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Abstract: Heat exchangers of hybrid vehicles contain brazed joints composed by aluminum alloy AlMn1 and nickel 

Ni201. Depending on the environment in which they are located, these joints can corrode and, consequently, 

endanger the functionality of the heat exchanger. As the AlMn1 / Ni201 brazed joint is a metallic joint, it must be 

tested for corrosion, especially if the hybrid car circulates in areas with high salinity of air or water (sea breeze, 

saline mines etc.). At the same time, acid corrosion testing is required because hybrid vehicles contain more batteries 

and in case of battery failure, leakage or loss of sulfuric acid may corrode the AlMn1 / Ni201 brazed joint. In this 

work, it is demonstrated that the acid corrosion rate is higher than the saline corrosion rate due to the higher 

aggressiveness of acetic acid compared to that of sodium chloride. 
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1. INTRODUCTION 
 

 

The connection discussed in this article 
was achieved by the brazing of two base 
metals, parts of a heat exchanger (cooler) for 
the automotive industry, respectively, for 
hybrid vehicles named HEV. These provide 
high torque density, efficiency, mechanical 
robust structure, low cost and small weight [1]. 
The cooler has several brazed joints, of which 
the most sensitive is the junction between an 
Al-Mn alloy and pure Ni, in which the 
clearance is 0.05 – 0.08 mm [2]. Between these 
two base materials a silicon-containing filler 
metal was inserted named Nocolok Sil Flux; 
the silver addition would improve the bonding 
of the base materials and reduce the actions of 
the oxygen, but at the brazing temperature, the 
silver corrodes the alloy AlMn1 [3, 4]. In some 
cases, a synthetic adhesive may be used instead 
of filler metal, especially if different materials 
(metal-glass) are to be bonded [5]. The silicon 
content in the Nocolok Sil Flux, is to increase 
the fluidity of the material at the brazing 
temperature (reducing the viscosity), being 
favorably to the process of filling the capillary 
spaces and adhering well to both the aluminum 
alloy and nickel [6]: moreover, in the 
metallography, silicon appears like colonies 

having a fine distribution at the edge of 
rounded aluminum dendrites [7]. Base metals 
used are aluminum alloy with 1-1.5 % Mn. 
More manganese can lead to a decrease in the 
density of this base metal [8]. Testing of the 
brazed joints at corrosion was carried out in a 
special installation by spaying, which is 
actually a tank with a capacity of 114 liters and 
encompasses external water softener, 
manometer, control panel, power supply panel 
heating panels, saline/acetic spraying nozzles, 
temperature sensor, sample shelves [9]. 
Actually, the samples are positioned on the 
shelves inside the tank and sprayed with saline 
or acid solution. The pH range should be 
maintained between 6.5 and 7.2 for saline 
solution and 2.8 until 3, for acid solution, 
according to ASTM standard B117; if pH is 
too low sodium hydroxide is added and if the 
pH is too high, hydrochloric acid is added.  
 
2. EXPERIMENTAL 
 
 The AlMn1/Ni201 brazed joint was placed 
on the shelves in the spray chamber, Figure 1. 
Each sample contains two Ni201 plates brazed 
with an AlMn1 plate to see if the 1 mm 
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distance between the Ni201 plates is corrosion 
attacked; also, for the calculation of corrosion 
rate the initial mass of a sample is known (160 
g). Both for salt and acid corrosion were tested 
after 600 hours. This testing time is correlated 
to the number of pits and the time 
corresponding to the failure [10]. 
 

 
    Fig. 1 Brazed joint before corrosion testing. 
 
Under visual inspection, Figure 1 shows that 
the brazed joint between the two base materials 
is clean, without excess material (flux excess) 
without fluctuations in thickness, with a 
specific metallic gloss, with a contour 
uninterrupted. The six AlMn1 positioning 
points around the nickel plates were designed 
to fix and stabilize these plates during brazing. 
 
2.1 Spraying with saline solution 
 
The 5% saline solution was obtained by 
dissolving 5 grams of salt in 95 ml of water and 
the pH value of the solution was monitored   
throughout the spraying and was 6.75 - 6.9. 
Crystals composed of salt and aluminum 
molecules contain certain natural luminescent 

formations which can then be used to measure 
corrosion by infrared radiation [11] or by 
electrical potential; thus, it has been found that 
with higher electrical potential, corrosion is 
greater [12]. At the end, even a corrosion rate 
can be calculated [13]. 

