
Introduction
     Precipitation-hardened, high-
strength 7xxx series aluminum alloys
(AAs) are increasingly utilized in auto-
motive components to reduce vehicle
weight and thus improve fuel efficien-
cy (Ref. 1). Aluminum joining in a
mass production environment is an
enabler for the widespread application
of these high-strength AAs. Although
there are some studies on fusion weld-
ing of Cu-containing 7xxx series AAs
(Al-Zn-Mg-Cu) (Refs. 2, 3), these al-
loys are commonly joined using solid-
state friction stir welding (Refs. 4, 5)
owing to their susceptibility to solidifi-

cation cracking (Refs. 6, 7). On the
other hand, Cu-lean 7xxx series AAs
(Al-Zn-Mg) constitute a class of fu-
sion-weldable alloys (Refs. 8, 9). These
alloys (e.g., AA 7003 and AA 7108) are
amenable to high-volume welding of
automotive structures with complex
geometries such as bumper assemblies
(Ref. 8). 
     Several independent studies in the
literature found a local region of the
weld toe (WT) was susceptible to cor-
rosion and consequently stress corro-
sion cracking (SCC). For instance,
Dabrowski and Kish studied the corro-
sion degradation of the local WT re-
gion and the underlying weld interface

(WI) of weld joints made of AA 7003
and Zr-containing AA 7108 base met-
als (BMs) (Ref. 8). Yan et al. compared
the SCC susceptibility of the BM, heat-
affected zone (HAZ), and fusion zone
(FZ) in hybrid laser-gas metal arc
welded Al-Zn-Mg alloy joints (Ref. 9).
Jha et al. showed that SCC failures ini-
tiated in the WT region of joints made
of AA 7020 BM (Refs. 10, 11). Howev-
er, the microstructure in the local WT
region that was susceptible to corro-
sion was not investigated in detail in
any of those past studies.
     In recent studies by the authors
(Refs. 12–14), it was found that the tip
of the WT, which was a part of the FZ,
overlapped and fused onto the AA
7003 BM surface without any appre-
ciable penetration, unlike the rest of
the FZ. Given its overlapping appear-
ance, this local region was termed the
fused-overlap zone (FOZ). More inter-
estingly, the FOZ was markedly en-
riched with 15 wt-% Mg in FOZ vs. the
nominal AA 5356 filler metal (FM)
composition containing 5 wt-% Mg,
resulting in an anomalous microstruc-
ture that was significantly different
from the bulk FZ. Particularly for the
weld joint of AA 7003 BM and AA
5356 FM, it was discovered that the
anomalous microstructure in the FOZ
consisted of coarse precipitates of T
(tau) phase [(Al,Zn)49Mg32] along the
grain boundaries (Ref. 12). T phase
precipitates, which are anodic to the Al
matrix, were associated with SCC fail-
ure initiation in the FOZ (Ref. 13), a
phenomenon consistent with the find-
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ings of the aforementioned independ-
ent studies. Finally, it was found that
the FOZ existed in many different AA
BMs (e.g., AA 6061 and AA 2219), AA
FMs (e.g., AA 5025 and AA 4043),
welding processes, and joint geome-
tries (Ref. 14). The FOZs’ susceptibili-
ty to corrosion in AAs other than AA
7003 has not been completely exam-
ined by the authors. However, another
independent study by Bugio et al. de-
termined that corrosion fatigue crack-
ing also initiated in the local WT re-
gion of dissimilar T-joints made with
AA 5083 and AA 6082 BMs (Ref. 15). 
     The above literature review shows
that FOZ formation can be a prevalent
phenomenon in AA fusion welds,
whose existence can have a detrimen-
tal effect on corrosion resistance espe-
cially for joints made of 7xxx series
AAs. Currently, the mechanism of FOZ
formation is not well understood and
the existing experimental data does
not point to an obvious or simple ex-
planation. The present paper discusses
a thorough investigation to develop a
mechanistic understanding of FOZ
formation, anomalous solute enrich-
ment, and consequent microstructure
within. Particularly, a number of hy-
potheses have been formulated to ex-
amine a variety of factors that plausi-
bly contribute to FOZ enrichment. For
conceptual clarity, the paper is chrono-
logically organized so that each hy-
pothesis and corresponding experi-
ments are grouped together. Based on
the experimental results, the hypothe-
ses have been refined to establish the
final theory, which for the first time
linked the essential role of magnesium
aluminide (Al12Mg17) existing in the
surface detritus (also referred to as
“smut” or “soot”) to the FOZ solute 
enrichment.

