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Abstract This study presents a new approach to enhance
the corrosion resistance of tungsten inert gas (TIG) welded
AZ31 magnesium alloys by using nanocrystalline magne-
sium fluoride suspensions in a suspension plasma spray
(SPS) process. We have developed a synthesis for the
preparation of nanocrystalline magnesium fluoride sus-
pensions, which delivers nearly monodisperse nanoparti-
cles in a gram scale yield. The particles were analyzed with
transmission electron microscopy (TEM) and powder
X-ray diffraction (PXRD). Stable suspensions of magne-
sium fluoride nanoparticles in water were characterized by
dynamic light scattering (DLS), zeta-potential, and vis-
cosity measurements. Such suspensions were deposited
with an SPS torch onto TIG welded seams of the magne-
sium alloy AZ31, thus producing a protective magnesium
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fluoride layer. Magnesium fluoride covered welded seams
were investigated by scanning electron microscopy (SEM),
X-ray diffraction (XRD), and energy dispersive X-ray
spectroscopy (EDXS). In order to introduce a simple
method for sensoring the deposited magnesium fluoride
coatings, the magnesium fluoride nanoparticles can also be
fluorescence-labeled by co-doping with cerium(IIl) and
terbium(III), the respective optical properties were char-
acterized by reflection and luminescence spectroscopy. The
deposited layers can, thus, be inspected by illumination
with an UV lamp, because of their bright green emission.
The corrosion properties of the magnesium fluoride layer
on the welded seams were studied by means of potentio-
dynamic potential measurements.

Introduction

For lightweight applications in automobiles, aircrafts as
well as everyday items like cell phones, laptops, etc.,
magnesium alloys have become a major structural material
[1, 2]. The increasing number of the use of magnesium
alloys is caused by the superior strength-to-weight ratio
when compared to commonly used metals such as alumi-
num and iron. Besides the advantages of reduction of
weight and also good recyclability, the corrosion problems
posed by magnesium alloys cannot be neglected [1]. Thus,
a widespread use of magnesium alloys is still limited [3, 4].
The best protection against corrosion shows high purity
magnesium, but the magnesium alloy AZ31, for example,
has gained widespread acceptance in automotive applica-
tions due to a better balance between mechanical properties
and corrosion protection. In aqueous environments mag-
nesium instantaneously forms a magnesium hydroxide
layer, which serves as a good protection at elevated pH
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values (a pH value of 11 is observed due to the equilibrium
solubility of Mg(OH),). This film protects the magnesium
against corrosion as long as the local pH does not decrease
below 11 and as long as no complexing (“damaging)
species such as chloride, sulphate, or nitrate are present
[3, 4]. However, small amounts of impurities in the mag-
nesium alloy such as Ni, Fe, Cu, Zn, or Al multi-phase
systems lead to the formation of galvanic cells which can
initiate the corrosion by microgalvanic attack [5, 6]. In fact,
for a widespread industrial use, AZ31 has to be protected
by passive surface coating. The corrosion problem is even
more acute after welding of AZ31 parts. Mostly the filler
wire used in welding is more highly alloyed so the welded
seam and the bulk material act as galvanic cells. In addi-
tion, the grain structure of the alloy changes in the heat
affected zone (HAZ) during the joining process. This fur-
ther decreases the corrosion resistance [7-9]. For this rea-
son a protection against corrosion is especially important
for the welding seam after welding. Currently, joined
complete magnesium parts can be protected by a variety of
approved methods, e.g., Anomag®, Magoxid-COAT®,
Keronite® [3, 10-12]. The major disadvantage of these
methods is that they have to be applied in an additional
process step which opens a time frame for corrosion gen-
erally in the sensitive areas of welded seams. Furthermore,
some of these methods, e.g., the application of chromate
layers and fluoridation procedures carried out with hydro-
fluoric acid, contain high risks for health, and environment.

Despite of the fact that the corrosion of magnesium alloys
is a major problem in the engineering industries, this feature
has enabled medical applications of these alloys as tempo-
rary implants, for example in the support of fractured bones
or as vascular stents [13-20]. The controlled degradation of
the implant material is of interest when in this way a second
operation can be avoided (which may be necessary, for
example, when bone-supporting structures made of standard
implant materials like titanium are used) or when the
implant-carrying person is still a growing child. In this
domain, often a certain reduction of the corrosion rate of the
magnesium alloy is necessary which can be achieved by
coating the implant with a thin anti-corrosive layer. The use
of magnesium fluoride coatings becomes more and more
important here, since studies have shown that nanoparticles
of this substance have an antibacterial effect in vivo [21].
Owing to the strong ionic bond and chemical resistance a
protective layer composed of magnesium fluoride offers
great advantages [20].

