
6. Cathodic polarization may reduce, or even prevent, SCC of magnesium alloys in aqueous
solutions.

7. Coatings have been shown to extend life, but not to totally prevent SCC, with breaks in the
coating reducing protection [49]. In one laboratory study, an inorganic coating was found to
accelerate SCC of a SCC resistant alloy under certain conditions [5O].

8. Cladding of a susceptible magnesium alloy with a SCC resistant sheet alloy.

4. Corrosion Fatigue

There is no endurance limit for magnesium and its alloys in fatigue under corrosive conditions, and
the slope of the fatigue curve varies with the corrosive environment and the alloy composition. The
Mg-1.5%Mn and Mg-2%Mn-0.5%Ce alloys are more resistant to corrosion fatigue than alloys
containing aluminum and zinc; also, media such as 3% NaCl or seawater produce a much more rapid
drop in the fatigue curve than does tap water [2]. Substantial reductions in fatigue strength of
magnesium alloys are shown in laboratory tests using NaCl spray or drops. Such tests are useful for
comparing alloys and heat treatments.

Figures 13 and 14 show data obtained on 1.6 mm (0.064 in.) sheet alloys Mg-6%Al-l%Zn-
0.2%Mn and Mg-3%Al-l%Zn-0.3%Mn tested with plate-type bending fatigue equipment in a
chloride-containing spray of 0.01% NaCl. Figure 13 also shows data obtained on protected
and unprotected sheet to determine the effect of normal laboratory exposure. The two rates of
spray shown in Figure 13 produced the same decrease in fatigue strength. Both alloys had
approximately the same susceptibility to fatigue under corrosive conditions. Unprotected metal in
the laboratory atmosphere had slightly lower fatigue strength than when protected.

Coatings that exclude the corrosive environment are considerated to provide the primary defence
against corrosion fatigue [23]. The corrosion environment was significantly detrimental relative to
the air environment. Quasicleavage fatigue crack growth mechanisms have been identified in
corrosion fatigue of AZ91E-T6 cast magnesium alloy in both air and 3.5% NaCl. Final fracture
regions of samples in both environments were predominantly quasicleavage with some ductile
dimples [52].

Under fatigue loading conditions, microcrack initiation in Mg alloys is related to slip in
preferentially oriented grains. Quasicleavage usually occurs in the initial stages of fatigue crack
growth, which is common for hexagonal close-packed cells. Further crack growth micromechanisms
can be brittle or ductile and trans- or intergranular, depending on the metallurgical structure and
environmental influence [53]. In general, reduction of temperature increases the fatigue life of Mg
alloys mainly by lengthening the crack initiation period [54].

Rotating bending fatigue strengths were reduced by 50% in fretting conditions compared to those
in air [51]. Oxides and nitrides are often formed on the surfaces of Mg parts subjected to fretting
fatigue condition. Surface rolling, sandblasting, or shot peening can reduce fretting.

C. CORROSION CHARACTERISTICS OF MAGNESIUM ALLOY SYSTEMS

Each group of alloys has its characteristic corrosion behavior that results from metallurgical
properties or presence of certain intermetallics. The general forms and types of corrosion and the
specific properties of every alloy should be considered in developing a corrosion prevention strategy.
The following groups of alloys can then be identified:

A. Zirconium-free casting alloys.
1. Magnesium-aluminum alloys.
2. Magnesium-zinc.



CYCLES OF REVERSED STRESS

FIGURE 13. Effect of spray intensity of 0.01% sodium chloride on the resistance to fatigue of precipitated
Mg-6%Al-l%Zn-0.2%Mn sheet [51]. Specimen size—plate-type specimen 1.6 mm (0.064 in.) thick. Surface
preparation-aloxite ground. Temperature—about 3O0C (9O0F).

B. Zirconium-containing casting alloys.
3. Mg-Zn-Zr alloys.
4. Mg-Re alloys.
5. Mg-Th alloys.
6. Mg-Ag alloys.
7. Wrought alloys, with the same divisions as cast alloys.
8. Novel alloys.