Experimental Approach
     The present study was focused on AA
7003 BM welded with AA 5356 FM, for
which the results of the FOZ solute en-
richment and microstructure already

existed (Refs. 12, 13). Their nominal
chemical compositions are provided in
Table 1. Gas metal arc welding (GMAW)
was used to create both lap joints and
bead-on-plate (BOP) welds using 4-mm-
thick AA 7003-T4 BM plates and 1.2-
mm-diameter AA 5356 FM. A Fronius
Cold Metal Transfer Advanced power
supply with integrated wire feeder was
used. The wire-feed speed was 12.5
m/min with ±1 m/min pulse amplitude
at 10 Hz; the pulsing was included to
help minimize the weld metal porosity.
The travel speed was 1.9 m/min with a
10-deg push angle and 1-mm weave at 5
Hz. The average arc voltage varied be-
tween 20 and 23 V. It is noted that the
solute-enrichment phenomenon in the
FOZ was found to exist irrespective of
GMAW power supply manufacturers or
welding parameters considered in the
present study (Ref. 14). In some experi-

ments, an autogenous (no FM addition)
gas tungsten arc welding (GTAW)
process was utilized with a welding cur-
rent of 120 A (alternating current bal-
anced at 70% electrode negative) and an
approximate travel speed of 0.2 m/min.
Commercially pure Ar was used as the
shielding gas in all the welds (with the
exception of one special weld as clearly
indicated later). 
     The welded plates were cross sec-
tioned (perpendicular to the welding
direction). The samples were cold-
mounted in epoxy and polished. For
optical metallography, samples were
etched with Keller’s reagent, whereas
samples analyzed in a scanning elec-
tron microscope (SEM) were not
etched. Backscattered electron (BSE)
imaging and energy-dispersive x-ray
spectroscopy (EDS) analysis were per-
formed on a FEI Quanta 200 SEM.
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Fig. 1 — Overview of four preliminary hypotheses proposed for FOZ solute enrichment.

Table 1 — Nominal Compositions (in wt%) of the BM (AA 7003) and FM (AA 5356)

       AA                   Al                  Mg                  Zn                 Cr                 Cu            Fe               Mn              Si                 Ag                     Ti                Zr

     7003               Bal.            0.5–1.0          5.0–6.5            0.2               0.2          0.35             0.3             0.3          0.25–0.4               0.2             0.25
     5356               Bal.            4.5–5.5              0.1           0.05–0.2          0.1           0.4         0.05–0.2      0.25               0                0.06–0.2           0

A B
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Overview of Hypotheses
for FOZ Formation
     An overview of four preliminary hy-
potheses (each subsequently discussed
in detail) are illustrated in Fig. 1. The
enriching solute in FOZ discussed here-
in was Mg for the Al-Mg 5356 FM. Each
preliminary hypothesis had its unique
merits, and was rigorously tested in spe-
cially designed experiments. Although
all of them failed to completely describe
the mechanism of FOZ enrichment, the
four hypotheses were essential to elimi-
nate the unimportant factors and even-
tually develop a sound theory for the
mechanism of Mg enrichment in FOZ.
As discussed earlier, this research is or-
ganized in the style of an “investigative
report” for conceptual clarity. In other
words, each of the four hypotheses, de-
scribing a plausible mechanism for FOZ
solute enrichment, was generated and
subsequently examined by experiments
specifically designed to test that partic-
ular hypothesis. Hence, the details of
specific experimental tests are provided
in the following sections as a part of the
investigation into each hypothesis.

Investigation of Hypothesis
1: FM Contamination

     This Hypothesis is schematically il-

lustrated in Fig. 1A. Impurities within
the FM, and oils or oxides present on
the FM surface, could each contribute
to slag-like deposits that float on the
weld pool surface. Impurities in the
slag are likely to preferentially bond to
solute (Mg) within the molten Al, and
become enriched. Outward fluid flow
near the weld pool surface, driven by
the Marangoni shear stress (Ref. 16),
would push the surface slag toward the
WTs. The enriched slag would ulti-
mately end up in the FOZ, enriching
this WT region with solute.

Experiment 1: Removing
GMAW FOZ and Remelting
with GTAW

     Testing Hypothesis 1 was accom-
plished with a combination of GMAW
and GTAW. Initially, a GMAW BOP weld
pass was deposited. The enriched FOZ
was then milled away on the right WT,
as shown in Fig. 2A. Finally, after stain-
less-steel brushing and acetone wiping,
autogenous GTAW was used to remelt
the weld metal near the milled region,
causing it to flow over the BM and re-
sulting in the formation of a new FOZ.
As the original FOZ was completely re-
moved from the first GMAW pass and
no FM was used in the subsequent
GTAW pass, the newly formed FOZ was
expected to be devoid of any contami-

nants (i.e., a hypothesized source for Mg
enrichment) that may have existed in
the FM.
     The optical image in Fig. 2B displays
preferential etching along the entire in-
terface between the newly formed FOZ
and AA 7003 BM. The appearance of
such preferential etching in Fig. 2B and
the precipitate morphology in Fig. 3A
are similar to those observed in the
original FOZ from GMAW, indicating
Mg enrichment. For further confirma-
tion, the results of an EDS composition-
al line scan of the formed FOZ in Fig. 3B
indeed show that these precipitates con-
tained a substantial amount of Mg.
     The autogenous GTAW pass remelt-
ed the original weld metal, which was
not enriched in Mg. Hence, the fact the
Mg-rich precipitates still formed in the
new FOZ without the FM addition indi-
cates that FM contamination does not
cause the FOZ enrichment. Neverthe-
less, this experiment suggests the Mg
enrichment might be related to some
phenomenon taking place on the AA
7003 surface since the Mg-rich precipi-
tates were confined to the interface of
FOZ and AA 7003 substrate. 

