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ABSTRACT: In this article, the corrosion behavior of commercial AZ31 welded plates in aqueous chloride media
was investigated by means of gravimetric techniques and Neutral Salt Spray tests (NSS). The AZ31 samples tested
were welded using Gas Tugsten Arc Welding (GTAW) and different filler materials. Material microstructures were
investigated by optical microscopy to stablish the influence of those microstructures in the corrosion behavior.
Gravimetric and NSS tests indicate that the use of more noble filler alloys for the sample welding, preventing the
reduction of aluminum content in weld beads, does not imply a better corrosion behavior.
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RESUMEN: Estudio del comportamiento frente a la corrosion de soldaduras de aleacion de magnesio mediante
técnicas gravimétricas. En este articulo se ha investigado el comportamiento frente a la corrosion en medios
acuosos salinos de chapas soldadas de aleacion AZ31 mediante técnicas gravimétricas y ensayo en camara de
niebla salina. Las muestras estudiadas han sido soldadas mediante soldadura TIG (Tungsten Inert Gas) y con
diferentes materiales de aporte. En el estudio se ha empleado microscopia Optica para analizar la microestruc-
tura. Los ensayos de gravimetria y los ensayos de niebla salina indican que el empleo de materiales de aporte mas
nobles para soldar las muestras evitando la disminucion del contenido en aluminio en los cordones, no implica
un mejor comportamiento frente a la corrosion.
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1. INTRODUCTION

Magnesium and its alloys constitute from the
point of view of light alloys a very interesting group of
materials. Their lightness represents a major advantage
in structural applications, but it is not the only one;
the mechanical properties at high temperature-fatigue
strength, dimensional stability, and alkaline resistance
- in comparison with plastic materials (Avedesiam and

Baker, 1999) are properties with multiple applications,
but their poor corrosion behavior makes their use
difficult. This corrosion behavior may be affected
by several factors such as impurities, environmental
conditions, superficial conditions and design (Korb,
1992).

Magnesium is a very electronegative material
which can suffer different corrosion processes such
as galvanic corrosion, pitting corrosion, filiform
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corrosion, stress corrosion cracking, fatigue corro-
sion and according to some investigators, also in-
tergranular corrosion (Zeng et al., 20006).

In aqueous environments, the anodic and the
cathodic reactions commonly accepted (Pardo et al.,
2008) takes place according to the reactions:

Mg—Mg*+2e” (D)
2H,0+2¢” —>H,+20H" (2)

In this article, the corrosion behavior of magne-
sium alloys type AZ31 samples welded by means of
Gas Tungsten Arc Welding (GTAW) in salt aqueous
solutions is investigated, trying to clarify from an
experimental point of view its corrosion resistance
and to find numeric relations between the welding
parameters and the corrosion rates for the different
samples.

The AZ31 alloy is a wrought alloy 3% of alumi-
num, 1% zinc which is considered to have a good
relative weldability (Avedesiam and Baker, 1999) but
there are recommendations about how to perform
this procedure, arc welding methods are preferred
instead of the oxyacetylene one. Magnesium and its
alloys are very reactive materials in presence of oxy-
gen and they require special measurements to pro-
tect the molten metal and to prevent their ignition
and self-combustion.

Magnesium and its alloys can be joined by stud
welding, spot welding and other resistance-welding
processes as well as electron-beam, friction, explo-
sion, and ultrasonic. Recently there have been several
papers investigating the use of laser (Zemin et al.,
2011; Srinivasan et al., 2011) as welding method,
revealing unexpected results from a corrosion point
of view and pointing out how important is the micro-
structure of the welding in the mechanical behavior
of this alloys.

