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The Use of Superconducting Magnetometry to Detect Corrosion In 
Aircraft Alloys 

Delin Lia, Yupei Mab, W. F. Flanagan3, B. D. Lichtera, and J.P. Wikswo,Jrb* 
a. Department of Mechanical Engineering 
b. Department of Physics and Agronomy 
Vanderbilt University, Nashville, TN 37235 

Abstract 

The magnetic field distribution for three different types of in-situ corrosion has been 
measured using SQUID magnetometry. The variations of the magnetic field density with 
time differ for the three types of corrosion. The higher the corrosion rate, the more intense 
is the magnetic field. The SQUID magnetometer is also shown to be sensitive to 
corrosion activity occurring on the opposite side of a plate specimen. 

1. Introduction 

Over the last few decades, there have been many attempts to measure the 
corrosion current distribution during active corrosion, with little success. Since the 
net anodic current is equal to the net cathode current in active corrosion, any non- 
local measuring methods would sense a net current approaching zero. By using a 
scanning reference electrode (SRE) technique1"5, there has been some success m 
measuring the corrosion potential distribution on actively corroding samples. 
However, such results do not give directly the resulting corrosion current 
distribution, since many factors are involved in the interpretation of the data, not all 
of which are known. 

It is recognized that magnetic fields are associated with current flow. Thus, 
the corrosion current should have an associated magnetic signature. The 
detectability of the magnetic fields depends on the magnitude and the spatial 
distribution of the corrosion current.  The SQUID magnetometer enables sensitive 
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measurements of extremely small magnetic fields «^f™™™?^ 
without any electrical or mechanical connections intruding on J>= »mP«: " otters 

rf;:iye of monitoring both the magnitude and fine ^<^^^^ 
corrosion current, which present corrosion methods do not allow. The ability ot the 
To™ D mametometer to measure magnetic signals due to electrochemical reactions 
SK recently6'10. The Vanderbil, Superconducting Quotum Interference 
Se (SQUID) magnetometer system, which incorporates a MicroSQUID 
Sffl magnetic shield12, a scanning stage", and a computer conuol and 
Z?2n system'4, has been developed and used for the detection o flaws in 
„orfeZa^tic conductors'^5, and for the detection of subsurface flaws . In tile 
nreTenToan« we focus on the application of SQUID magnetometry to the 
de SonTd mlpping of the magnetic field distribution on active m-s,tu corroding 

Terms of the corrosion current distribution will be reported m a later paper. 

2. Experimental 

Three types of active corrosion were studied: pitting corrosion, 
pining/iTrgraniX corros.on, and "uniform" corrosion. Pitting^corrosion ** 
modeled uskiK 1 5 mm thick 7075 aluminum alloy in solutions of 3.5 /„ NaU with 
oaring C? oncentrations. Pitting/intergranular corrosion was modeled using 
ffZtek 2024 aluminum alloy in solutions of 3.5% NaC with« Cu 
concentrations, uniform; corrosioa „ e^d using^U mm £* 2024 
aluminum alloy in a solution of 2 ml 58/« hur, i mi /i/om 3, 

and 590 ml H20. 

The physical details . f the SQUID tests are shown in Figtre la and lb 
respectively. For tests described by Figure la, tire sample was placed m th 
ZoZ cell witii the solution extending to 2 mm above the sample surface^The 
co™ ion cell was covered by a transparent film which served to pro ect the SQUID 
defec   r from the corrosive environment.  The SQUID pick-up cods^re oca 
about 3 mm above the plasnc film. Thus, the distance between tin  SQUID p ck up 
coils and the sample was about 5 mm. For tests described in Figure lb a large plate 
1ZZ2placed on the   corrosion cell,   which had an 45 mm diameter area 
eZ  d to th    ohition, bu, on «he bottom side of the plate, on the side opposite 
from me SQUID magnetometer.   For this test, the SQUID pick-up coils we 
foci*   nun above the top sample surface. All aluminum! alloy plates used in ti, 
es« were 1.5 mm thick. It should also be noted that the SQUID measures only the 
vertical component of the magnetic field, normal to the corroding surface. 



a) b) 
Figure 1. Schematic diagrams of the active in-situ corrosion test systems: a) The sample is placed in a 
corrosion cell so that the top surface is 2 mm below the solution surface; b) a large plate sample 
which has a 45 mm diameter area exposed to the solution at the bottom side of the plate, i.e., on the 
side away from the SQUID magnetometer. 

The X-Y scanning of the corrosion cell was computer controlled. The 
scanning area was larger than the sample for all tests. The scanning rate in x- 
direction was 20 mm/s, and the orthogonal step in y-direction after each scan was 1 
mm or 3 mm. The data acquisition rate was 4 points per mm in the x-direction. The 
magnetic field distribution for the sample was measured as a function of time by the 
SOIJTD rrmpnernmeter Fnr each test the mapnetic field distribution for the sample 
in air, without the corrosive environment, was also measured before and after the 
sample was exposed to the solution. 