Investigation of Hypothesis
2: Mg2+ Vaporization and
Condensation
     Hypothesis 2 is schematically
shown in Fig. 1B. The vaporization
temperature of pure Mg is relatively
low (around 1100°C); thus, vaporiza-
tion of Mg is expected during welding,
and has been quantitatively shown by
Wang et al. (Ref. 17). Both FM
droplets and the weld pool contribute
to Mg vaporization. It is hypothesized
that Mg evaporates from the high tem-
perature region of the weld pool and
droplet surfaces, and subsequently
condenses in the relatively cool FOZ,
resulting in the local Mg enrichment.
The large surface area of the bulk weld
pool and droplets, relative to the small
volume of the FOZ, could explain the
anomalously high quantity of Mg con-
densed into the FOZ.

Experiment 2A: Furnace
Melting

     In a porcelain crucible, small pieces
of AA 7003 BM and AA 5356 FM were
mixed to the proportions of typical FZ
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Fig. 2 — Optical microscopy of a milled and remelted specimen showing the following: A —
Macrograph of the milled region prior to remelting; B — remelted and enriched FOZ.

A

B

Borchers Paper 201709 July 2017.qxp_Layout 1  6/8/17  3:36 PM  Page 231



dilution, 60% FM and 40% BM (Ref.
12). The crucible was placed in a cool
section of a horizontal tube furnace.
The atmosphere within the tube was
purged with Ar. Two peak tempera-
tures were investigated: 1173 K
(900°C) and 1373 K (1100°C). The for-
mer peak temperature was chosen
based on the boiling point of elemen-
tal Zn while the latter based on that of
Mg. The furnace was preheated to a
peak temperature, and once the peak
temperature was reached, the crucible
was horizontally moved into the hot
section of the tube furnace without
compromising the Ar atmosphere. The
sample was held at the peak tempera-
ture for 30 min, and afterward moved
again to the cool section of the tube
before being removed.
     The melt within the crucible was
analyzed for microstructure and chem-
ical composition. After 30 min at 1173
K (900°C), Zn was depleted from the
melt due to the low vaporization tem-
perature (boiling point) of Zn (approx-
imately 1173 K). On the other hand,
Mg maintained a presence throughout
the melt, and formed secondary phas-
es shown in Fig. 4A, C. Si that origi-
nated from the crucible was also found
present throughout the melt, indicat-
ing the occurrence of a reduction reac-
tion of silica in the crucible. Addition-
ally, Mg markedly diffused into the
crucible, resulting in a substantial en-
richment of Mg on the crucible side at
the crucible/melt interface, as shown
in Fig. 5A. The melt was metallurgical-
ly bonded to the crucible, and the layer
of Mg that diffused into the crucible
was 30 m deep.
     After 30 min at 1373 K (1100°C),
neither Zn nor Mg was present in the
melt, as shown in Fig. 4D. This indi-
cates that some of the Mg was vapor-
ized, as expected. Furthermore, the
melt was again bonded to the crucible,
and the Mg diffused over 100 m deep
into the crucible — Fig. 5B. Hence,
both vaporization and diffusion into
the crucible depleted the Mg in the
melt. Figure 4B, D shows Si manifest-
ed within the melt as large phases, and
the other precipitates present were Fe-
rich intermetallics (not shown in the
compositional maps for clarity).
     This experiment revealed that a
substantial quantity of Mg could va-
porize from the molten metal if the
temperature is sufficiently high and

the time is sufficiently long. Although
the surface temperature of the weld
pool and droplets is expected to be
much higher than the vaporization
temperature of Mg, the weld occurs on
such short time scales that the kinet-
ics of vaporization must be tested (see
Experiment 2B next). Additionally, an
affinity for Mg oxides was noted as ev-
idence by the reduction of silica and
diffusion of Mg into the porcelain.

Experiment 2B: Autogenous
GTAW of FOZ

     To test the kinetics of vaporization,

a second experiment of autogenous
GTAW was performed atop the FOZ 
of an existing GMAW BOP weld. Com-
pared to Experiment 1, the FOZ was
not removed in this GTAW remelting
experiment. The concept being tested
was whether the welding arc can va-
porize and deplete the Mg content
that exists directly underneath the
arc, while the subsequent Mg conden-

sation near the WTs causes the local 
enrichment.
     As shown in Fig. 6, the results of
this experiment indicated an autoge-
nous GTAW pass did not significantly
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Fig. 4 — Results of the furnace melting experiment, where (A) BSE micrograph and (C)
EDS map of 1173 K (900°C) melt; and (B) BSE micrograph and (D) EDS map of 1373 K
(1100°C) melt.
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Fig. 3 — A — BSE micrograph of newly formed FOZ by GTAW remelting without the FM addi
tion; B — EDS line scan of Mg content along the line marked in (A).

A
B
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reduce the Mg enrichment in the origi-
nal FOZ. Though it is likely that some
Mg vaporized during the autogenous
GTAW pass, the majority of the Mg
content redistributed throughout the
newly created FZ, as shown by the
zoomed-in views in Fig. 6B, C.
     Additionally, the autogenous weld
bead was concave and did not create a
FOZ at the tip of the new WTs. There
was no Mg enrichment near the WTs of
this remelting pass. An unanswered
question is whether elemental Mg (as
opposed to Mg compound(s)) could
condense on the FOZ. For instance, giv-
en the unavoidable presence of some
oxygen within the shielding atmosphere
and the strong affinity for Mg oxides, it
is likely that vaporized Mg2+ would form
MgO before condensing on the outside
edge of the weld pool.

