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Corrosion Behavior of TIG Welded AIMg6Mn Alloy
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The influence of TIG welding on the corrosion and mechanical properties of AIMg6Mn was investigated. The as-received hot
rolled AIMg6Mn alloy plates (AR) with a thickness of 8 mm were welded by TIG welding with S-AIMgS as a filler material.
The microstructure, mechanical properties and corrosion behavior of the weld joint filled with AIMgS welding wires, were
studied by optical microscopy, scanning electron microscopy, hardness testing and corrosion NAMLT and ASSET tests.

It was found that AR is more susceptible to intergranular corrosion than TIG welding specimens, while neither AR nor TIG

specimens showed susceptibility to exfoliation corrosion

Key words: alloys, AI-Mg-Mn alloys, welding, TIG welding, welded joint, corrosion, intergranular corrosion, mechanical

properties.

Introduction

EDIUM strength highly formable 5xxx Al-Mg alloys

have been widely used, especially for structural
applications, in the constructions of transportation due to
different combination of strength and formability [1-4]. Such
properties can be achieved by the mechanism of solid solution
hardening, and enhanced by deformation due to the high
strain hardening behavior [5]. Further improvements in
properties, such as good weldability and high corrosion
resistance, have been achieved by small additions of other
alloy elements and/or modified processing routes 6-9].

Despite that, as concerning one of the mostly used commercial
Al-Mg alloys, EN AW-5083 (Al—4.7Mg—0.7Mn), the further
increase in its magnesium content has recently been in the focus
of interest [10-13]. Alloy with 6 wt. % of Mg possesses a good
weldability and a good combination of strength and formability
[11, 12 14]. However, the increase of the Mg content, as well as
the presence of different kind of intermetallic phases in the alloy,
increases the strength, but leads to a higher susceptibility to the
localized corrosion [3]. Al-Mg alloys with more than 3% Mg,
due to the limited room temperature solubility of Mg in Al matrix
(1.9 wt.% Mg), become supersaturated and the excess Mg atoms
precipitate out as anodic B-AlsMg, phase. Because of the low
melting points of these alloys substantial diffusion of Mg occurs
at the temperatures approaching room temperature, f-phase
precipitates preferentially at both grain boundaries and on
preexisting particles which are enriched in manganese [15-17]. It
is considered that the grain boundaries are preferential site for 3 -
phase nucleation due to the low diffusion barrier (presence of

defects, such as dislocations and vacancies) [18]. Under
certain conditions, either during the fabrication of the sheet plate
Al-Mg products or in service, extended exposure in the range
70°C to 200°C, can cause the precipitation of Mg-rich B-phase,
preferentially at the grain boundaries. It makes these alloys

become ,,sensitized”, susceptible to intergranular (IGC), stress
(SCC), or pitting corrosion since, the P-phase is
electrochemically more active than the aluminum matrix [ 19-22].

A specific form of IGC, often encountered in Al alloys, is
exfoliation corrosion, characterized by lifting up of the metal
surface by force of expanding corrosion products occurring at
the grain boundaries [23]. Exfoliation corrosion occurs when
the grains are flattened by a heavy deformation during hot or
cold rolling, and where no recrystallization has occurred [19].

In the environments where Al alloys are susceptible to
IGC, a discrete pitting or pit blistering is to be expected also,
i.e. the formation of small holes along the surface.

Despite that. most of the works examine the effect of
sensitisation and influence of B-phase on the localized
corrosion, the other intermetallics also play an important role
in the localized corrosion attack ((Fe,Mn)Alg, Mg,Si, AI6Mn,
Al;Mgs). The influence of intermetallic particles on the
resistance against localized corrosion is crucial for the
material integrity in long-term service, but data of corrosion
resistance of this alloy are lacking.

Tungsten inert gas (TIG) welding is one of the most
common joining methods for aluminum alloys. During the
welding process, the phase transformation and softening
phenomena are induced due to the heat, providing differences
in microstructure, mechanical properties as well as
electrochemical potential difference between various zones of
the weld. Many authors found that the corrosion resistance of
the welded materials at different regions that formed during
the welding process is not the same [24-26].

