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H
undreds of kilometers
of iron water distribu-
tion piping are ca-
thodically protected
annually in Canada
with high-potential Mg
anodes installed by the

Auginode method that was devel-
oped in the mid-1970s.1 This tech-
nique involves augering a hole above
the water line to expose its surface.
The line is then cleaned prior to stud-
welding the anode lead to the pipe
(Figure 1).

The installed anode usually is a
14.5-kg (32-lb) high-potential Mg an-
ode casting surrounded by a sulfate-
rich backfill, all of which is contained
in a wettable cardboard tube. At typi-
cal current outputs of 45 to 90 mA,
the service life is calculated to be
from 34 to 17 years, respectively, at
a utilization factor of 0.85 and a nomi-
nal efficiency of 50% of the Faraday
calculated capacity. This current out-
put range corresponds to a soil resis-
tivity range of 2,000 to 4,000 Ω-cm.
Unfortunately, in many instances the
actual service life—as determined by
measuring the pipe-to-soil potential
profile over the piping route—has in-
dicated a lesser system life than was
anticipated. In one instance the effi-
ciency of commercial Mg anodes was
reported as being 30 to 35%.2 There
can be many reasons for the shortfall
between calculated life (based on a
50% efficiency) and realized life, even
though the anode current outputs are
within the nominal range.

Faraday’s Law and
Calculating Efficiency

The electrochemical efficiency of
Mg typically is assumed to be ~50%
of theoretical, which is considerably
less than the 85 to 90% for Zn and Al
galvanic anodes. The theoretical
weight loss is calculated using the fol-
lowing Faraday relationship:

 W = M t Icorr/nF (1)
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The service life of Mg anode cathodic protection
systems installed on iron water mains has, in some

instances, been significantly less than design calculations
would predict. Testing of high-potential Mg alloys from
various suppliers using the ASTM G97-89 test method
indicates that efficiencies are widely variable and that
the life of a Mg anode could be as much as 90% less than
calculated, depending on the source of the Mg. The
literature shows that various factors such as anode
current density, anode oxidation reaction, anolyte
chemistry, alloy chemical composition, and alloy
microstructure can affect anode efficiency.
Municipalities are advised to conduct tests for alloy
composition, microstructure, and backfill composition
on anodes from industry suppliers in order to ensure
anode quality and maximum system life.

046964040005_0001-43 pm7 4/19/04, 12:38 AM28

Karen Wilcox
11210



May 2004 MATERIALS PERFORMANCE 29

where W = anode weight loss (g), M =
atomic weight of the metal (24.3 g for
Mg), n = number of electrons given up
by an atom in the oxidation reaction
(n = 2 for Mg), F = Faraday’s constant
of 96,500 coulombs per equivalent
weight, t = time (s), and Icorr = corro-
sion current (A).

The percent efficiency on a weight
basis is determined by comparing the
theoretical weight loss from Faraday’s
equation to the actual weight loss:

 % Efficiency = Wtheoretical/Wactual × 100 (2)

Efficiency Testing
The efficiency of Mg anodes usually

is determined using the ASTM G97-893

test method, which involves cutting
and machining five 12.7-by-152-mm
specimens from an anode casting. The
specimens are placed in separate con-
tainers with a calcium sulfate (CaSO4)/
Mg hydroxide [Mg(OH)2] electrolyte,
connected in series with coulometers
and powered at a constant current den-
sity (CD) of 42 µA/cm2 (39 mA/ft2) for
14 days. The weight loss during the test
period is compared to the theoretical
weight loss calculated based on cou-
lometer measurements. The open- and
closed-circuit potentials also are mea-
sured at the end of the test period.
Table 1 tabulates typical results ob-
tained by various laboratories for high-
potential Mg anodes.

The variation in electrochemical ef-
ficiency among these tests is quite sig-
nificant, ranging from 4.8 to 57.7%.
Test results for anode suppliers K to O
were obtained in 2003 because of con-
cerns about the quality of Mg from off-
shore sources. It is apparent from the
foregoing statements that the life of a
Mg anode system, compared to that cal-
culated at 50% efficiency, could be re-
duced by as much as 90% depending
on the anode supplier. It is interesting
to note that the open-circuit potential
generally becomes increasingly
electronegative as the efficiency in-
creases. The reason for the efficiency
variation and the relatively low effi-

ciency compared to the theoretical
value is not well understood—prob-
ably because of the large number of
factors that can affect the efficiency.

Electrochemical
Dissolution of Mg

It has generally been considered
that Mg corrodes according to the fol-
lowing equation:

 Mgo
→ Mg++ + 2e– (3)

There is some evidence, however,
that the electrochemical dissolution of

Mg can produce an intermediate
monovalent Mg ion (Mg+) according to
the following reaction:

 Mgo
→ Mg+ + e– (4)

Recent research by Song, et al.,10 has
concluded that, in sodium chloride
(NaCl) and sodium sulfate (Na2SO4)
solutions, Mg is initially oxidized to an
intermediate species (Mg+). Then, the
monovalent Mg ion chemically reacts
with water to produce hydrogen
and Mg++ according to the following
reaction:

FIGURE 1

Typical Mg anode installation on an existing Fe water main.