Investigation of Hypothesis
3: Deposition of Oxides on
Weld Pool Surface 

     Figure 1C schematically shows Hy-
pothesis 3, which expands on the find-
ings of Hypothesis 2. Particularly con-
sidering the strong affinity of Mg to
form oxides, it was hypothesized that

Mg vaporizes and combines with O to
form oxides that subsequently deposit
anywhere on the weld pool surface.
Similar to that in Hypothesis 1, the
convective fluid flow drives the float-
ing surface oxides (Mg-rich or not) to-
ward the WTs, where they could ulti-
mately deposit and enrich the FOZ.
This further assumes the Mg-rich ox-
ides dissolve into the molten FOZ
prior to solidification.

Observation: Lack of Mg Enrich
ment without FOZ Formation

     A thermodynamic calculation was
used first to evaluate whether it is
thermodynamically plausible for MgO
to dissolve into molten Al. This calcu-
lation was performed using Thermo-
Calc™ for an Al-Zn-Mg-O quaternary
system by combining the TCAl4 and
PGEO (geology) databases. The results
show that two Mg-rich oxides, MgO and
Al2MgO4, are in equilibrium with the
liquid Al at 908 K (635°C). Moreover, as
the temperature increases, MgO dis-
solves into the liquid, resulting in an in-
crease of Mg content in the liquid.
     The thermodynamic evaluation sup-
ports the possibility that MgO, if driven
by the convective fluid flow toward the

WTs, could dissolve into the molten
FOZ. However, a consistent phenome-
non observed on multiple lap joint
welds disputed the completeness of this
hypothesis particularly with regard to
the role of the molten metal convection,
as explained in the following.
     The convective currents within the
weld pool, hypothesized to be the driv-
ing force for oxide accumulation in the
FOZ, are expected to be reasonably
symmetric on either side of the weld
centerline. This suggests that enrich-
ment of Mg should be present in both
upper and lower WT of the lap joint.
However, variability was noted with
Mg enrichment. As shown in Fig. 7A,
if a FOZ did not form in the upper WT,
Mg enrichment did not occur there.
On the other hand, if the FZ spilled (or
rolled) over the top surface of the BM
as shown in Fig. 7B, Mg enriched the
formed FOZ. Had the MgO been car-
ried by the convective currents to the
edge of the weld pool and subsequent-
ly dissolved there, it would have en-
riched both the upper and lower WT
tips (FOZs). This is in contrast to the
actual welds, where the Mg-enrich-
ment was only consistent in the lower
WT and that in the upper WT was in-
termittent. In summary, Hypothesis 3
does not account for inconsistencies in
Mg enrichment, thus disputing the
role of fluid flow in carrying MgO to
the weld pool periphery.
     The invalidity of Hypothesis 3 sug-
gests some phenomenon on the BM
surface (as opposed to that on the
weld pool) contributed to the FOZ en-
richment. It is noted that an etchant
cleaning of the BM surface (thus re-
moving surface oxides), immediately
prior to welding, did not influence the
FOZ enrichment. Thus, the BM sur-
face phenomenon must occur during
welding. This is further investigated in
the next hypothesis.

Investigation of Hypothesis
4: Oxide Deposition and
Dissolution into FOZ

     Hypothesis 4 considers the fact
that a layer of black detritus, often re-
ferred to as “smut” or “soot,” existed
on the BM surface surrounding every
weld, as shown in Fig. 8. This hypothe-
sis, illustrated schematically in Fig. 1D,
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Fig. 5 — EDS maps showing the interface between the crucible and melt for furnace melt
ing at (A) 1173 K (900°C), and (B) 1373 K (1100°C).

Fig. 6 — FOZ remelted by autogenous GTAW: A — BSE micrograph of the remelted 
region; B — zoomedin BSE micrograph showing the secondary phases; C — EDS map 
of the same location in (B).
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assumed the detritus consisted of Mg-
rich oxides deposited on the BM sur-
face prior to the formation of the FOZ.
It was further hypothesized that as
the molten metal wet the BM surface,
the detritus was dissolved there, form-
ing a FOZ enriched with Mg. Similar
to Hypothesis 3, it also assumed the
Mg-rich oxides were able to dissolve
into the molten Al, which was sup-
ported by the thermodynamic evalua-
tion described earlier. Unlike the pre-
vious hypothesis, Hypothesis 4 consid-
ered the contribution to enrichment
by Mg oxides directly deposited on the
BM surface. Any Mg oxides deposited
on the weld pool surface are hypothe-
sized to dissolve and mix into the bulk
of the weld pool.

XRay Diffraction Analysis of
Detritus

     A significant presence of Mg-rich ox-
ide compounds in the detritus would
substantially support Hypothesis 4.
Hence, x-ray diffraction (XRD) was used
to determine the chemical compounds
present within the detritus. The detri-
tus was gathered by rinsing the surface
area with ethanol and capturing the
ethanol/detritus mixture in a glass
beaker. The powder-infused ethanol
was then forced, by vacuum pressure,
through a filter (200-nm grid) that cap-
tured the detritus. The soiled filter with
captured detritus is shown in Fig. 8B.
The powder (detritus) was placed on a
thin layer of vacuum grease atop a glass
microscopy slide with a very flat surface
to ensure XRD quality.
     The XRD results summarized in
Fig. 9 were unexpected. Although
there is indeed a presence of various
oxides (Al2MgO4, Al2O3, ZnO, and
MgO), strong signatures of magne-
sium aluminide (Al12Mg17) and Al-rich
face-centered cubic (FCC) phase were
detected. The reference intensity ra-
tio (RIR) method was used to quanti-
fy the amount of each compound in
the detritus; the results are summa-
rized in Fig. 10. Notably, the most
prominent compound of the detritus
was Al12Mg17 (58% by volume), which
was quite unexpected. Although it
does not support Hypothesis 4, this
finding does show that there existed a
substantial amount of Mg-rich inter-
metallics deposited on the BM sur-
face surrounding the weld metal.