3. Experimental Results 

3.1.   Magnetic   Field   Measured   by   SQUID   Duri ig   Active   Corrosion   of 
Aluminum Alloys in the Test Described by Figure la 
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3 1 1 Magnetic Field Measured by SQUID on 7075 and 2024 Aluminum Alloys 
Undergoing Pitting and/or Intergranular Corrosion 

Figure 2a-2e show typical magnetic field distributions detected by the SQUID 
near tn^urface of actively corroding 7075 aluminum alloy plate in a solution of 
3 w, NaCl + 50 ppm Cu" The data shown in Figures 2a and 2b were obtamed 
ovef periods of 2P5 to 43 minutes and 205 to 223 minutes after die sample was 
Zed inte solution, respectively, which is considered to be representative of the 
taterval mvolved in the initiation of pitting, and in Figure 2c over the period of 275 
TZTn^utes which are considered to be representative of the tune involved, in 
Ac "ofuaese pita. Figure 2d shows the magnetic fie.d distnbution over «he 
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Flgure 2  Typical ^c field *—^ g*?» ™ ££ M ^ 
-luminum alloy plate in a solution of 3.5 /o NaCl    50PPm Lu   . , ■   ^ ^ ^ternl 
interval from 25 to 43 minutes after the sample was placed „the solution   ^ m 
from 205 to 223 minutes, (c) in the time interval from 275 to 293 minutes, ana W 

corrosion attack. 
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sample in the absence of a corroding environment, after the corrosion attack. The 
above results give evidence that the magnetic fields measured by the SQUID 
magnetometer are due solely to corrosion current. 
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Figure 3. The magnetic field as a function of time during active pitting corrosion of a 32x32 mm 
7075 aluminum alloy plate in a solution of 3.5% NaCl ^ 50 ppm Cu^. 

Figures 3 and 4 show typical magnetic fin'd distributions on the sample as a 
function of time during active corrosion of 7075 and 2024 aluminum alloys, 
respectively, both in the same solution of 3.5% NaCl + 50 ppm Cu^.    Such 
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distributions are found to change from time to time, and are believed to be related to 
the variation of the local corrosion current m the sample. 
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F„ure 4  The magnetic field as a function of time during active corrosion of a 32x32 mm 2024 

aluminum alloy plate in a solution of 3.5% NaCl + 50 ppm Cu 

Figure 5a and 5b show variation over time of the maximum positive and 

of *eIxJmun, positive magnetic field density with C.T concentration for 7075 
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and 2024 aluminum alloy respectively during active corrosion at different times. It 
is seen that the difference of the maximum positive magnetic field density, as the 
CiT concentration varies from 10 ppm to 50 ppm, increases with time for 7075 
aluminum alloy, but decreases with time for 2024 aluminum alloy. It is also shown 
that the maximum positive magnetic field density in the solution with 50 ppm Cu 
is larger than that in a solution with lOppm Cu , for both the 7075 and 2024 

aluminum alloys. 
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a) b) 
5. The maximum positive and negative magnetic field density as a function of time during 
corrosion of (a) 7075 and (b) 2024 aluminum alloys in a solution of 3.5% NaCl + 50 ppm 

alloy 
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Figure 6. Variation of maximum positive magnetic field density with OT concentration at different 
tmies for active corrosion of (a) 7075 aluminum alloy and (b) 2024 aluminum alloy. 

A typical microstructure for 7075 aluminum alloy after corrosion is shown in 
Figure 7a; this involved a cumulative exposure time of about 1440 minutes in 3.5% 
NaCl + 50 ppm Cu~\  Figure 7b shows the corresponding microstructure for 2024 
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mainly surface attack at grain boundaries and localized pus. 
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a) 7075(160X) 
b) 2024(160X) 

F,guIe 7 T^Va—cLs ot ,075 and 2024 alnnannom alloys after acftve oonos.on in a 

solution ot 3 5% NaCl + 50 ppm Cu~ in the SQUID nesos. 

Figm 8. Typ.ca, maSne,,c f.e.d d.snohonons ^» ™^ Ä S 'Inft, 
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1024 in i »Junen ot 2ml HF. 3ml 
KNO,. 5mi HO. lad 5» ml H,0 

50 100 150 200 25 

Time(min) 

re ^ The maximum positive and negative 
:ei:c field density as a function of time 
:g active "uniform" corrosion of 2024 
.inum alloys in a solution of 2 ml 58% HF, 
~;°o HN03, 5 ml 36.5% HC1, and 590 ml 

160X 
•'■Sure 10. Typical microstructure of   2024 
-uminum alloys after "uniform" corrosion in a 
so'ution of 2 ml 58% HF, 3 ml 71% HN03, 5 
T:--6 5%HCl,and590mlH2O. 

3.1.2. Magnetic Field Measured by 
SQUID on 2024 Aluminum 
Alloy Undergoing "Uniform" 
Corrosion 

Figure 8a shows a typical magnetic 
field distribution during "uniform" 
corrosion of 2024 aluminum alloy in 
a solution of 2 ml 58% HF, 3 ml 71% 
HNO,, 5 ml 36.5% HC1, and 590 ml 
H20. Figure 8b shows the lack of any 
magnetic held distribution over the 
sample in the absence of the 
corroding environment after the 
corrosion attack. Figure 9 shows the 
variation of the maximum positive 
and negative magnetic field density 
with time during "uniform" corrosion. 
It is found that the change of the 
magnetic field density with time 
differs from that for pitting corrosion 
(Figures 5b and 9). The microstruc- 
ture of 2024 aluminum alloy after 
"uniform" corrosion is shown in 
Figure 10, where it is seen that the 
attack is "uniform" over the sample 
sur^ice. 