High-purity alloys are a necessity in the more severe conditions of corrosion, such as immersion
in salt solutions; however, in industrial atmospheres, there is little difference in corrosion
performance.
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CYCLES OF REVERSED STRESS

FIGURE 14. Effect of 0.01% NaCl spray on the resistance to fatigue of precipitated Mg-3%Al-l%Zn-
0.3%Mn sheet [51]. Specimen size—plate-type specimen 1.6 mm (0.064 in.) thick. Surface preparation—
aloxite ground. Temperature—about 3O0C (9O0F).

Salt water corrosion studies are typically conducted in 3 to 5% sodium chloride solutions,
following ASTM Standards G 31-72 [55] for immersion and B 117-90 [56] for salt spray testing. In
these test methods, a corrosive environment is simulated, as might be encountered in a marine or an
automotive application (e.g., from salty road splash). The chloride solutions, even in small amounts,
usually break down the thin protective magnesium oxide film.

The corrosion rate of chemically pure Mg in salt water is in the range of 0.30 mm/year or 12 mpy
(mils per year). The corrosion resistance of commercial Mg alloys does not significantly exceed that
of pure Mg. Within the Mg-Al alloy system, given that additional alloying elements are used in
conjunction with Al and that tramp elements are present, manipulation of alloy chemistry and
microstructure can significantly improve the corrosion behavior of these alloys.

Aluminum is a common ingot metallurgy (IM) alloying element typically added in the amounts
of 2 to 9 wt. % for strength and increased fluidity. The typical IM Mg-Al microstructure shows oc-Mg
dendrites surrounded by a two-phase eutectic structure along the grain boundaries. Greater Al
contents tend to form a continuous eutectic structure and may precipitate MguAl\2- Manipulation of
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Al content and heat treatment to control the precipitation of P, MgnAIi2, particles through the
eutectic reaction at 28 wt.% Al can be used to produce a variety of microstructures like precipitated
lamellar P phase in heat treated AZ91 [19].

The slower solidification rates for gravity versus pressure die castings cause increased average
grain sizes and increased corrosion rates, although the tolerance levels are not changed. The smaller
grain size of the die casting product results in a finer dispersion of the detrimental material, thereby
minimizing its effect as a cathode for localized corrosion. This effect is very much evident in rapidly
solidified materials.

For die cast Mg-Al alloys in the AM, AS, AZ, and AE series tested by salt spray and by
immersion in 5% NaCl solution, the corrosion rate increases when the Al content decreases below
~ 4%. The AE alloys exhibit a high resistance to localized attack because the Al-rich coring along
grain boundaries appears to act as an efficient barrier against pit propagation in these alloys. The
Fe-rich phases are particularly detrimental, but Al-Mn phases with a low Al/Mn ratio may also have
a high cathodic current output. The phases Mg2Si and Al4MM (MM = misch metal) appear to be
harmless from a corrosion point of view [3O].

1. Effects of Alloying Elements

Alloying elements not only enhance the mechanical properties of Mg, but also impart a significant
impact on the corrosion behavior of Mg-Al alloys. Alloying elements can form secondary particles,
which are noble to the Mg matrix, thereby facilitating corrosion, or enrich the corrosion product
thereby possibly inhibiting the corrosion rate. Thus, the Mg-Al alloy corrosion behavior depends on
the distribution of the alloying elements [19].

LL Aluminum and the ft Phase Increasing concentrations of 2 to 8 wt.% Al in die cast Mg-Al
alloys decrease the corrosion rate as shown in Figure 15. Low Al additions, of ~ 2 to 4 wt.%, result
in a-Mg dendrites surrounded by the two-phase, a+ (3, eutectic at grain boundaries, whereas,
higher additions, 6-9 wt.% Al, tend to precipitate distinct p particles along grain boundaries,
depending on solidification rates. Surrounding the Al-rich p phase are local concentrations of up to
10 wt. % Al as a result of microsegregation during solidification [5]. The increasing presence of p

Aluminum wt. %
FIGURE 15. Corrosion rate of Mg-alloy die cast rods immersed in 5% NaCl solution as a function of Al
content [3O]. (Reprinted with the permission from SAE paper No. 930755 © 1993, Society of Automotive
Engineers, Inc.)
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particles, which begin to appear above 2 wt.% Al, may cause, in part, the improved corrosion
resistance of the higher Al-content alloys.