Thermodynamics of
Magnesium Aluminide

     The existence of magnesium alu-
minide in the detritus motivated an-
other thermodynamic evaluation in
Thermo-Calc™. Using the TCAl4 data-
base, a simple Al-Mg binary phase di-
agram was generated in Fig. 11. It
showed that the melting temperature
of Al12Mg17 was only 733 K (460 °C),
much lower than the solidus tempera-
ture of AA 7003 BM (about 908 K or
635°C). This has the following impor-
tant implication for welding of alu-
minum alloys. The temperature of the
weld pool edge is at the solidus tem-
perature. Hence, there must exist a
HAZ region immediately surrounding
the weld pool whose temperature
would be above the liquidus tempera-
ture of Al12Mg17. As a result, any
Al12Mg17 deposited on this region
would remelt if solidified in the
shielding gas or would remain a liquid
if formed as liquid in the shielding
gas. 
     A close inspection of Fig. 8A re-
vealed the detritus did not maintain a
black, powder-like appearance directly
adjacent to the weld bead. Instead,

there existed a dull, metallic surface
finish that was distinctly different
from the original base metal surface.
The existence of this region has histor-
ically been explained by an “arc clean-
ing action.” In the present study, it is
hypothesized that a thin liquid Al film,
substantially enriched by vaporized al-
loying elements (e.g., Mg and Zn),
formed on the base metal surface adja-
cent to the weld bead during welding.
It is likely that the region outside the
FOZ, which was covered with the liq-
uid film but not overflown by the
molten metal, solidified into a “coat-
ing” with a metallic appearance. On
the other hand, away from the weld
bead, the surface temperature was not
sufficiently high to result in the for-
mation of a liquid film. As a result, the
detritus deposited there had the black,
powder-like appearance.
     In summary, the investigation re-
sults of Hypothesis 4 showed a promi-
nent presence of Al12Mg17 in the detri-
tus deposited on the BM surface, and
introduced the plausibility of forming a
liquid film in the HAZ region immedi-
ately outside the weld pool. These find-
ings led to a modification of Hypothesis
4, as discussed next.
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Fig. 7 — Comparison between a lap joint that (A) does not, and (B) does, form an upper
FOZ.
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Modification to Hypothesis
4: LowMelting
Temperature Liquid Film

     The modified hypothesis is the fol-
lowing. After the limited quantity of
oxygen within the shielding atmos-
phere reacted with metallic ions to
form oxides, there existed an excess of
metallic ions in the atmosphere that
would combine to form magnesium
aluminide and other nonoxide phases.
These phases then deposited onto the
BM surface. As a consequence of its
low liquidus temperature, Al12Mg17

formed a liquid film containing ~50
wt-% Mg atop the high-temperature
portion of the HAZ directly adjacent
to the FZ. This Mg-rich liquid film was
responsible for the formation of
solute-rich FOZ.
     It is noted that the modification to
Hypothesis 4 emphasizes the essential
contribution of Al12Mg17 as it can enrich

the local liquid Al with Mg much more
efficiently than magnesium oxides (e.g.,
MgO). This is supported by the thermo-
dynamics assessment. Particularly,
Al12Mg17 would easily melt into the liq-
uid Al, releasing all Mg into the latter.
On the other hand, MgO only reacts
with the liquid Al, gradually increasing
the Mg content in the liquid. The above
assessment has an important implica-
tion that if the quantity of MgO is in-
creased at the expense of decreasing
Al12Mg17 in the detritus, the extent of
Mg enrichment would be reduced. This
modified hypothesis was tested by in-
creasing the amount of oxygen available
in the shielding atmosphere, as dis-
cussed in the following.

Experiment 3: Detritus Formed
in 75% Ar25% CO2 Shielding
Gas

     Using the same welding procedure
as that in Ar shielding, a weld was de-

posited in a shielding gas mixture con-
taining 75% Ar + 25% CO2 (abbreviat-
ed as Ar-C25). The CO2 added to the
shielding gas was expected to disasso-
ciate and provide “abundant” oxygen
in the shielding atmosphere.
     After welding, the detritus was col-
lected following the same procedure
outlined previously for XRD. Figure 12
shows the XRD data, which was fur-
ther analyzed using the RIR method to
quantify the amount of each com-
pound in the detritus. The results are
added to Fig. 10 to compare the quan-
tities of different compounds formed
in Ar vs. Ar-C25 shielding gases. For
Ar-C25 gas mixture, no signature of
Al12Mg17 was detected, indicating it
was completely eliminated due to the
increased oxygen content in the
shielding gas. On the other hand, the
quantity of Al2O3 increased to 71% by
volume. A presence of Zn with a
hexagonal close-packed (HCP) struc-
ture was also noted.
     In summary, the phase composition
of the detritus around a weld bead is
utterly affected by the shielding at-
mosphere. Commercially pure Ar
shielding leads to the formation of de-
tritus consisting of approximately 58%
by volume Al12Mg17. Shielding with Ar-
C25 leads to a detritus consisting of
approximately 71% by volume Al2O3

and 0% Al12Mg17.