As shown in Figure 2, it is obvious that the 
saline solution was deposited around the 
brazing joint and at the distance between the 
Ni201 plates; corrosion attacked these areas 
the most. It is observed the formation of some 
crystals composed by salt and particles of 
AlMn1, deforming its surface, after 600 hours 
of spraying with saline solution. Noteworthy, 
the surface of nickel was very little attacked by 
saline corrosion.  
 

  
   Fig. 2 Brazed joint after 600 hours of salt spraying. 

 
From this figure, however, it is not possible to 
determine the depth of corrosion and how 
much corrosion has entered inside the brazed 
joint. In order to achieve this goal, a cross-
section metallography was made to this joint, 
Figure 3.

Fig. 3 Cross-section metallography of the brazed joint after spraying with saline solution. 
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With regard to the metallography of Figure 3, 
the saline solution did not corrode the nickel 
base material nor the brazed joint but the 
AlMn1 alloy base material, producing a fairly 
large cavity. However, the AlMn1 alloy under 
Ni201 was not corroded, but the saline solution 
only attacked the aluminum alloy around the 
joint. Corrosion depth was measured and 0.67 
mm was found from the surface of AlMn1, like 
white dotted line shows; also, a maximum 
cavity width of 0.98 mm were found. This 
corrosion could be inhibited by castor oil 
extracts or Morus nigra and Monodora 

myristica extracts [14, 15]. The molecules of 
these inhibitors adsorb on the surface of 
aluminum and their action is even stronger as 
their concentration is higher; however, the 
increase in temperature reduces this inhibitory 
action [16]. Finally, we can calculate the 
corrosion rate (Rc, mm/year), knowing the 
following parameters: 
- mass loss, Pm = initial mass - final mass and 
therefore, Pm = 1934 mg; 
- AlMn1 alloy density, ρ = 2.8 g / cm3; 
- sample area, A = 8.75 cm2; 
- maximum time testing, t = 600 h. 
Rc = 87.6 x Pm / (ρ x A x t); 
Rc = 87.6 x 1934 / (2.8 x 8.75 x 600); 
Rc = 11.52 mm / year. 
 
2.2 Spraying with acidic solution 

 
The acetic acid concentration required for 

the acidic corrosion test was determined by 
diluting 10 ml of concentrated acetic acid into 
one liter of softened water and monitoring the 
pH of the acidic solution, keeping it between 
2.8 - 3. Wetting and dispersion of acid on the 
surface of AlMn1 base material largely 

depends on the roughness of the aluminum 
alloy surface and its chemical reactivity [17]. 
 

  
Fig. 4 Brazed joint after 600 hours of acetic acid 
spraying. 
 
Respect the Figure 4, the acetic acid solution 
was concentrated around the brazed joint 
giving a black color, and after 600 hours there 
was a clear corrosion in the AlMn1 base 
material as a result of occupying a 
considerable area and depths; again, the nickel 
surface was not attacked by corrosion. In the 
case of saline corrosion, the salt had been 
deposited around the brazed joint forming 
many conglomerates composed by NaCl and 
aluminum oxides, some of which being quite 
difficult to remove. However, there is also the 
case of corrosion due to acetic acid because 
according to Figure 4, there are no high-rise 
areas, but the entire joint is surrounded by very 
low relief areas corresponding to some depths 
in the surface of the base material of AlMn1 
(0.4 mm) made by the acid acetic. 
Corrosion in acidic environment is deeper if 
the acid concentration is higher; at the same 
time, the higher temperature in acid 
environment accelerates the corrosion of 
aluminum [18, 19]. Similar to first case, a 
cross-section metallography was made to this 
joint, Figure 5. 
 

  

Fig. 5 Cross-section metallography of the brazed joint after spraying with acetic acid solution. 
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As a rule, acid corrosion occurs in the form of 
exfoliation [20]. But, according to figure 6, 
acetic acid corroded not only the base material 
of AlMn1, but also the brazed joint, penetrating 
it with 0.41 mm. Acetic acid caused the AlMn1 
alloy to be fragmented, the resulting cavity 
being 1.18 mm and a depth of 0.78 mm from the 
AlMn1 alloy surface. In addition, acetic acid 
reached the bottom of the cavity, began to 
corrode the aluminum base material, causing it a 
crack of 0.36 mm long, under the brazing joint. 
For corrosion protection, instead of the AlMn1, 
it can be used an aluminum alloy containing zinc 
[21, 22], sodium molybdate [23] or it can 
increase the hardness of the base materials [24]. 
In this test, acetic acid was selected to produce 
acidic solution because spraying with a stronger 
acid like HCl, H2SO4   would damage the test 
facility. Anyway, the strength of the joint 