Nitric Acid Mass Loss Testing (NAMLT) [27], is the most
common method for evaluating the susceptibility of Al-Mg
alloys to IGC, since it provides a quantitative measure of
susceptibility. There are numerous studies that have
investigated the effects of welding on the IGC of Al-Mg
alloys containing up to 5 % Mg [17,18]. However, there is a
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lack of evidence documenting the corrosion behavior of
AlMg6Mn alloy.

The aim of this work was the evaluation of the corrosion
resistance of hot rolled aluminum alloy AIMg6Mn, and TIG
welded joints of the same alloy.

Experimental

Material

The material used in this study was received as a hot rolled
plate of AIMg6Mn alloy, 8 mm thickness in as-received
condition (AR). The chemical composition of the used parent
alloy is given in Table 1. The 50 mm dimension was parallel
to the longitudinal direction of the product (L-S).

Figure 1. The deformation direction with respect to rolling direction of the
plate: L-longitudinal (rolling direction); T- transversal; S-short transversal.

Table 1. Chemical composition of the AIMg6Mn alloy (wt. %)

Mg Si Cu Mn Fe Zn Ni Ti Al
595 | 0.12 | 0.015 | 0.54 | 0.36 | 0.07 | 0.01 | 0.01 | Bal

Welding

Specimens were welded using the TIG process under Ar
(99.5 %) atmosphere and S-AIMg5 as a filler material, using
following welding parameters: current of 115 A, voltage of 15
V, and speed of 100 mm/min. The chemical composition of
the filler material is given in Table 2. Direction of the welding
joint was perpendicular to the plate rolling direction.

Table 2. Chemical composition of the filler material, S-AIMg5 (wt. %)

Mg Si Cu Mn Fe Zn Ti Cr Al

max
4.5-5.5 025 0.1 [0.05-0.2jmax O.4|max 0.1/0.06-0.2|0.05-0.2| Bal.
Microstructure

The microstructures were characterized by the Leitz optical
microscope (OM) and scanning electron microscope (SEM-
JEOL JSM-6610LV). Metallographic samples were prepared
using traditional grinding and polishing techniques using up
to 1 um diamond paste. The particle structure was evaluated
in the polished samples. To reveal the grain structure, after the
electrolytic polishing in perchloric acid, the samples were
etched in the Barker’s solution.

Hardness

The Vickers hardness distribution of the weld zone was
measured on a cross section perpendicular to the welding
direction using micro hardness tester with load of 4.9 N.

Corrosion tests

The corrosion resistance tests were performed on
specimens containing the weld in the central zone and on the

parent alloy. Tests were carried out by means of susceptibility
to intergranular and exfoliation corrosion.

The susceptibility to IGC was determined by the nitric acid
mass loss test (NAMLT) according to the ASTM G67
standard. Specimens, with dimensions 50 x 6 mm and the
thickness of the hot rolled plate of 8 mm, were immersed in
concentrated HNO; at 30°C for 24 hours, and the mass loss
was measured. The 50 mm dimension of the specimens was
parallel to the longitudinal direction of the plate (rolling
direction). Three specimens were tested. In order to calculate
the mass losses per unit area more precisely, face and root
reinforcement was considered.

The susceptibility to exfoliation corrosion was determined by
a visual inspection using the ASSET method according to the
ASTM G66 standard (Method for Visual Assessment of
Exfoliation Corrosion susceptibility of AASxxx Series Al alloys).

Results and discussion

Microstructure

Microstructure of the parent metal and weld joint before
the corrosion tests is shown in Figures 2-4. All micrographs
were taken on the L—S plane. The micrograph of a grain
structure of the parent metal (Fig.2(a)) shows the elongated
grains after hot rolling. The particles are aligned in the rolling
direction (Fig.2(b)).

BEC 15kV
AlMg6Mn TV L-S

WD12mm 5544 x200 100pm

b)

Figure 2. Microstructure of the base metal (L-S plane): a) Grain structure
(OM); b) Particle structure (SEM).
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The grains in the weld metal (WM) are equiaxed (Fig.3a)
with a low content of homogenous distributed small particles
(Fig.4a). The fusion zone (FZ) is clearly noticeable (Fig.3b).
Some porosity is observed in the weld metal and in the
vicinity of the fusion zone (as pointed out by arrows in
Figs.4a and b). The heat affected zone (HAZ) is narrow with
slightly elongated, recrystalized grains (Fig.3c) and
precipitation of the second phase particles at the grain
boundaries were observed (Fig.4c).