FOZ Formed in ArC25 Shielding
Gas

     The effect of Ar-C25 shielding gas
on FOZ formation and composition
was substantial. For reference, a typi-
cal FOZ, formed in standard Ar shield-
ing, overlaps the BM by about 1000
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Fig. 8 — A — Evidence of black detritus surrounding a weld pass; B — black powder captured by the filter; C — spot weld with surrounding
detritus.

Fig. 9 — XRD pattern of detritus formed when welding in an Ar shielding atmosphere.
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m. The physical size of the FOZ
formed in the Ar-C25 shielding gas
was substantially smaller; it over-
lapped the BM by only 200 m, as
shown in Fig. 13A, D. Moreover, the
qualitative EDS maps in Fig. 13B, E do
not indicate any marked Mg enrich-
ment. The lack of Mg enrichment is
more clearly illustrated by the compo-
sitional line scans displayed in Fig.
13C, F, where a nominal presence of
Mg was found within the FOZ. This
Mg concentration (1 to 3 wt-%) is sig-
nificantly lower than a typical enriched
FOZ with 15 wt-% Mg. Interestingly,
the line scan in Fig. 13F contains a
strong signature for Zn (up to 17 wt-%)
in the FOZ, indicating a substantial en-
richment in Zn, as the nominal Zn com-
position is only 0.1 wt-% in the FM.
     The lack of Mg enrichment in the
FOZ is attributed to the lack of
Al12Mg17 in the surface detritus
formed when using Ar-C25 shielding,
as indicated by the XRD analysis —
Fig. 10. On the other hand, the Zn-
enriched FOZ in Fig. 13 is attributed
to the presence of Zn (HCP) in the sur-
face detritus. In conclusion, the exper-
iment with Ar-C25 shielding gas pro-
vides a compelling correlation between
nonoxide phases present on the BM
surface during welding and the FOZ
enrichment. In other words, the low
liquidus Al12Mg17, formed when Ar
shielding gas is used, leads to a FOZ
enriched in Mg. On the other hand, a
low-liquidus, Zn-rich phase formed
when Ar-C25 shielding is used leads to
Zn enrichment of the FOZ.
     It is noted that the XRD analysis re-
sults of the detritus do not necessarily

cover all the compounds and their actu-
al quantities deposited on the BM sur-
face since some of the compounds (e.g.,
Zn) could metallurgically bond onto the
surface and thus was not collected in
the detritus for XRD. Also noted is that
the use of Ar-C25 shielding gas had a
detrimental effect on overall weld quali-
ty, resulting in severe porosity in the
weld metal. Hence, for acceptable weld
quality, 25% CO2 should not be added to
the Ar shielding gas. Nevertheless, the
experiment supports the crucial effect
of nonoxide phases in the modified Hy-
pothesis 4, which is used to formulate
the following theory of Mg enrichment
in the FOZ.

Theory for FOZ
Enrichment: Vaporization,
Deposition, and
Dissolution
     Based on the testing results of dif-
ferent hypotheses, a theory for FOZ

enrichment was developed, as depict-
ed schematically in Fig. 14. FOZ en-
richment starts with the elemental va-
porization during welding. Some va-
porized elements react with free oxy-
gen in the shielding gas to form ox-
ides. Upon oxygen depletion, excess
metallic atoms combine to form
nonoxide phases, such as Al12Mg17,
FCC Al, or HCP Zn. These phases (ox-
ides and nonoxides) end up depositing
on the BM surface in the form of a
powdered detritus. The detritus com-
pletely encircles the weld pool, as evi-
denced by the dark annulus surround-
ing the shining weld metal of the arc
spot weld in Fig. 8C. It should be em-
phasized that the detritus layer exists
directly adjacent to the weld pool, a
fact that is critical for the current en-
richment theory. In other words, the
traveling arc would move atop the pre-
viously deposited detritus ahead of it.
The detritus directly hit by the arc
would likely decompose. On the other
hand, as the BM is heated to elevated
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Fig. 10 — Quantitative XRD analysis of phase fractions of detritus formed in two
shielding atmospheres.

Fig. 12 — XRD pattern of detritus formed in a 75% Argon 25% CO2 shielding atmosphere.