The passivating effect of the Al-rich P phase, MgnAl12, results in a low corrosion rate over a
wide pH range. Auger depth profiling shows that, as the Al component dissolves, a Mg-enriched film
forms in an alkaline media, and as the Mg component dissolves, an Al-enriched film forms in neutral
and slightly acidic media. The synergistic effect of both components leads to the decreased corrosion
rate of the p phase.

Additions of Al by rapid solidification processing results in decreased corrosion rates without
precipitation of the p phase. Faster solidification of IM alloys disperses fine MgnAIi2 particles,
which increases the corrosion resistance, as does controlled precipitation of the P phase [57].
Increasing Al concentrations have a beneficial effect on the corrosion behavior of Mg-Al alloys, but
the specific mechanism depends on the distribution of the Al within the magnesium matrix.

In addition to the alloying ingredients are added, certain other metals are usually present in small
amounts. In the alloys containing aluminum, for example, iron usually amounts to ~ 0.02 to 0.05%.
By special techniques and care in melting, this level can be reduced to about one-tenth of this
concentration. Such high-purity alloys have much better resistance to salt water than do those of
normal purity, but their corrosion behavior in industrial atmospheres is very similar. Furthermore, the
practical value of the higher resistance to corrosion is largely offset when components are used in
electrical contact with other more cathodic metals. The effect of a steel bolt for example, even when
it has been zinc or cadmium plated, is much greater at the point of contact than that of the local
cathodes in the impure alloys. Galvanic corrosion at joints with other metals is not markedly less in
the case of the high-purity alloys. Nevertheless, such alloys have their place, and, when they can be
used without other metal attachments, provide better intrinsic resistance to corrosion by seawater
than the alloys of normal purity [6].

Rare earths (RE) are typically added to Mg-Al alloys as cerium-based misch metal containing
lanthanum, neodymium, and praseodymium. A typical composition of MM is 50% Ce, 25% La, 20%
Nd, and 3% Pr. These have very low solubilities in Mg (Ce, 0.09; La, 0.14; Nd, 0.10; and Pr, 0.09 at
%) [4] and react with Al to form Al4RE intermetallics [58]. These intermetallics, with their high
melting temperature, resist coarsening relative to Mg2Si and provide enhanced creep resistance at
higher temperatures. Compositions of solidified phases are given in Table 7 [37].

Table 7. Corrosion Potentials of Synthetically Prepared
Intel-metallic Phases after 2 h in Deaerated 5% NaCl
Solution Saturated with Mg(OH)2 (pH 10.5) a

Compound

Al3Fe
Al3Fe(Mn)
Al6(MnFe)
Al6Mn(Fe)
Al4MM
P-Mn
Al8Mn5(Fe)
Mg17Al12(P)
Al8Mn5

Al4Mn(Fe)
Al4Mn
Al6Mn
Mg2Si
Mg 99.99%

Corrosion Potential (V/SHE)

-0.50
-0.71
-0.76
-0.86
-0.91
-0.93
-0.96
-0.96
-1.01
-1.16
-1.21
-1.28
-1.41
-1.42

a Reprinted with the permission from SAE paper No. 930755 © 1993,
Society of Automotive Engineers, Inc.)



Corrosion behavior is optimized through alloy chemistry, by minimizing the cathodic sites, which
evolve hydrogen gas, or by enriching the corrosion product film, which can inhibit hydrogen gas
evolution and decrease the corrosion rate. Microstructural enhancements, which refine the
microstructure and homogenize the distribution of alloying elements also, disperse potentially
deleterious elements, thereby enhancing corrosion resistance [19]. The potentials of intermetallic
phases, prepared synthetically from the pure components by controlled solidification procedures, are
given in Table 7 [3O].

