. Figure 9a shows a part of 
a sample 3.4, which was compressed by a rib 
of the tool. The thickness of the aluminium 
was 372 µm and the steel 464 µm. Figures 9b 
and 9c present the location where the mate-
rial was compressed by a groove of the tool. 
Here the thickness of aluminium was 829 µm 
(Figure 9b), the thickness of the steel was 
467 µm (Figure 9c).
Sample 3.6 was first heated to a temperature of 
540 °C. At this temperature was held for 5 s and 
then pressed with a force of 16 kN, the displace-
ment of the jaws was set to 0.6 mm. Figure 10 
shows the bond between aluminium and steel 
in the sample 3.6. 
In Figures 11a, b and c the thickness of alu-
minium and steel in specific parts of the sam-
ple can be seen. Figure 11a represents a part 
of the sample, which was compressed with a 
rib of the tool, Figures 11b and c represent a 
part of the sample, which is in the groove of the 
tool. Figure 11a shows that the thickness of the 
aluminium was in this case 334 µm and steel 
466 µm. In Figure 11b the measured thickness 
of the aluminium was 815 µm, the thickness of 
the steel, measured in Figure 11c was 464 µm.
As the third series of compression tests lead to 
the bond only in the sample 3.6, it was further 
analyzed using a scanning electron microscope. 
In the sample the bond without an intermedi-
ate layer (Figure 12a) or with an intermediate 
layer (Figure 12b) was obtained, which was not 
continuous. 
At the bond, without the intermediate layer 
surface and line analysis was made. The results 
of both analysis are shown in Figures 13 and 
14.
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Figure 4: Thickness of the sample 1.6: left compressed part (a) and (b), right compressed part (c), middle compressed part (d) and 
right uncompressed part (e) and (f).

From the results of the surface analysis shown 
in Figure 13 can be seen that the area 1 (alumin-
ium) contains amount fractions 99.538 % Al, 
0.003 % Si, 0.066 % Cr and 0.393 % Fe. Region 
2, which represents the steel contains amount 
fractions 5.627 % Al, 0.224 % Si, 17.574 % Cr 
and 76.575 % Fe.

Results of surface analysis in Figure 14 show, 
that the area where an intermediate layer be-
tween aluminium and steel (section 1) was 
formed, contains amount fractions 45.569 
% Al, 0.096 % Si, 10.134 % Cr and 44.201 % 
Fe. Region 2, which presents aluminium con-
tains 99.378 % Al, 0.120 % Cr and 0.501 % Fe. 
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allurgical stages Gleeble 1500 D are not com-
pletely parallel resulting in uneven bonds. On 
bonding a profiled tool had great impact. Due 
to the non-parallel jaw on which a tool for com-
pression is placed, the force on certain points 
of the material is greater than elsewhere. This 
resulted in a different filling of the grooves of 
tools with aluminium. For the determination of 
the quality of the bond, further tests should be 
made such as bending tests or quantitative ten-
sile tests of double-layered sheet.

Figure 5: EDS surface analysis of bonded part of the sample 1.6.

Figure 6: The thickness of intermediate layer in sample 1.6.

The steel (section 3) contains amount frac-
tions 6.079 % Al, 0.402 % Si, 17.204 % Cr and 
76.315 % Fe.
Using Thermo-Calc program isoplete equilibri-
um phase diagram (Figure 15) for the interme-
diate layer was constructed, resulting in a sam-
ple of 3.6. From the diagram it can be seen that 
at the mass concentration of 58.4 % Fe, and 
12.5 % Cr, phases AlCr2 and Al8Cr5 may occur.
In all three series it was observed that the jaws 
on the Thermomechanical simulator of met-

Figure 7: Equilibrium isoplete phase diagram Al-Fe-Cr-Ni-Mn-Si.

THERMO-CALC (2013.01.31:11.41):AL-FE-(prerez6)
DATABASE:COST2
P=1.01325E5, N=1, W(CR)=8.598E-2. W(SI)=2.21E-3, 
W(MN)=6.79E-3, W(NI)=3.493E-2;
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Figure 8: The thickness of the material in the sample 3.3: rib of the tool (a) and in the ‘valley’ of the tool – aluminium (b) and steel (c).

Figure 9: The thickness of the material in the sample 3.4: rib of the tool (a) and in the valley of the tool – aluminium (b) and steel (c).
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Figure 11: The thickness of the material in the sample 3.6: rib of the tool (a) and in the valley of the tool – aluminium (b) and 
steel (c).

Figure 10: Bond in the sample 3.6.
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Figure 12: The bond between Al 99.5 and ferrite stainless steel 1.4767 of the sample 3.6: there is no intermediate layer between 
the aluminium and steel (a) and discontinuous intermediate layer between the aluminium and steel (b).

Figure 13: EDS surface analysis of sample 3.6.

Figure 14: EDS surface analysis of sample 3.6, where the intermediate layer occurred.
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Conclusions

According to the results, it can be concluded:
 ― To achieve a good bond, the aluminium sur-
face must be properly cleaned. Cleaning 
agent Nabadur 152 (5 %) ensures proper 
cleanliness of the surface of the aluminium 
so that the steel is not needed to be cleaned.

 ― The formation of the bond is heavily depen-
dent on the geometry of the tool. The best 
results showed unprofiled tool. In the first 
series, where unprofiled tool was used two 
good bonds along the entire length of the 
sample were achieved. When the profiled 
tool was used, the bond only on a small area 
of the sample was achieved. Profiled tool 
should have shallower grooves and broad 
ribs.

 ― It is important to ensure parallelism of the 
jaw. Non-parallelism of the jaws causes a 
local increase in the forces leading to the 
formation of gaps and uneven filling of the 
grooves in the tools.

 ― In order to achieve the bond it is required 
compressing at a temperature of 550 °C or 
more. The time for holding the temperature 
for bonding should be at least 5 seconds.

 ― Minimum force required for the formation of 
the bond is 13 kN.

 ― The minimum deformation of the material, 
which is necessary for the formation of the 
connection, is 40.6 %.

 ― At the formation of the bond, intermediate 
layer was formed. The thickness of this layer 
depends on the holding time at the bonding 
temperature and the type of stainless steel. 
In the case of ferritic stainless steel with the 
same bonding conditions, a thinner interme-
diate layer than in austenitic stainless steel 
was obtained. The bond with the intermedi-
ate layer of 1 μm thick formed at a tempera-
ture of 540 °C and the holding time for 8 s. 
The composition of the intermediate layer is 
based on the ternary system Fe-Cr-Al. At the 
bonding of Al99.5 with ferrite or austenitic 
stainless steel the occurrence of the follow-
ing phases is possible: Al5Fe2, Al13Fe4, Al13Cr2, 
Al13Fe4, AlCr2 and Al8Cr5.
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