Figure 3. Microstructure of the TIG welded joint: a) WM; b) FZ; ¢c) HAZ;

BEC 15kV WD16mm SS44

—

BEC 15kY WD12mm 5% 100pm

BEC 15kV WD12mm SS44

<)

Figure 4. Particle distribution in the TIG welded joint a) WM; b) FZ; c)
HAZ.

Hardness

Hardness distribution along the weld joint is shown in
Fig.5. The hardness of the base metal was approximately 90
HV,s, while the weld metal zone has the lowest hardness
value, 80 - 85 HV,s This is the result of a dendritic
microstructure occurred by the solidification of a molten filler
material (AIMg5), coarser grain size, some porosity, as well
as lower content of the second phase particles compared to the
AlMg6Mn alloy.
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Figure 5. Hardness distribution across the weld joint.

Corrosion properties

The effect of TIG welding on the IGC susceptibility of the
tested alloy was carried out by means of the NAMLT
corrosion testing. Samples of the parent material, as well as of
the welded plates before and after the corrosion test, are
shown in Figures 6 and 7. It is clear that the surface of both
the base metal and weld joint is rougher after the 24h
exposure to HNO;. However, it is interesting that more
intensive attack was observed in the base metal (Fig.6b) than
in the base metal of the welded specimens (Fig.7b).

a)

b)

Figure 6. Specimens of AIMg6Mn alloy (AR) before (a) and after (b) the
NAMLT test.

Figure 7. TIG welded specimen of AIMg6 alloy before (a) and after (b) the
NAMLT test.

The mass loss of the specimens with and without the weld
joint is presented in Table 3. It was found that the mass loss in
the base material specimens was much higher (aver. 89.4 mg
cm?), compared to the TIG welding processed specimens
(15.45 to 30.48 mg cm™). It shows that the IGC susceptibility
was strongly affected by TIG process, i.e. the welded
specimens showed higher resistance toward IGC. According
to ASTM G67, a large mass loss (>75 mg cm™) can be related
to distribution of the B-phase in a continuous network along
the grain boundaries [27]. The mass loss measured for the
welded specimens is considered according to ASTM G67 as
an intermediate value. This indicates the lower content or/and
random distribution of the B-phase particles and both of them
decrease the IGC susceptibility. The lower content of Mg in a
weld metal compared to base metal, as well as fast cooling
during solidification of the weld metal, result the lower
content of the B-phase, since the B-phase precipitates below
200°C and with a slow growth rate [18]. Unlike samples of
the parent metal where the mass loss was almost equal among
all three samples, the mass loss among TIG samples varies. It
is supposed that this is the result of different amount of
porosity and gas bubbles in the weld zones, which causes
slightly different intensity of the corrosion attack. In support
of the statements a different morphology is also observed after
the corrosion test (Fig.7b).
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Table 3. Metal loss in NAMLT test

St s Mass before Mass after Mass loss
Area (cm”) | NAMLT test | NAMLT test 2
type (mg/cm”™)
(mg) (mg)
14.42 5.9160 4.6277 89.34 Aver
AR 14.43 5.9345 4.6645 88.07 89.4‘
14.44 5.9231 46111 90.98
14.55 6.1180 5.8395 19.14
TIG 14.63 6.1411 5.6951 30.48
14.61 5.9843 5.7585 15.45

Surface morphology after NAMLT test

Figures 8a and 8b show typical surface of base metal after
the NAMLT test. Severe dissolution along the grain
boundaries is observed in both L-S and L-T plains. It can be
assumed that pits were initiated at anodic B-phase particles,
which is preferentially dissolved and then grown along the
grain boundaries, supported by other pits or dissolved matrix
(model proposed by ref. 31), the presence of Mg 2" ions in
solution increases the rate of dissolution of aluminum).

Numerous small pits on the grain surface are observed
(Fig.8b). It is supposed that those pits are caused by
dissolution of B-phase particles. This could be checked by
revealing the distribution of the B-phase in the microstructure.

SEl W WD32mamy

AlMgENn TV L5

)
Figure 8. Surface morphology of AR specimen after NAMLT test, in L-S
plane, at different magnification: a) 100x; b) 500x.