1.2. Effects of Zn and Si Additions Zinc makes the Mg alloy electrochemically more noble,
thereby minimizing the corrosion rate [59]. Silicon is intentionally added to only the AS alloys, to
combine with Mg, forming Mg2Si, which precipitation strengthens the alloy and is relatively
innocuous to the corrosion behavior. The compound Mg2Si has a corrosion potential of — 1.65
(V SCE), close to the - 1.66/V SCE value for pure Mg in 5% NaCl solution saturated with
Mg(OH)2, pH 10.5 [3O].

1.3. Tramp Element Tolerance Levels The elements Fe, Ni, and Cu are common tramp
elements picked up during melting, handling, and pouring operations. Their influence can be seen in
Figure 16 for die cast AZ91 corrosion specimens in which the tramp elements were singularly
increased.

The specific ASTM tolerances are given in Table 8 (B94-92) [61]. These are typically the same or
lower for ingots, as tramp elements are commonly picked up during the melting and pouring
operations.

1.4. Effect of Iron and the Fe/Mn Ratio The Mg-Fe phase diagram shows a very low solid
solubility of Fe in magnesium (9.9 ppm). In the absence of Mn, virtually all the Fe precipitates in
magnesium as Al3Fe, which has a highly cathodic corrosion potential (Table 7). Within an
appropriate medium, Al3Fe acts as an effective cathode, catalyzing the reduction reaction,
especially hydrogen evolution, which controls the corrosion reaction. Due to the low solubility of
Al3Fe in Mg, increasing additions of Al result in smaller tolerance levels for Fe.

Typically, up to 1 wt.% of Mn is added to improve corrosion resistance by reducing the potential
difference between iron-containing particles and the matrix. Its beneficial effect is attributed to either

Alloy content (ppm)

FIGURE 16. Die cast AZ91 salt spray performance versus tramp element content (Reprinted with permission
from [6O]. Reprinted with the permission from SAE paper No. 850417 © 1989, Society of Automotive
Engineers, Inc.)
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TABLE 8. Proposed Tramp Element Tolerance Level for Selected Mg-Al Die Casting Alloys a

Alloy

AZ91B
AM60B
AS41B
AE42X1

Fe/Mn

0.032
0.021
0.010
0.020

Fe(max)

0.0050
0.0050
0.0035
0.0050

Cu(max)

0.030
0.010
0.020
0.050

Ni(max)

0.002
0.002
0.002
0.005

a Reproduceed with permission from [61]. Copyright ASTM.

Mn combining with the Fe and precipitating to the bottom of the crucible and / or reacting with the Fe
left in suspension during solidification [19].

The relationship between the Fe / Mn ratio in the AlMnFe phase and the corrosion rate is shown in
Figure 17. Mn in excess of that needed to render the Fe content ineffective could be detrimental to
corrosion resistance.

1.5. Summary In summary [37],

1. The corrosion rate of high purity die cast Mg alloys in chloride environment decreases
rapidly with increasing aluminum content, up to ~4 weight%. Further Al additions, up to
~9%, gives only a modest improvement in the corrosion resistance. During immersion
testing, AE alloys exhibit a lower corrosion rate than AS, AM, and AZ alloys with similar Al
content.

2. Intermetallic compounds containing more than a few percent iron are detrimental because
they function as efficient cathodes. However, binary Al-Mn phases with a low Al /Mn ratio
may also exhibit a relatively high cathodic current output, causing an increase in the overall
corrosion rate.

3. The high corrosion resistance of the AE alloys appears to be related to the presence of passive
Al-rich zones along the grain boundaries, acting as barriers against pit propagation.

4. Alloying with silicon does not have an important influence on the corrosion properties
because the Mg2Si phase formed is a poor cathode.
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FIGURE 17. Relationship between the Fe/Mn ratio in the AlMnFe phase (up to 1 mm in size) and the corrosion
rate [27]. (Reprinted with the permission from NACE International.)