However arc welding-inert gas methods are the
most commonly used (Avedesiam and Baker, 1999);
these methods, both GTAW and GMAW (Gas Metal
Arc Welding), have the advantage of using inert gas
to protect the molten metal. Argon and mixtures of
argon and helium can be used for these welding pro-
cesses; the use of pure helium is not recommended
because it raises the current required and increases
weld spatter. Voltage and current type are also impor-
tant parameters to take into account in the welding
of magnesium alloys, the formation of protective cor-
rosion products in the surface of the samples com-
plicates arc stability and the fusion of the metal, for
this reason in arc welding methods is always recom-
mended using direct current reverse polarity (also
known as Direct Current Electrode Positive, DCEP)
or alternate current to provide cathodic cleaning dur-
ing the welding process.

For all those reasons GTAW using high purity
argon was chosen as welding method. GTAW is a
welding system which allows to obtain high quality
weld joints while minimizing spots, arc instability,
porosity and the lack of penetration that may hap-
pen in the case of other arc welding techniques such
as Shielded Metal Arc Welding (SMAW) or laser
(Ben-Hamu et al., 2007).

Some studies suggest that the corrosion of mag-
nesium alloys in aqueous media may be explained
considering three different factors: the chemical
composition of matrix phase o, the composition
of the other phases present in the alloy and how
those phases are distributed in the matrix (Ming-
Chun et al., 2009); all those factors can be modified
during the welding process, modifying the distri-
bution of the precipitates. About this point there
is controversy about AZ31 phase identification.
Although most of authors think that the influence
of precipitated particles in the corrosion behavior
is important, there is no agreement about their
origins and compositions, especially in the case of
phase B -Mg;;Al;,. Some publications indicate the
presence of this phase at room temperature mean-
while other identified these particles as Mn-Al or
Mn-Al-Zn compounds (Winzer et al., 2009).

In relation to the previous factors involved in the
corrosion behavior, there are several publications
about these alloys in which it has been studied by
means of gravimetric (Walton et al., 2012; Feliu et al.,
2011) or electrochemical techniques the corrosion
behavior of magnesium alloys considering different
superficial treatments and manufacturing processes,
as seen in the works of Zhang et al., (2011), Lu et al.,
(2012), or Snir et al., (2012), the crystallographic
structure (Xin et al., 2011) or the grain size (Liao
et al., 2012), so that in this article it was decided to
study the effect of thermal cycles produced by weld-
ing processes in corrosion resistance, in addition to
the former ones.

For this purpose it was decided to use gravimetric
techniques instead of electrochemical ones consid-
ering the difficulty to measure corrosion in a reliable
way indicated by other authors (Shi ez al., 2010), and
trying to complement other studies in which non-
welded alloys have been studied by electrochemical
technics (Ben-Hamu et al., 2009).

The structure of the samples has been studied
using optical microscopy, trying to identify the differ-
ent phases involved in the welding of the AZ31 alloy,
as mentioned before this is not an easy task espe-
cially if the difficulties found out by other authors are
considered.

The object of this study is to define the corrosion
behavior of welded joints, to determine by means
of metallographic techniques the structures and the
grain size of the different welding areas and to quan-
tify the corrosion rates of the samples considering
the filler metals used.
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2. EXPERIMENTAL PROCEDURES
2.1. Materials

In this study different AZ31B alloy welded sam-
ples with different filler metals were used. The welded
samples were plates of 200x150%3.2 mm, for the
welding of the samples Gas Tungsten Arc Welding
(GTAW) system with alternate current was chosen.
Samples were welded using one pass in the front and
one in the back, using two current levels, 120 A for
the front pass and 80 A for the back pass. The volt-
age was around 17 V and the speed for each pass was
around 310~ ms™".

As filler metals AZ31 and AZ92, 4 mm diameter
rods were used, according to Avedesiam and Baker
(1999), in the case of welding Mg-Al alloys it is rec-
ommended using as filler metals alloys with a higher
content of aluminum to reduce the hot crack sensi-
tivity of the weldings. Although this recommenda-
tion is logical from a metallurgical point of view,
aluminum improves the mechanical strength and
hardness of magnesium alloys and it makes wider
the freezing range of the molten material, the effect
of this dissimilar chemical composition in the corro-
sion behavior has not been studied recently, so that
it was decided to include as filler metals the same
alloy of the magnesium plates and the most dissimi-
lar alloy recommended in the previous reference.