3.2 Magnetic Fielü Measured by 
SQUID During Active Corrosion 
of Aluminum Alloys in the Test 
Described by Figure lb 

Figure 11a and lib show typical 
magnetic field distribution detected 
by the SQUID for active corrosion of 

J'-4 aluminum alloy plate, which has an 45 mm diameter area exposed to the 
dilution at the bottom side of the plate, in solutions of 3.5% NaCl + 50 ppm Cu^ 
-id 2 ml 58% FTF, 3 ml 71% HN03, 5 ml 36.5% HC1, and 590 ml H20, 

1 

Mm 
" 1Ä 

wmm:i 



respectively. The results give evidence that the SQUID magnetometer is sensitive to 
corrosion activity occurring on the opposite side of a plate specimen. 
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Figure 11 Typical magnetic field distribution measured by SQUID in the test described by^gure 1 
of^cti   'corLon 0^024 aluminum alloy (a) in a solutior.of 3.5%. NaC U-50 ppm Cu   and (b) 

in a solution of 2 ml 58% HF, 3 ml 71% HN03, 5 ml 36.5% HC1, and 590 ml H20. 

4. Discussion 

4.1. Magnetic Field Distribution as an Indicator of the Type of Corrosion 

It is seen from Figure 7 that the micro structure of 7075 aluminum alloy 
undergoing pitting corrosion differs from that of 2024 aluminum alloy which shows 
pitting^intergranular corrosion. It is also seen that the variation of the maximum 
positive andTgative magnetic field density with time for the 7075 duminum alloy 
in a solution of 3.5% NaCl + 50 ppm Cu~ (Figure 5a) is very different from h 
results for 2024 aluminum alloy in the identical solution (Figure 5b), and also that 
the variation of magnetic field density with time for 2024 aluminum alloy m the 
«uniform'  corrosion solution L clearly different from that in tue pitting solutrn 
(Figure 5b and Figure 9). These results give evidence that the SQUffi»can be used 
to distinguish between the different types of corrosion in 7075 and 2024 aluminum 

alloys. 

4.2. Magnetic Field Intensity as an Indicator of Corrosion Rate 

As we can see in Figures 6a and 6b, the magnetic field density in the solution 
of 3 5% NaCl containing 50 ppm Cu~ is larger than that in the solution containing 
10 ppm Cu"". This can be explained by the fact that when copper ions are added tc 
a solution containing chloride ions, the corrosion potential of the aluminum alloy 
frnmediately rises close to the pitting potential17^.   The reason is that dissolvec 
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CiT deposits on the aluminum alloy surface as metallic Cu, which acts as an 
efficient cathode, causing the corrosion potential of the aluminum alloy to shift up 
to near the pitting potential. The higher the Cu^ concentration in the solution the 
more Cu is deposited on the aluminum alloy surface, and these cathodes in' the 
aluminum alloy surface become more efficient. Figure 6a also shows that the 
increase of the extrema in the magnetic field density with time for 7075 aluminum 
alloy in the solution with 50 ppm Cu~ is much more rapid than that in the solution 
with 10 ppm Cu . This parallels the increase of corrosion current expected in each 
of these cases. 

It is   '.so seen that the maximum positive and negative magnetic field 
density for 2024 aluminum alloy in the "uniform" corrosion solution (Figure 9) is 
larger than that in the pitting solution (Figure 5b). This can be explained by the fact 
that the corrosion current of the sample in the former solution may be much larger 
than for that in the pitting case, i.e., the higher the corrosion current, the more 
intense is the magnetic field. The magnetic field density for 2024 aluminum alloy 
in the solution of 3.5% NaCl + 50 ppm Cu~ is larger than that for 7075 aluminum 
alloy in the identical solution for up to 700 minutes after the samples were placed in 
flie solution (Figures 5a and 5b). This difference may be explained by the fact that 
diöerent corrosion mechanisms are involved, so that different corrosion currents 
result. These facts also attest to the feasibility of using SQUID results to measure 
corrosion currents. The magnetic field distribution as affected by the geometry of 
the test sample and cell was also studied, and the results will be reported in a later 
paper. r 

5. Conclusions 

1- Magnetic field distributions resulting from active in-situ corrosion in aluminum 
alloy samples can be measured by SQUID magnetometry. 

2. The variation of maximum positive and negative magnetic field density with time 
is clearly different for the three types of active in-situ corrosion studied, allowing 
one to use SQUID magnetometry as an indicator of the type of corrosion that is 
actively involved. 

3. The magnetic field density is an indicator of the magnitude of active in-situ 
corrosion occurring in the specimen. 

4. The SQUID magnetometer is sensitive to corrosion activity occurring on the 
opposite side of a plate specimen. 
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