Table 9. Heat Treated AZ91 Corrosion Rates"

Condition

As-Cast
T4
T6-Aged @120°C
T6-Aged @205°C

Corrosion Rate (mg/cm2.day)

10
11
6
1

a Reproduced with permission from [19].

5. The Al4MM phase particles precipitated in AE alloys exhibit a passive behavior and do not
affect the corrosion process to a significant extent. A high resistance to localized corrosion is
observed for the AE alloys with a high Al content.

2. Influence of Heat Treatment

Heat treatment can drastically alter the size, amount, and distribution of the precipitated P phase,
Mg17Al12, which in turn alters the corrosion behavior of IM Mg-Al alloys. A T4 heat treatment
(solution heat treatment only for 16 h at 4150C to homogenize the alloy) increases the corrosion rate
slightly compared to the As-cast material, as shown in Table 9. Aune [57] attributed this increase to
the resolution of p particles and release of elemental Fe. Aune [57] completed two T6 treatments
with different aging times and temperatures — the T6 being a T4 followed by a T5 treatment. Both
corrosion rates were well below those of samples as cast and of samples given a T4 heat treatment, as
shown in Table 9. The lower temperature aging treatment formed a speckled precipitate of (3
particles, whereas the higher temperature treatment formed a discontinuous plate-like P precipitate
with more surface.

In the T6 temper, filiform corrosion follows the same crystalline directionality, but area, and thus,
a greater effect to inhibit corrosion usually stops at or close to the grain boundary. Corrosion attacks
the A !-depleted region between the P phase lamellae along the grain boundary, but passivates after a
few minutes of propagation. The improved corrosion behavior results from the presence of p
particles [36].

2.1. Grain Refinement Grain refinement increases the overall grain boundary area, thereby
optimizing the distribution and minimizing the size of any possible detrimental intermetallics, such
as Fe3Al. The traditional grain refinement method in sand casting is to add an inoculent, which
facilitates heterogeneous nucleation during solidification. Additions of strontium to Mg-Al alloys
result in reduced grain size and a lower corrosion rate that is attributed not only to the reduced grain
size, but also to changes in the oxide layer structure and composition and in the electrochemical
properties of the phases present [62].

D. RAPH) SOLIDIFICATION

In rapid solidification technologies, including spray or droplet formation, continuous chill casting
and in situ melting, typical cooling rate are in the range of 105 to 107°C/s [63]. Use of continuous
chill casting typically produces a thin ribbon of metal, which is then broken into small particles.
Then, as with the material formed by spray or droplet formation, the material is often consolidated
and extruded. Improper processing can have a significant impact on corrosion behavior.

The "chunk" effect [64] is caused by surface oxides on powder particles that lead to poor
bonding within the final product [65]. Localized corrosion along these prior boundary oxides leads to
particle-size pits and high corrosion rates [19].

Corrosion rates for atomized RS alloy are comparable to those of cast AZ91D, though those for
melt spun RS alloys are significantly higher because of the "chunk" effect (Table 10).



TABLE 10. Corrosion Rates of Selected Materials (mpy)"

Material (wt.%)

Mg 7.7 Al 2.9 Zn 6.6 Ce 0.35 Mn
MgIO. 1 Al 2.7 Zn 1.4 Y 0.44 Mn
MglO.2 Al 3.2 Zn 5.8 Ce 2.7 Mn
MgIl. 1 Al 2.4 Zn 3.2 Y
AZ91D

Atomized

50
60

Chill Cast

350
430

Cast

28

a Reproduced with permission from [19].

Nonequilibrium phases in RS alloys can influence the corrosion behavior, for example, Makar
and Kruger [31], noted an increase in protection against pit initiation in rapidly solidified (RS) AZ61
compared to IM cast AZ61. Corrosion resistance is improved because the more homogeneous
microstructures tend to disperse elements and particles that normally act as cathodic centers, and
because the extended solubility of various elements may shift the electrode potentials of light alloys
to more noble values (Fig. 18) [66].