To carry out the tests, 50X12%3.2 mm samples
with 1.6x107° m*area surface were taken, according
to the sample size used by other authors (Pardo et al.,
2008), in order to get comparative reference results.

In this research AZ31 alloy base metal samples
get from non-welded plates and transversal samples
of the welded joints, including the melted joint,
heat-affected zone and base metal, were used.

The electrolyte used during testing was an aque-
ous solution of NaCl with the concentrations indi-
cated in next chapter.

2.2. Corrosion tests

In this study two different gravimetric techniques
were used. The first was an standard Neutral Salt
Spray (NSS) tests according to international stan-
dard ISO 9227 (AENOR 2007); the electrolyte used
was a 5% weight NaCl (PA-ACS-ISO) in order to
reduce the influence of impurities in the corrosion
processes. Immersion tests were also used, in this
case immersing test samples directly in the 3.5%
NaCl electrolyte.

2.2.1. Immersionn test

The immersion test were carried out by immers-
ing in 0.75 liters of NaCl 3.5% weight solution the
samples, the mass of each sample was measured
with a precision micrometric scale before testing.

For the analysis of the different factors and
parameters which could influence in the corrosion
behavior, corrosion tests were done using groups of
three samples in order to discriminate the signifi-
cant effects. The next parameters were considered as
basis of the tests:

»  Filler metal (AZ31/AZ92)

»  Agitation of the electrolyte

* Relative surface of the welding beads and the
base metal of the samples.

The tests were carried out in two groups with dif-
ferent test durations, the first one up to 496 hours, the
second one up to 1200 hours (50 days). For the first
testing group, the effect of the electrolyte movement
on the corrosion rate was studied.

2.2.2. Neutral Salt Spray tests

In the case of the salt spray test, the chamber and
the procedures described for Neutral Salt Spray tests
in the international standard ISO 9227 (AENOR
2007) were followed. The salt spray chamber used
has a volume of 0.4 m® with a 125 liters capacity.
The solution used was 50 g L™ NaCl, which gives a
concentration about 5% in weight.

In these tests 12 samples similar to the used in
the previous gravimetric tests were used. The values
of the collection rates were kept within the limits
allowed by the ISO standard 9227(AENOR 2013)
both for temperature and pH values.

The tests were carried out during 15 days, mea-
suring the mass of the samples at their end.

All samples were weighted before and after the
test. Because of the thick layer of corrosion prod-
ucts appeared during the test, in order to evaluate
the corrosion rate and the mass loss during NSS tests
it was necessary to immerse the samples in chromic
acid H,CrO, to dissolve it.

3. RESULTS
3.1. Micrography study

The samples were cut, polished and etched with
acetic-picral (107> L acetic acid; 4.2 g picric acid;
10 L H,O and 7x1072 L ethanol) during 30-40 sec-
onds, then washed with ethanol and dried with a blast
of hot air.

The granulometry and micrographic study shows
that the structure of the material as fabricated (hot
rolled) presents fine grain size G9 in accordance
with ISO-643 (AENOR 2013). The observed struc-
ture is coherent with a hexagonal compact (HC) sys-
tem metal, with equiaxic grains of rich Mg a-matrix
were numerous twins can be seen, as shown in Fig. 1
(aand b) and Fig. 2 (a and b). The samples obtained
directly from hot rolled sheets (as fabricated) and the

Revista de Metalurgia 51(3), July—September 2015, €050. ISSN-L: 0034-8570 doi: http://dx.doi.org/10.3989/revmetalm.050



4+ JA. Segarra et al.

FIGURE 1. a) AZ31B plate micrography (X500); b) detail of
a cross section welding joint, the heat-affected zone and
the melted material (X200). Detail of MnAl, particles is

included (identification according to Pardo ez al., 2008).

base metal of the welded specimens show small pre-
cipitated particles, according to Pardo et al., (2008),
being the dark grey dispersed grains MnAl,, and
according to Avedesiam and Baker (1999) the small
precipitated particles being B-phase Mg;;Al,.