The typical morphology of the TIG welded joint surface
after NAMLT is shown in Fig.9. It can be noted that the
surfaces of all zones, even the base metal, are covered with
dimples. Unlike the AR specimens (Fig.8), in any of the
welded joint zones intergranular attack was not observed,
which was confirmed by the analysis at higher magnification
(Fig.10).

Figure 9. Surface morphology of the weld joint after the NAMLT test: a)
base metal; b) HAZ; ¢) FZ; d) WM.
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Such difference in the surface morphology between the AR
and TIG specimens after corrosion test is a little unexpected,
and requires further investigation, special distribution of the
B-phase, since the preferential attack of approximately
continuous B-phase particles at the grain boundaries is
believed to be responsible for IGC [19].

Large pores, mostly in the fusion zone and weld metal,
were observed (Figs.9¢c, d). Comparing these pore size with
the pores size in Fig.4, it seems that pores are preferential
sites for corrosion attack. However, the mass loss in the TIG
specimens was lower than in AR specimens (Table 3). Since
the mass loss in the TIG welded specimens is a sum of both,
mass loss in the weld metal, HAZ and base metal, on the base
of the previous results it has not been possible to calculate the
fraction of each of them. But, according to the surface
morphology after the NAMLT test, corrosion of the base
metal of TIG specimens is less intensive than in AR
specimens.

While severe corrosion attack along the grain boundary
was observed in AR specimens (Fig. 8), in the base metal of
TIG specimens an intergranular attack was not observed
(Fig.9). It can be attributed to different microstructure of the
weld metal zone (primarily lower content of the f-phase, and
lower content of Mn-bearing phases), but it should be
investigated thoroughly.

Whismm S554

WDImm 5884 =808

b)

SEl  15mV

Conclusion

The susceptibility to intergranular (IGC) and exfoliation
corrosion of TIG welded and as-received specimens of
AlMg6Mn alloy were investigated according to the ASTM
G67 and ASTM G66 standards. As-received AIMg6Mn alloy
has shown susceptibility to IGC, as the mass loss determined
by NAMLT test was 89,4 mg/mm’. The TIG welded

e i
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Figure 10. Surface morphology of the weld joint after the NAMLT test: a)
base metal; b) HAZ; c) WM.

Exfoliation and pitting corrosion susceptibility

Exfoliation and pitting corrosion susceptibility were
estimated after a visual inspection according to the ASTM
G066 standard. Fig.11 presents the surface appearance of the
base metal and TIG welded specimen samples after the
exfoliation corrosion test. In both specimens, the surface was
etched, but without any pitting, pit blistering or a visible
lifting of the surface. According to the ASTM G66, both
samples passed the test with no appreciable attack. In
addition, it is interesting to note that AIMg6Mn alloy is very
susceptible to intergranular attack in HNOs, as evidenced by
ASTM G67, but on the contrary, it satisfies the highest
requirements regarding the exfoliation and pitting resistance,
as concluded after the ASTM G66 procedure.

Figure 11. Base metal and TIG welded specimen of AIMg6Mn alloy after the
exfoliation susceptibility test.

specimens have shown better IGC resistance than as-received
specimens, since the mass loss in NAMLT test was between
15.45 mg/mm” and 30.48 mg/mm’.

There is a clear correlation between the mass loss and
surface morphology after exposure to nitric acid (NAMLT).
In as-received specimens intergranular corrosion attack was
observed, which is attributed to severe dissolution of B-phase
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along the grain boundaries. On the other hand, corrosion
attack in the TIG welded specimens was not intergranular.
The increase of corrosion resistant of TIG weld compared to
as-received alloy is a result different of microstructure: lower
content of Mg in the filler material (AIMg5), and thus, lower
content and size of the second phase particles, cast
microstructure of the weld metal, and absence of the phase at
the grain boundary.

The contribution of particular zones of weld to increase
corrosion resistance of the weld will be the subject of further
investigation.