Using rapid solidification processing, a number of magnesium alloys have been produced in the
form of melt spun ribbon, which is then usually mechanically ground to powder, sealed in cans, and
extruded to produce bars. Alloy EA55RS (Mg-5 Al-5 Zn-5 Nd) is now available commercially.
Microstructures of the bulk products consist of fine grains 0.3-5 um in size and dispersions of
compounds, such as MgnAl12, Al2Ca, Mg3Nd, and MgI2Ce [62]. Tensile strengths may exceed 500
MNm-2, which compares with maximum values of 250-300 MNm"2 for conventionally cast
magnesium alloys. Some alloys show improved creep resistance at moderately elevated
temperatures, but others undergo accelerated creep deformation [15].

1. Effect of Aluminum

Hehmann et al. [68], experimentally measured the solid solubility extensions of 22 RS Mg alloys
with extension factors ranging from 1.5 to 100OX. The RS Mg-Al alloys with a maximum terminal
solid solubility of 23.4 wt.% have decreasing corrosion rates with increasing Al contents from 10 to
40 wt.%.

Magnesium alloys

FIGURE 18. Corrosion rates (1 mpy « 25 um/year) of rapidly solidified magnesium alloys tested in 3% NaCl
at 210C compared with some commercial cast alloys (Extr = extruded) [67]. (Reproduced with permission
from [15].)
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TABLE 11. The Mg-Al Alloy Corrosion Rates"

Material

RS-MgAlZnSiMn
RS-MgZnAlY
RS-MgZnAlNd
AZ91HP-T6

Corrosion Rate (mpy)

15
8

11
82

a Reproduced with permission from [19].

2. Additional Alloying Elements

The RS Mg-Al alloys as do IM Mg-Al alloys, require further alloying elements to improve
mechanical properties. The elements Y, Mn, Nd, and Ce have been identified as beneficial to
corrosion resistance, whereas Si, Zn, Ca, and Li have been identified as harmful to corrosion
resistance [69]. The Mn acts in the same manner as for the IM alloys, by combining with the Al and
Fe to form Al (Mn, Fe) intermetallic [7O]. This effect causes the low corrosion rate of
RS-MgZnAlSiMn alloy (Table 11), despite the presence of detrimental Zn and Si.

3. Rare Earth Effects

Rare earth alloying elements (Y, Nd, Ce, Pr) result in corrosion rates much lower than those of
commercial AZ91HP-T6 alloy (Table 11). These elements form stable intermetallic particles in
rapidly solidified RS Mg-Al alloys which, similar to the Mg2Si particles, pin the grain boundaries
and result in a refined microstructure. Because of the fast cooling rate, various forms of the
intermetallics have been reported such as; Mg17Y3, Mg3RE (RE = Ce, Nd, Pr) and Al2Nd.

The improved corrosion behavior of these alloys, compared to IM Mg-Al alloys, is attributed to
the refined RS microstructure, formation of a protective film on the surface of the RS sample as a
result of reaction of the saline solution with the rare earths, and the inertness of the second-phase
particles [71].

E. MAGNESIUM FINISHING

To improve corrosion performance and /or for decorative purposes, finishing processes of
magnesium and magnesium alloys are carried out, including surface preparation, chemical
treatment and coating. Finishing can also include oil application, wax coating, anodizing,
electroplating, and painting. The designer should use the best combination of methods to meet the
functional need of the treated part. The degree of superficial corrosion that can be tolerated without
affecting performance and the severity of the service environment are determining factors in
selecting an optimum finish (72).

A thin oil or wax film is commonly used for storage or shipping. Sand cast parts are treated before
and during machining operations until the final treatments. A dry storage atmosphere is important.
Chemical and electrochemical methods are used for conversion of magnesium surfaces, so that a
more corrosion inhibiting and less alkaline to slightly acidic film replaces the natural alkaline
hydroxide -carbonate film on magnesium. The converted surface is generally more compatible with
organic coatings.