Weld beads have a dendritic structure with a grain
size slightly larger, between G=7.5 and G=6 units and
as mentioned before, precipitate particles of f-phase
Mg,;Al;, or Mn-Al compounds are observed spread
in the o-matrix phase (Fig. 3a). The amount of
B phase/Mn-Alis clearly different in the AZ31 and the
AZ92 filler metal welded samples, as well as the grain
size, which is clearly coarser in the case of the sam-
ples welded with AZ31 than in the AZ92 ones. The
amount of spread B-phase/Mn-Al particles is larger
in the case of AZ92 welded samples. Precipitated par-
ticles are located all over the matrix of a-phase and
no preferential precipitation zones were found out in
this study.

In the case of the Heat-Affected Zone (HAZ) its
grain size varies between G=7 and G=3, grain size
is larger in the HAZ of welded samples using AZ92
as filler metal (Fig. 3a). The presence of precipitated

B-phase Mg,,Al,

FIGURE 2.  a) Base metal (X200); b) base metal detail. Twins
can be seen inside the crystals. (X1000). -phase precipitated
particles are indicated (according to Avedesiam and Baker, 1999).

particles of B-phase/Mn-Al is less important in this
area than for the region of melted material or the
base metal.

Figure 4b summarizes grain sizes of the different
samples and welding areas.

The study of corroded surfaces shows that the
attack takes place in a section close to the HAZ, it
starts as localized corrosion in the areas of larger
grain size (corrosion resistance of AZ31B alloy tends
to increase as grain size is reduced), probably due to
the enhanced passivity of surface oxide films (Liao
et al., 2012). In the case of the neutral salt spray
test it was not possible to stablish a preferential
mechanism due to the high grade of corrosion that
specimens suffered.

3.2. Inmersion tests

As previously stated, two different test rounds
were done, the first one up to 406 hours, and the
second one up to 1200 hours (50 days).

Immersion tests indicate the influence of the
electrolyte agitation in corrosion rates. Values for
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FIGURE 3. a) Detail of the HAZ compared with welded metal,
upper-left corner, and base metal, down-right corner of the image
(X100); b) grain size G of the samples according to the ISO-643
standard. Filler material is indicated for welded samples.

06 — Agitated electrolyte
’E‘ 0.5 ~—Non agitated electrolyte
EY
€ 04
E
®
® 03 i -
c . e
L
g 0.2
S
© o1

0
0.00 0.01 0.02 0.03 0.04 0.05 0.06

Time (years)

FIGURE 4. Comparative of the corrosion rate for
electrolyte within and without agitation.

samples in electrolyte with agitation are between 0.35
and 0.51 mm/year meanwhile in tests carried out
without agitation those values vary between 0.22 and
0.3 mm/year as indicated in graphic shown in Fig. 4.

Figure 5 shows mass loss per surface unit as a
function of the immersion time; this graphic shows
that a grade 2 polynomic law can be considered to
represent the corrosion rate. In Table 1 the kinetic
laws of the corrosion rate of the different samples
are shown, and it can be observed that the relative
movement of the electrolyte used has a significant
influence in the corrosion rate.
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FIGURE 5. Mass loss per surface unit as function
of time (hours). First round test.

During the second test round, the behavior of
the samples was coherent with the previous results;
again parabolic mathematical laws were obtained.
Figure 6 shows mass loss as a function of time, and
the obtained kinetics laws are indicated in Table 1.

3.3. Neutral Salt Spray tests

NSS test were carried out during 16 days. Figure 7
shows the mass loss observed at the end of the NSS
test. The samples were heavily attacked during these
tests; thick corrosion layers were produced all over
the specimens so that no particular corrosion mecha-
nism could be identified, but only a uniform corro-
sion aspect.