Fig. 11 — Phase diagrams calculated by Thermo
Calc™ for the AlMg binary system.
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temperatures due to the conduction of
heat from the weld pool, the detritus
containing low-melting-temperature
phases would melt to form a thin liq-
uid film atop the HAZ directly adja-
cent to the weld pool. Mg-rich non-
oxide phases (e.g., Al12Mg17) result in
an Mg-rich liquid film.
     Next, similar to how water flows
more easily across glass that is already
wet, the HAZ’s surface liquid film, in di-
rect contact with the weld pool edge, in-
duces some liquid metal in the weld
pool to spill or roll over the HAZ. As
the Mg-rich liquid film is mixed with
the liquid metal (predominantly Al),
dilution occurs and reduces the local
Mg content in the liquid film. As
shown in Fig. 11, a decrease in Mg
content in the liquid increases the
solidus temperature. Hence, the dilut-
ed liquid is likely to solidify rapidly,
forming the FOZ. The rapid solidifica-
tion prevents the encapsulated Mg
from being carried back into the bulk
weld pool by convection currents.
Therefore, the FOZ remains enriched
with Mg. Finally, the microsegregation
of Mg during rapid (nonequilibrium)
solidification results in the formation
of large T-phase precipitates in the
FOZ.
     This theory for FOZ enrichment

can be applied to explain enrichment
by solute elements other than Mg. For
example, in the Ar-C25 atmosphere,
the subtle FOZ enrichment with Zn
(Fig. 13E) is explained by the existence
of HCP (Zn) within the detritus. The
liquidus for HCP (Zn) is also low (693
K or 420°C), and would thus form a
liquid film atop the HAZ adjacent to
the weld pool. As the weld pool spills
over the Zn-rich liquid film, local Zn-
enrichment of FOZ occurs.
     Moreover, the intermittent occur-
rence of Mg enrichment to the upper
WT in lap joints can also be explained
by this theory. During welding, the top
surface of the upper sheet was covered
by the detritus. As shown in Fig. 7A,
when the weld pool did not melt the
top corner of the upper sheet, the liq-
uid metal was not in direct contact
with the liquid film formed by the de-
tritus and consequently the FOZ did
not form at the upper WT. On the oth-
er hand, as shown in Fig. 7B, when the
weld pool melted that corner, the liq-
uid metal was spilled over and mixed
with the detritus liquid film, forming
FOZ and enrichment at the upper WT.
     To further test the theory of FOZ
enrichment, additional experiments
were performed, as discussed in the
following.

Experiment 4: Deposition and
Dissolution of Detritus on a
Nickel Wire

     The accumulation of detritus on
nearby surfaces and subsequent disso-
lution into the weld pool was further
investigated with the aid of two com-
mercially pure Ni wires. The first wire
was held at a location near where the
welding arc would pass (Wire A in Fig.
15). It was never in contact with the
weld pool, and was immediately re-
moved from the environment after the
arc passed. The second wire was ini-
tially held at the same position as Wire
A. Once the arc passed, the second
wire was immediately plunged into the
weld pool (Wire B in Fig. 15). It was
immersed in the weld pool until the
FZ solidified. Afterward, the wire was
mechanically broken off from the weld
metal. 
     The BSE macrograph of the first
wire’s tip (Fig. 16A), held near but not
in contact with the weld pool, showed
a substantial accumulation of detritus.
The EDS map of this wire’s tip, depict-
ed in Fig. 16B, revealed primarily a
presence of Al and Mg near the tip,
while a Ni signature was noted away
from the tip.
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Fig. 13 — FOZ formed at the tip of the WT of a beadonplate weld after welding with ArC25 shielding: A, B, and C are the BSE micro
graph, EDS compositional map, and EDS line scan, respectively, for the left WT, and D, E, and F are the same for the right WT.
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     For Wire B, the very tip that was
immersed in the weld pool was devoid
of detritus and associated Mg enrich-
ment, as depicted in the upper portion
of the EDS map in Fig. 16D. A Ni sig-
nature existed at that wire’s tip (i.e.,
the dipped part), while the region im-
mediately below (undipped part) ex-
hibited strong Mg and Al signatures,
similar to those observed in Wire A.
This evidence suggests that the de-
posited Mg-rich phases were dissolved
into the molten metal.
     The location of the the FZ that was
disturbed by Wire B is shown in Fig.
16C. The area marked by the white
box in this figure was magnified and
examined. As shown in Fig. 16E, the
zoomed-in view of this area showed
that a large number of secondary
phases were present near the location
of wire disturbance. EDS of the same
area (Fig. 16F) revealed that a majority
of the secondary phases were enriched
with Mg, indicating that the Mg-
containing detritus was directly re-
sponsible for the formation of the sec-
ondary phase in the local FZ. It is not-
ed that those secondary phases were
also enriched with Ni, which was likely
melted from the original wire.

Experiment 5: GTAW in
Stagnant Ar Environment 

     A final experiment to test the effect
of Al12Mg17 on FOZ enrichment was

performed with
GTAW remelting of a
Mg-rich WT. The ex-
periment was essen-
tially the same as Ex-
periment 2B, dis-
cussed previously in
the section titled Au-

togenous GTAW of FOZ, except for the
following two changes. The first
change was that the specimen was in-
serted into a small enclosure that al-
lowed for a stagnant atmosphere of
pressurized (68947.6 Pa or 10 lbf/in.2)
Ar during autogenous GTAW remelt-
ing. The lack of oxygen in the shielding
gas would likely lead to the formation
of Al12Mg17. However, the formed
Al12Mg17 was not likely to be deposited
onto the BM surface in the absence of
Ar gas flow toward the BM substrate.
To further reduce the possible deposi-
tion of vaporized metal elements back
to the BM surface, the alternating cur-
rent during GTAW was balanced at
70% electrode negative, likely result-
ing in a net repulsive force between
the BM substrate and nearby positive
metallic ions. 
     As shown in Fig. 17A, the FOZ that
resulted from welding in the stagnant
Ar overlapped the BM substrate by
only 200 m, similar in size to the
FOZ that resulted from welding with
the Ar-C25 gas mixture. The FOZ mi-
crostructure, shown in Fig. 17A, con-
tained anomalous voids that did not
form due to etching or corrosion test-
ing. The reason for forming these
voids appears to be complex and are
not explored further in the present
study. Nevertheless, the EDS line scan
of the FOZ in Fig. 17B did not reveal
any marked enrichment of Mg in the