Selected phosphate treatments can be as effective as chromates, even in severe exposures such as
marine atmospheric environments. Chemical treatment is strongly recommended for paint
formulations, which are based on resins with low resistance to alkaline media. Common chemical
treatments alone do very little in aggressive environments and may be unnecessary in mild
environments [73, 74].



1. Cleaning and Surface Preparation

Mechanical cleaning of magnesium alloy products is accomplished by grinding and rough polishing,
dry or wet abrasive blast cleaning, wire brushing, and wet barrel or bowl abrading (vibratory
finishing). The most frequently used methods of mechanical finishing are barrel tumbling, polishing
and buffing, vibratory finishing, fiber brushing, and shot blasting. Chemical cleaning methods for
magnesium alloys are vapor degreasing, solvent cleaning, emulsion cleaning, alkaline cleaning, and
acid pickling. Acid pickling is required for removal of impurities that are tightly bound to the surface
or insoluble in solvents and alkalis. The ferric nitrate pickle deposits an invisible chromium oxide
passivating film. The acetic-nitrate and phosphoric acid treatments remove even invisible traces of
other metals [75].

During the process of surface protection, corrosion of Mg can occur. Treatment in a boiling
dichromate solution (or the equivalent), followed by a slushy oil application, is satisfactory.

2. Chemical and Electrochemical Finishing Treatments

Chemical and electrochemical finishing treatments can be used alone to provide short-term
protection against corrosion and abrasion during shipment and storage, or as pretreatments for
subsequent finishing methods.

2.1. Chrome Pickle and Chrome-Free Phosphate Treatments Chrome pickle and chrome-free
phosphate treatments can be used to provide a base for paint or short-term protection. The steps in a
chrome pickle include alkaline cleaning followed by a cold rinse, chrome pickle [180 g/l of
Na2Cr2O7^H2O and 120-180 g/£ HNO3 (sp. gr. 1.42)], holding in air for 5 days, cold rinse and hot
rinse. A dichromate seal can be introduced between the cold rinse and hot rinse for better
protection. Also, a dichromate treatment can replace the chrome pickle. In a modified chrome
pickle treatment, an acid pickle and caustic dip or another acid pickle before the modified chrome
pickle solution are used [75]. The modified chrome pickle provides a uniform coating by optimizing
the etching and passivating action of the chrome pickle bath and by thorough cleaning and washing.

A number of commercial phosphate treatments provide performance that is comparable to the
best chromate-based surface treatments, particularly for new, high-purity die cast alloys [72, 73].

2.2. Anodic Treatments Anodized coatings have varying degrees of porosity and must be scaled
for use in aggressive chloride media. The coatings can be infused with various polymers to produce
special properties, including lubricating properties.

Galvanic anodizing is a low-voltage dc treatment that produces a thin black conversion coating,
used mainly as a paint base (chemical treatment No. 9) [75]. A source of electric power is not
required. Proper galvanic action requires the use of racks, made of stainless steels, Monel or
phosphor bronze. The constituents of the anodizing aqueous bath are (NH4)2SO4, Na2Cr2O7 • 2H2O,
NH4OH, and the operating temperature is between 49 and 6O0C.

More substantial coatings, of 5-30-um thickness, require anodic polarization by external current.
Chemical treatment No. 17 and HAE treatment are currently used. In each of these treatments, a two-
phase, two-layer coating is produced. The first layer is about 5 urn thick with a light green or greenish
tan color. This layer is covered by a second-phase heavier coating, about 30 um thick and dark green
in color. The second layer is vitreous, relatively brittle, and highly abrasive. As an example, the
electrolyte for HAE is composed of KOH, Al(OH)3, K2F2, Na3PO4, and K2MnO4, and the current
density is 1.5-2.5 A/dm2. The terminating potential is 65-70 Vafter 7-10 min and 80-90 Vafter 60
min for the HAE treatment. This treatment consists of six or seven steps: alkaline clean, cold rinse,
anodize, cold rinse, dichromate bifluoride dip (Na2Cr2O7 • 2 H2O + NH4 HF2), dry air and possibly
heat humidity aging.