4. DISCUSSION

The resultant micrographies indicate that the
cross sections of the sample plates show an equiaxic
structure (see Fig. 1a and b) and the presence of
small precipitated particles is clearly visible. As
mentioned in the previous chapter, according to
other authors (Ben-Hamu ez al., 2007) B-phase is
not stable at room temperature, the presence of
Mg;,Al,, precipitated particles may be explained
as follows: in the case of “as fabricated” material
is very likely that B-phase precipitated particles are
metastable compounds produced during the cool-
ing of the hot rolling process, the same result could
explain its presence in the melted material The fast
cooling rates during welding processes would help
to produce metastable structures, this hypothesis is
also supported by the small amount of dispersed
particles present in the heat-affected zone. It can be
argued that B-phase particles present in the as fabri-
cated base material are dissolved during the thermal
cycle of the welding, so that the presence the B-phase
metastable in the AZ31 alloy specimens has two
explanations, the small dispersed particles present
in the o-matrix are produced during the hot-rolling
process and there are larger particles in the welded
zones due to the freezing. The same explanation may
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TABLE 1.

Polynomic kinetic laws representing mass loss per surface unit

(v, expressed at mg cm?) as function of time (x, expressed at hours)

y=c'x’+ax+b SAMPLE DESCRIPTION

y x10° a'x10 b*x102 R¥ Name Filler metal Sample area Description

First round tests (496 hours)

X -8 1.09 2.64 0999 Bl - Base metal Agitated electrolyte
-4 1.04 7.79 0.996 B2 - Base metal Agitated electrolyte
=7 1.41 =15 0.998 B3 - Base metal Agitated electrolyte

1 0.37 11.62  0.992 B4 - Base metal Agitated electrolyte
0.8 5.80 6.88 0.998 BS - Base metal Agitated electrolyte

1 0.54 3.87 0998 B6 - Base metal Agitated electrolyte
-8 0.90 7.53 0.992 B7 - Base metal Agitated electrolyte
0.2 0.38 7.69 0994 MT AZ31B Cross section sample  Agitated electrolyte
-6 0.90 10 099 TT AZ92A Cross section sample  Agitated electrolyte
-4 0.64 1.11 0.987 BS - Base metal Agitated electrolyte

Second round tests (1200 hours)

-3 1.08 39.44 0987 M3A AZ31B Cross section sample  Agitated electrolyte
-7 1.87 1150.3 0.984 T3B AZ92A Cross section sample  Agitated electrolyte
-1 2.75 122 099 MBB - Base metal Agitated electrolyte

fquadratic value coefficient of the polynomic expression.

'lineal value coefficient of the polynomic expression.

s : : X
*constant value coefficient of the polynomic expression.

. . .
Regression coefficient.

be valid in the case of the Mg-Mn-Al compounds,
the different morphology and their presence in weld
beads and base metal may be easily explained con-
sidering them also al metastable particles at room
temperature.

In samples welding areas precipitated particles
are observed all over the melted region. Those par-
ticles are spread along the a-matrix and in the grain
boundaries without preferential precipitation areas.
Grain size is slightly larger than the observed in the
base metal, this fact is coherent in welding processes
(Fig. 3a and b), and although the morphology of
the particles is almost the same, the amount of
B-phase/Mn-Al compounds present in AZ31 filler

~=~BASE METAL

—»—-CROSS SECT.AZ31B

CROSS SECT.AZ92A

Mass loss (mg-cm-2)
=
o
o

0 200 400 600 800 1000 1200 1400
Time (hours)

FIGURE 6. Mass loss per surface as function
of time graphic. Second round test.

metal samples is less than in the AZ92. The chemi-
cal composition and grain refine properties of zinc
can explain this behavior, and although the stud-
ied samples do not show preferential precipitation
areas, it can be argued that grain size is involved in
the way those particles precipitate into the matrix. It
is very likely that grain boundaries act as inhibitors
of the B-phase/Mn-Al particles growth.