TABLE 1

TYPICAL RESULTS FROM ASTM G97-89 TESTING ON HIGH-
POTENTIAL Mg ANODES

Avg. Open- Life vs
Circuit Calculated @

Anode Avg. Potential 50% Efficiency
Supplier Efficiency (%) (VSCE) (%) Ref.

A 51.5 –1.72 +3 4
B 57.7 –1.77 +15.4 4
C 22.9 –1.58 –54.2 4
D 37.7 –1.52 –24.6 2
E 56.6 –1.78 +13.2 5
F 45.7 –1.69 –8.6 6
G 17.0 –1.64 –68.0 7
H 11.2 –1.62 –77.6 7
I 39.1 –1.69 –21.8 8
J 52.2 –1.72 +4.4 8
K 49.3 –1.67 –1.4 9
L 41.6 –1.65 –16.8 9
M 12.1 –1.55 –75.8 9
N 11.0 –1.55 –78.0 9
O 4.8 –1.53 –90.4 9
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 Mg+ + H2O → Mg++ = OH– + 1/2H2 (5)

If the initial oxidation reaction pro-
duces a monovalent ion then “n” will
equal 1 instead of 2 in the Faraday equa-
tion, which will double the weight re-

quired to produce an equivalent cur-
rent. Antonyraj and Augustin11 attrib-
uted the low faradic efficiency of Mg
to a combination of the formation of a
monovalent Mg and the “chunk” effect.
The “chunk” effect refers to the ten-

dency of Mg to corrode along the grain
boundary, a Fe-Mn-rich impurity phase
that is cathodic to the Mg grain. This
causes the grain to separate from the
parent Mg. Typically, Mg corrodes to
produce a severely pitted appearance;
Figure 2 is a photo of a typical 14.5-kg
(32-lb) Mg casting reclaimed from a
water main cathodic protection system
~1 year after installation.

Anode CD
As with any anode, the consump-

tion rate—and therefore its electro-
chemical capacity—is a function of the
anode CD. Figure 3 compares the elec-
trochemical capacity for an AZ63 Mg
anode alloy with anode CD in a gyp-
sum/Na2SO4 backfill as determined by
Robinson.12 This indicates that the elec-
trochemical capacity falls off dramati-
cally as the anode CD approaches zero;
this phenomenon is attributed prima-
rily to the increasing significance of
self-corrosion current as the CD de-
creases, especially below ~20 µA/cm2

(20 mA/ft2).
The 50% efficiency typically used in

system life calculations translates into
an electrochemical capacity of 1,100
A-h/kg (500 A-h/lb), which is justifiable
if the anode CD is 50 µA/cm2 (50 mA/
ft2) or more. Yet the average CD range
on a 14.5-kg anode, at an average cur-
rent output of 45 to 90 mA, is 14 to 28
µA/cm2 (14 to 28 mA/ft2), respectively,
resulting in corresponding current ca-
pacities of 847 to 1,045 A-h/kg (385 to
475 A-h/lb). Thus, a calculated life
based on 1,100 A-h/kg (500 A-h/lb) is
overly optimistic and leads to a longer
calculated life than should be ex-
pected.

Electrolyte Resistivity and
Anode Backfill

Martin13 conducted efficiency tests
on AZ63 Mg anodes in mixtures of
sand, NaCl, Na2SO4, and biocarbonates
of varying resistivity. He demonstrated
that the efficiency was a function of
both CD and resistivity (Figure 4).

FIGURE 2

14.5-kg high Mg casting reclaimed from a water main cathodic protection system.

Electrochemical capacity of AZ63 Mg alloy vs anode CD. (Redrawn from Reference 11.)

FIGURE 3
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Note that an efficiency of nearly 80%
is possible if the electrolyte resistivity
is 100 Ω-m (10,000 Ω-cm), but the elec-
trolyte resistivity of the typical gypsum,
bentonite, Na2SO4 backfill supplied in
the packaged anode is ~50 Ω-cm (0.5
Ω-m). The efficiency at low CDs is im-
proved as the electrolyte resistivity in-
creases, probably because of a lower
self-corrosion rate at the higher
resistivities. Martin developed the fol-
lowing formula to determine the self-
corrosion rate (Crself) as a function of
resistivity:

 CRself = 10(–0.305 – 0.0217 p) (6)

where CRself = self-corrosion rate (kg/m2/
y) and p = electrolyte resistivity (Ω-m).

For a backfill resistivity of 50 Ω-cm,
a self-corrosion rate of 0.4 kg/m2/y is
predicted, equating to ~15 mA on a
14.5-kg anode.