Exfoliation corrosion, determined by a visual inspection
using the ASSET method, was not observed neither in base
metal nor in TIG weld specimens.
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Koroziono ponasanje AIMg6Mn legure zavarene TIG postupkom

Ispitan je uticaj TIG postupka zavarivanja na koroziono ponasanje i mehanicke karakteristike AIMg6Mn legure. Ploca
AIMg6Mn legure u polaznom, toplo valjanom stanju debljine 8 mm je zavarena TIG postupkom. Kao dodatni material je
koriSc¢ena Zica S-AIMg5. Za ispitivanje mikrostrukture, mehanickih karakteristika i otpornosti na koroziju su koriSé¢ene
metode opticke mikroskopije, skenirajuce elektronske mikroskopije, merenje tvrdoce, kao i NAMLT i ASSET test.
Pokazano je da je AIMg6Mn legura u polaznom stanju ima veéu osetljivost na interkristalnu koroziju od TIG zavarenih
spojeva, dok su i polazno stanje i zavareni spojevi otporni na raslojavajuéu koroziju.

Kljucne reci: legure, legure Al-Mg-Mn, zavarivanje, TIG zavarivanje, zavareni spoj, korozija, interkristalna korozija,

mahanicke karakteristike.
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Koppo3uonnoe noseaenue cruiapa Al-Mg-Mn nosry4eHHOro
TIG-cBapkoi

3necs ucnbiTano Biausnue nponecca TIG-cBapkn Ha KOPpPO3HOHHOE HOBeJeHHE H MeXaHHYecKHe CBOICTBA CILIaBa
AIMg6Mn. [locka ciuiaBa AIMg6Mn B HaYaIbHOM, IOPSAYEKATAHOM COCTOSTHMM 8 MM TOJILIMHOI PUBAapeHa MPOLEeccoM
TIG-cBapku. B kauecTBe J0NOTHUTEILHOTO MaTepuaia ObLI HCNOJIb30BaH NPoBoa S-AIMgS. /1151 TOro, 4To0bI HCCIEI0BATh
MHKPOCTPYKTYPY, MeXaHH4eCKHe CBOHCTBA U YCTOHYHBOCTb K KOPPO3HHU HCNO/Ib3YIOTCSI METO/IbI ONITHYECKOi MHKPOCKONHH,
CKaHUPYIOLLeii 371eKTPOHHO! MUKPOCKONUH, H3MepeHust TBEpAocTH U HcnbiTanust ASSET u NAMLT. 3ech nokasaHo, 4To
cmiiaB AIMg6Mn B HCXOTHOM COCTOSIHMM MMeeT 0oJ1ee BBICOKYI0 BOCIPUUMYHBOCTD K MEKKPHCTAUIMTHOMH KOPPO3UHU YeM
TIG-cBapHble cOelHHEHHUs], B TO BpeMsi KaK H HCXOJHOE COCTOSIHHE U CBapHble IIBbI 0OYeHb KOPPO3HEYCTOHYMBBI HA
pacciianBaHue.

Kniouesvle cnosa: niaasbl, cniiasbl Al-Mg-Mn, cBapka, TIG-cBapka, cBapHOii LLI0B, KOPPO3Hs1, MEKKPUCTAJUIMTHAS! KOPPO3Hsl,
MeXaHHYeCKHe XapAKTePUCTHKH.

Le comportement de corrosion de I’alliage AIMg6Mn soudé par la

procédure TIG

L’influence du soudage TIG sur le comportement corrosif et les caractéristiques mécaniques de I’alliage AIMg6Mn a été
examiné. Une plaque en alliage AIMg6Mn a I’état initial d’épaisseur de 8Smm roulée a chaud a été soudée au moyen de cette
procédure. On a utilisé le fil S-AIMg5 comme le matériel supplémentaire. Pour examiner la microstructure, les
caractéristiques mécaniques et la résistance a la corrosion on a utilisé les méthodes de la microscopie optique , la microscopie
électronique scannant le mesurage de la dureté ainsi que le test NAMLT et ASSET. On a démontré que ’alliage AIMg6Mn a
I’état initial possédait une sensibilité augmentée a la corrosion inter cristal par rapport aux soudures par TIG procédure
tandis que I’état initial et les joints soudés étaient résistants a la corrosion exfoliée.

Mots clés: alliage, alliage Al-Mg-Mn, soudage, soudage TIG, joint soudé, corrosion, corrosion inter cristal, caractéristiques
mécaniques.