FOZ (about 4 wt-% for this case vs. 15
wt-% of Mg in a typical enriched FOZ).
It is noted that the amount of detritus
formed in GTAW remelting was limit-
ed and thus was not examined in XRD.
     In summary, even if it was formed,
Al12Mg17 would not lead to FOZ en-
richment if it was not pushed to de-
posit onto the HAZ surface by the Ar
flow. Therefore, this experiment fur-
ther supports the theory that Al12Mg17

deposited on the HAZ surface adjacent
to the weld pool is responsible for FOZ
enrichment. 

Summary and Conclusions
     A series of experiments were used
to test hypotheses proposed to de-
scribe the mechanism of FOZ enrich-
ment observed in the fusion weld of
AA 7003 BM with AA 5356 FM. For
Hypothesis 1, it was found that the
contamination present in the FM prior
to welding did not cause the enrich-
ment. For Hypothesis 2, elemental va-
porization occurred during welding,
but a significant depletion of the
solute elements (e.g., Mg) did not oc-
cur. For Hypothesis 3, a lack of consis-
tency in WT enrichment revealed that
the fluid flow interacting with oxides
on the weld pool surface did not gov-
ern the solute enrichment. Finally, for
Hypothesis 4, the detritus deposited
around a weld pass exhibited a compo-
sition that was predominantly magne-
sium aluminide (58 vol-% Al12Mg17).
Increasing the oxidization content in
the Ar shielding gas by mixing it with
CO2 resulted in a detritus that con-
tained mostly Al2O3. More important-
ly, the resulting weld in Ar-C25 shield-
ing had a small FOZ with no Mg en-
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Fig. 15 — Schematics showing the experimental setup for the deposi
tion and dissolution of the detritus experiment, where Wires A and B
are the same wire at two sequential times.

Fig. 14 — Schematics showing the theory for FOZ formation
and enrichment with solute.
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richment. Zn enrichment did occur,
likely because of the presence of Zn
(HCP) in the detritus. 
     The analysis of the different hy-
potheses led to the development of
the theory for FOZ formation and Mg
enrichment, which is summarized as
follows. During welding, evaporation
of metallic elements occurs from the
surface of the weld pool and FM
droplets. With limited oxygen avail-
able in the Ar shielding gas, the vapor-
ized elements form oxides and more
importantly intermetallic particles
such as Al12Mg17, which are subse-
quently deposited on the BM surface
in the form of a detritus. Directly adja-
cent to the weld pool, the BM surface
is heated significantly above the melt-
ing temperature of Al12Mg17 and other
phases in the detritus, forming a
solute-rich liquid film atop the BM.
Subsequently, the weld pool spills over

and mixes with the solute-rich liquid
film. This region rapidly solidifies into
the FOZ, which is then enriched with
Mg and other solute element(s) pres-
ent in the low melting temperature
phases in the surface detritus.
     The new discovery, that Al12Mg17 in
the detritus deposited on the BM sur-
face plays a crucial role in FOZ forma-
tion and Mg enrichment, constitutes a
significant step toward establishing
the fundamental understanding of the
FOZ phenomenon in high-strength
AAs. Although it was developed for AA
7003 BM welded with AA 5356 FM,
the theory potentially has a broad ap-
plication to study FOZ formation and
solute enrichment in weld joints made
of other AA BMs (e.g., AA 2219, AA
6061, and AA 7108) and AA FMs (e.g.,
AA 4043 and AA 5025). Such mecha-
nistic understanding is essential for
future studies to improve the corro-

sion and SCC properties and ensure
the structural integrity of welded au-
tomotive components made of these
lightweight, high-strength materials.

     The present research was generously
supported and guided by Alan Seid and
Patrick Shafer of Honda R&D Americas
Inc. through the Manufacturing and
Materials Joining Innovation Center
(Ma2JIC), a U.S. National Science Foun-
dation (NSF) Industry/ University Co-
operative Research Center (I/UCRC).

      1. Miller, W. S., Zhuang, L., Bottema, J.,
Wittebrood, A. J., De Smet, P., Haszler, A.,
and Vieregge, A. 2000. Recent develop-
ment in aluminium alloys for the automo-
tive industry. Materials Science and Engi-

WELDING RESEARCH

JULY 2017 / WELDING JOURNAL 239-s

Fig. 16 — Results of the detritus deposition and dissolution experiment: A —
where BSE macrograph of detritus was deposited on the tip of Ni Wire A; B — EDS
map of Wire A; C — BSE macrograph of FZ where Wire B was dipped; D — EDS
map of the tip of the dipped wire B; E — zoomedin BSE micrograph showing the
local FZ where the wire was dipped; F — EDS map of Mg for the same area as E.

Fig. 17 — A — BSE micrograph of weld toe region for
the GTAW remelt specimen in pressurized Ar; B — Mg
profile measured by EDS along the line marked in (A).
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