Martin also found that chloride ions
caused pitting attack and reduced effi-
ciency while sulfate ions increased effi-
ciency. Even though the select backfill
surrounding prepackaged Mg anodes
has a low resistivity (~50 Ω-cm), it im-
proves efficiency because it is com-
posed of a high concentration of sulfate
ions from ionization of the gypsum
(CaSO4) and Na2SO4, which together
account for ~85% of the backfill. In
addition, the solubility of MgSO4—the
corrosion film formed on Mg in
sodium salt solutions—is high, which
promotes corrosion activity.

Anode Chemical Composition
According to ASTM B843-93,14 the

nominal composition of a high-potential
Mg alloy anode (M1C [UNS M15102])
by weight percentage is:

Al 0.01 max.
Mn 0.5 to 1.3
Si 0.05 max.
Fe 0.03 max.
Ni 0.001 max.
Cu 0.02 max.
Other, each 0.05 max.
Other, total 0.03 max.
Mg Remainder

Mg anode efficiencies vs CD and electrolyte resistivity. (Redrawn from Reference 12.)

Effect of alloying and impurity elements on the efficiency of AZ63 Mg anode @ 38.7 µA/cm2 (36 mA/
ft2) CD in a saturated CaSO4 solution.

Impurities such as Si, Fe, Ni, and Cu
can significantly affect the electro-
chemical efficiency as indicated in Fig-
ure 5, which shows the results of test-
ing an AZ63 Mg alloy in a saturated

CaSO4 solution at a CD of 38.7 µA/cm2

(36 mA/ft2).15 Mn beyond 0.4 wt% ac-
tually improves the efficiency. Small
percentage increases in the Cu or Ni
content can significantly lower the ef-

FIGURE 4

FIGURE 5

Ω

046964040005_0001-43 pm7 4/19/04, 12:40 AM31



32 MATERIALS PERFORMANCE May 2004

ficiency. At lower anode CDs (i.e.,
≤38.7 µA/cm2 [≤36 mA/ft2]), the effect
is even more severe.

Microstructure
It has been apparent that even when

the metallurgical composition is simi-
lar and in accordance with the anode
material standards, there still can be a
wide variation in efficiencies for an-
odes from different suppliers. Jurez-
Islas, et al.,2 claimed that the presence
of Mn-rich particles (which are ca-
thodic to Mg) at the grain boundaries
were responsible for anode ineffi-
ciency. Genesca, et al.,16 found that the
microstructure (i.e., grain size and im-
purity solubility) was an efficiency fac-
tor. They found that by heat-treating a
commercial anode alloy, the current ef-
ficiency could be increased by as much
as 40% above the as-cast efficiency as
shown in Figure 6.

When heated to 300°C, water-
cooled, and aged at 150°C for 8 h, a
current efficiency of 64% was ob-
tained. Microanalysis of the treated
specimen indicated that the micro-

Mg current efficiency as a function of treatment time after reheating at 300°C. (Redrawn from
Reference 12.)

structure was finer grained (5 to 10 µm
vs 100 µm for the cast Mg) with very
fine precipitates distributed in the ma-
trix. This produced more general cor-
rosion as opposed to pitting corrosion.

Conclusions
Results from efficiency tests con-

ducted on Mg anodes using the ASTM
G97-89 method indicate that the life
expectancy of the anode, calculated on
50% of theoretical basis, can be re-
duced by as much as 90% depending
on the source of the Mg. The electro-
chemical efficiency of Mg anodes, typi-
cally used to cathodically protect iron
water mains, is compromised by a
number of factors.

The anticipated (design) efficiency
in the range of 50 to 60% of theoreti-
cal is significantly lower than that of
either Zn or Al galvanic anodes. It may
be caused by a combination of the for-
mation of a monovalent rather than di-
valent Mg ion and, to a lesser extent,
by a “chunk” effect.

Even if anodes tested in accordance
with the ASTM G97-89 method show

50 to 60% efficiency, their actual effi-
ciency will drop dramatically if the
output CD decreases below ~20 µA/
cm2. This change occurs primarily be-
cause the self-corrosion current, esti-
mated at 15 mA, becomes increasingly
significant as the current output dimin-
ishes. The average CD on the 14.5-kg
(32-lb) anode, used in the waterworks
industry, is probably less than this
value; hence, current efficiencies will
be <50%.

The current efficiencies of high-
potential Mg anodes also are affected
by the chemical composition of the
alloy. Weight percentages of Fe, Cu, Si,
and Ni, above the maximum values
stipulated in ASTM B843-93, can re-
duce anode efficiencies. However,
even when the chemical composition
meets the ASTM specification, the effi-
ciency can still be low as a result of a
coarse microstructure.

Because of the substantial variation
in efficiency at various times among
anode suppliers, the municipal con-
sumer should continually have anode
samples tested for alloy composition,
microstructure, and backfill composi-
tion. Not only will this ensure that the
anode suppliers maintain a high-
quality product, but it will aid in the
calculation of a more accurate anode
service life.
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