corroded by salt is greater than that of joint 
corroded by acid, due to the formation of an 
aluminum oxide layer [25]. At the end the 
corrosion rate (Rc) would be: 
- mass loss, Pm = initial mass - final mass and 
therefore, Pm = 3117 mg; 
- AlMn1 alloy density, ρ = 2.8 g / cm3; 
- sample area, A = 8.75 cm2; 
- maximum time testing, t = 600 h. 
Rc = 87.6 x Pm / (ρ x A x t); 
Rc = 87.6 x 3117 / (2.8 x 8.75 x 600); 
Rc = 18.57 mm / year. 
 
3. CONCLUSIONS 
 

All measurements obtained from corrosion 
test with saline and acetic acid of the AlMn1 / 
Ni201 brazed joint are summarized in Table 1.

Table 1. Values measured after corrosion test with saline and acetic acid 

Calculate measures Corrosion in salin solution Corrosion in acid solution 

pH monitored 6,75 – 6,9 2,8 - 3 
The form of corrosion conglomerates, deposites cavities, deposites 
High areas, mm 0,9 0,2 
Lower areas, mm 0,4 0,41 
Corrosion in joint, mm 0 0,36 
Cavity width, mm 0,98 1,18 
Cavity depth, mm 0,67 0,78 
Mass loss, mg 1934 3117 
Corrosion rate, mm / year 11,52 18,57 

 
Both types of tested solutions had certain 
corrosive effects on the joint, with characteristic 
differences. However, it should be noted that the 
nickel base material has not been corroded by 
either the saline solution or the acidic solution 
due to its physical properties. However, the 
same thing cannot be said about the AlMn1, 
which was corroded in both tests. However, the 
major difference between the two tests was the 
acetic acid solution that corroded not only the 
AlMn1 base material but also the brazed joint, 
being much more aggressive and penetrating it 
with 0.36 mm (the saline solution did not 
corrode the joint). Also, the acid solution 
produced a deeper and wider cavity (0.78 mm 
and 1.18 mm, respectively), as compared to the 
saline solution (0.67 mm and 0.98 mm, 

respectively). More seriously, the acid solution 
infiltrated and produced a considerable crack in 
the AlMn1 alloy after 600 hours of testing, 
which can lead to the fragility of this material 
over time, and implicitly, of the entire brazed 
joint. If testing continued for more than 600 
hours, it is likely that this acid would corrode 
more and more from the joint, seriously 
endangering its mechanical strength. This 
conclusion is supported by the higher mass loss 
of the AlMn1 alloy when tested with acetic 
solution (3,117 mg) than when tested with acetic 
solution (1934 mg). Moreover, clear evidence of 
this affirmation is the higher corrosion rate in 
acid medium (18.57 mm / year) than in saline 
(11.52 mm / year). This corrosion rate is likely 
to be much higher if the AlMn1 / Ni201 brazing 
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joint is corroded by sulfuric acid. From this 
point of view, it can be concluded that the 
AlMn1/Ni201 brazed joint is more vulnerable to 
acidic than to saline medium. For this reasons, 
sulfuric acid leakages from accumulators is far 
more dangerous for brazed joint than the saline 
environment in which these vehicles can be 
found. 
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Testarea îmbinării brazate AlMn1/Ni201 la coroziune prin pulverizare salină și acidă 

 
Rezumat: Schimbătoarele de căldură ale vehiculelor hibrid conțin îmbinări brazate compuse din aliaj de aluminiu 

AlMn1 și nichel Ni201; în funcție de mediul în care sunt amplasate, aceste îmbinări se pot coroda și, în consecință, pot 
pune în pericol funcționalitatea schimbătorului de căldură. Deoarece îmbinarea brazată AlMn1 / Ni201 este o îmbinare 
metalică, ea trebuie testată la coroziune, mai ales dacă autovehiculul hibrid circulă în zone cu salinitate ridicată a aerului 
sau a apei (briza marină, mine saline etc.). În același timp, este necesară testarea îmbinării la coroziune acidă, deoarece 
vehiculele hibrid conțin mai multe baterii, iar în cazul unor scurgeri sau pierderi de acid sulfuric, îmbinarea brazată se 
poate coroda. În această lucrare se arată că, coroziunea acidă este mai dăunătoare decât cea salină, datorită agresivității 
mai ridicate a acidului acetic comparativ cu cea a clorurii de sodiu. 
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