The growth of the grain in the HAZ shown in
Fig. 3a can be explained because of the thermal
cycle during welding process, obtaining greater
grain size values in the interphase between melted
material and the HAZ than in the interphase with
base metal. Another important fact is the lack of
Mg;,Al;»/Mn-Al particles. Micrographs show that
the presence of B-phase/Mn-Al particles is rare in the
HAZ, especially where close to the melted zone. The
main reason to understand this modification of the
microstructure is that the particles are dissolved in
the o-matrix. The same microstructures are shown by
Jager et al. (2006), although the authors of this article
did not indicate about the presence of precipitates,
the microstructures of the “as fabricated” materials
are the same that those obtained in this research,
showing small spots spread inside the o--matrix which
disappear after the annealing treatments. The same
clean microstructures in the welding’s heat-affected
zones are obtained in this research, so that the rela-
tionship between thermal cycles/cooling rates and the
presence of B-phase/Mn-Al can be stablished.
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NSS TESTS
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FIGURE 7. a) Mass loss in NSS test; b) samples after NSS test.

The obtained results in the NSS tests show that
corrosion resistance is affected by welding processes,
as can be seen in Fig. 7. The results indicate that, as
in the case of the immersion tests, weldings using
AZ92 as filler metal have worst behavior than the
AZ31 filler metal weldings samples.

During immersion tests, welded samples shown
corrosion rates lower than the obtained for base metal
(see Fig. 5 and Fig. 6). This discrepancy between
NSS and immersion tests could be explained by
the different NaCl concentration and the exposure
mechanism which produces porous layers of corro-
sion products with massive volume (Fig. 7b).

Immersion tests show parabolic laws to represent
the corrosion rate as function of time. This behav-
ior is probably related with the formation of protec-
tive corrosion layers, further investigation is needed
about this hypothesis. For all tests the determina-
tion coefficients are close to 1, being better than in
the case of linear approximations. However, as indi-
cated in Table 1, it can be observed that values for
quadratic components are very small and negative,
between 107> and 1077, considering that in the case
of linear correlations the determination coefficients
are also close to 0.9 value, results indicate that cor-
rosion rates could also be considered as lineal.

Corrosion rates of AZ31B filler metal welded
samples are smaller than those obtained for AZ92
filler metal welded samples (Fig. 5 and Fig. 6). The
statement that the higher content of aluminum in
the filler metal, the less corrosion rate of the welding
joint, has been already discussed and refused in other
studies (Cheng et al., 2009). Several hypothesis have
been proposed to explain that fact, including that
a higher proportion of aluminum does not imply a
better corrosion resistance if the resulting structure
generates anodic and cathodic areas or if the spread
precipitates phases do not produce protective layers
As mentioned in the previous chapter, the corrosion
process starts in the HAZ area, where the presence

of B/Mn-Al particles is rare. It means that from
the corrosion point of view, there is no advantages
of using a better chemical composition filler metal,
as it seems that the thermal cycle produced by the
welding dissolves the B-phase/Mn-Al particles and
increases the grain the size in the HAZ in such a way
that corrosion resistance cannot be improved by the
chemical composition of the melted areas but just
the opposite: the presence of a large cathodic area
(the weld bead) close to the critic corrosion area of
the HAZ may provide an additional electron supply
to the anodic areas, so that, although from a mechan-
ical and welding point of view there is no doubt
about the advantages of increasing the amount of
aluminum and zinc in filler metals, the use of a differ-
ent chemical composition alloy can induce a non-
expected electrochemical corrosion deterioration.

5. CONCLUSIONS

- Different welding processes do not imply a sig-
nificant modification of AZ31B corrosion resis-
tance in NaCl solutions if those welding’s are
done within right and qualified procedures.

- Obtained microstructures for welding processes
must be taken into account as a major parameter
in corrosion resistance.

- The use of noble filler materials (including
higher content of aluminum) does not guaran-
tee an improvement of welding joint corrosion
resistance because anodic and cathodic zones
can be formed reversing the improvement of a
better chemical composition.
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