A heavier Cr-22 treatment is a high-voltage process that is commercially available but not
currently used. The final potential can be 320 or 350-380 V for heavier coatings. These coatings



provide excellent corrosion resistance in mild media and protected unpainted parts of the structure
when properly sealed. The sealing posttreatment consists of an immersion for 2 min in a solution of
sodium silicate (10% by vol) at 85 to 10O0C [75]. For environmental considerations, two proprietary
chrome-free anodizing treatments have been introduced. In a particular military application, these
treatments were found to be superior to the two current anodizing treatments (HAE and No. 17)
[76-79].

Magoxid-coat is formed in a slightly alkaline bath and results in MgAlC>4 and other beneficial
compounds on the surface. The innermost, or barrier, layer is extremely thin, followed by a middle
ceramic oxide, providing the majority of corrosion protection since it is almost nonporous. The
outermost portion of the coating is a very porous ceramic layer [76].

2.3. Cathodic Treatments Zinc and nickel are the only deposits used commercially as
undercoatings upon which other commonly plated metals are deposited. Standard practice for
plating magnesium involves surface conditioning, zinc immersion plating (zincate solution), and a
cyanide copper strike (w 8 jam), followed by a standard plating process. Copper-nickel-chromium
plating systems on magnesium satisfy decorative and protective requirements. For interior and mild
exterior environments, especially in marine atmosphere, a pore-free deposit is required for
satisfactory corrosion resistance. Porosity in the base metal promotes porosity in the deposit [75].

3. Organic Finishing

For optimum corrosion resistance, a chemical conversion coating or anodizing treatment is required
prior to applying the organic finishing system. It has been found that anodized components provide
greatly improved corrosion durability if the porosity is sealed with a penetrating resin prior to the
application of primer and topcoat [77]. For military applications in the United States, finishing is
controlled by specifications [75].

Baking paints are harder and more resistant to attack by solvents and are preferable to air-drying
ones for applications in solvents. Primers for magnesium should be based on alkali-resistant
vehicles, such as polyvinyl butyral, acrylic, polyurethane, vinyl epoxy, and baked phenolic. Titanium
dioxide or zinc chromate pigments are used as inhibitors in these vehicles. Finish coats should be
compatible with the primer. Vinyl alkyds are resistant to alkalis; acrylics are resistant to chloride
environments; alkyd enamels are used for exterior durability; and epoxies have good abrasion
resistance. The following finishes have an increasing temperature resistance in the following order.
Vinyls (15O0C), epoxies, modified epoxies, epoxy-silicones, and silicones.

Although chemical treatment can retard the natural alkali that forms at any point of the painted
film, primers (13 um thick), which contain an alkali-resistant vehicule is recommended. Oils, alkyds,
and nitrocellulose are best avoided, except for mild exposure [73]. Finishing by one (~ 13 um thick),
or more coats depends on the corrosive medium and the acceptable corrosion rate. A current example
of a paint system can consist of an epoxy-based primer or sealer and an acrylic top coat [73] and [74].
With epoxy and epoxy-polyester, electrostatic powder deposition is used successfully on magnesium
alloys. Cathodic electrodeposition of a resin from an aqueous emulsion can give a more uniform
coverage than spray or dip systems of painting.

In a recently developed process, a hydrogen-rich or magnesium hydride layer is created on the
magnesium surface by cathodic electric charging in aqueous solution. This compound is a good base
for painting [8O].

The following standards on finishing should be considered:

ASTM D1732: "Standard Practices for Preparation of Magnesium Alloy Surfaces for Painting";
acid and alkaline cleaners, dip treatments and anodizing described [81].

ASTM D2651: Standard Practices for Preparation of Magnesium Alloy Surfaces for Adhesive
Bonding" [82].



ASTM D1654: "Standard Evaluation of Painted or Coated Specimens Subjected to Corrosive
Environments" [83].
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