For the deposition of dense magnesium fluoride layers
onto magnesium alloys the suspension plasma spraying
(SPS) process appears suitable [22, 23]. SPS methods have
been widely used to obtain a rich variety of deposits on
almost any kind of substrate [24-29]. In contrast to con-
ventional plasma spraying (CPS) where powder material is

being fused and accelerated toward the substrate via a
plasma jet, the SPS offers the opportunity to use submi-
crometer particles dispersed in a liquid feedstock, e.g.,
water or ethanol. By the use of submicrometer feedstock
particles, dense and finely grained layers can be produced
[23].

Nanocrystalline fluorides can be easily synthesized via a
polyol-mediated approach, in which a polyalcohol (e.g.,
diethylene glycol, DEG) serves as both high-boiling sol-
vent and surface-capping group [30]. In contrast to other
bottom-up procedures, e.g., micelle approaches, gram scale
batches are easy to perform. Although in the past decade,
many nanoscale inorganic fluorides had been obtained by
this method, the polyol-mediated synthesis of magnesium
fluoride has not been described before [31-33]. By the
addition of rare earth element salts during the synthesis,
these can be doped into the product to obtain fluorescence-
labeled nanoparticles [34, 35]. Such luminescent nanopar-
ticles are promising materials for labeling under harsh
conditions due to the pronounced temperature and chemi-
cal resistance of inorganic fluorides [36].

In this study, we describe the synthesis of nanocrystal-
line magnesium fluoride particles, the preparation of suit-
able suspensions with high solid loads and their application
in a stepwise TIG/SPS process. The particles can be
co-doped with Ce** and Tb>", yielding a bright green
emission under UV light. The nanoparticles, their suspen-
sions as well as coatings prepared by SPS are thoroughly
characterized using physico-chemical methods. In addition,
first investigations on the anti-corrosive properties of the
resulting magnesium fluoride coatings are reported.

Experimental section
Synthesis of the suspensions

All reactions were carried out under argon and with chem-
icals purchased from Sigma-Aldrich. For a typical batch,
17.16 g magnesium acetate tetrahydrate (80 mmol, 99%)
was dissolved under vigorous stirring in 400 mL DEG
(99%) at 100 °C in a three-necked flask equipped with a
Claisen still head. The temperature was further increased up
to 200 °C. At this point, a solution of 5.93 g ammonium
fluoride (160 mmol, >98%) in 300 mL DEG, kept at
100 °C, was added quickly to the metal salt solution. The
combined solutions were stirred for an additional 2 h at
200 °C to increase crystallinity and then cooled to room
temperature. Separation of the solid material was achieved
by centrifugation at 16000 g (benchtop centrifuge Universal
320 from Hettich Lab Technology). Afterwards, the material
was washed three times with ethanol by redispersion and
centrifugation steps. Finally, after drying overnight a white
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powder in nearly quantitative yield was obtained. From this
powder, suspensions of nanocrystalline magnesium fluoride
in water with up to 5 mass% can easily be formulated by a
short ultrasonic treatment. Such suspensions are stable for at
least several months. Fluorescence labeling was achieved by
a similar procedure as described above; in addition to the
magnesium acetate, 1.41 g cerium(Ill) acetate hydrate
(4.44 mmol, 99.9%) and 1.66 g terbium(IIl) chloride
hexahydrate (4.44 mmol, 99.9%) were supplied to the metal
salt solution in DEG. The amount of ammonium fluoride
was increased accordingly.

Methods of characterization

Powder X-ray diffraction (PXRD) data were recorded on a
STOE StadiP diffractometer in transmission mode. X-ray
diffraction (XRD) investigations on the coatings were
carried out with a STOE Theta—Theta in reflection geom-
etry. Both diffractometers were equipped with monochro-
matized CuKe, radiation. Nanocrystal sizes were estimated
with the Scherrer’s equation from the reflection broadening
after elimination of the experimental broadening with a Si
standard. Transmission electron microscope (TEM) char-
acterization of the nanoparticles was performed on a JEOL
JEM-2100F-UHR with an accelerator voltage of 200 kV.
The samples were dispersed in ethanol dropped on a car-
bon-copper grid and the ethanol was removed by evapo-
ration. Scanning electron microscopy (SEM) investigations
on welded and coated seams on AZ31 sheets were realized
with a JEOL JSM-6700F cold field-emission scanning
electron microscope (FE-SEM) equipped with a semi in
lens and a secondary electron detector under acceleration
voltages between 2 and 7 kV. Energy dispersive X-ray
(EDX) spectra were measured with an INCA 300 EDX
detector from Oxford Instruments attached to the FE-SEM.

Samples for cross-section SEM micrographs were
embedded into polymer, and sputtered with gold after
cutting and grinding. UV-vis spectra were recorded on a
Cary 5E spectrometer (Varian). Luminescence excitation
and emission spectra were measured with a Fluorolog III
UV-vis-NIR fluorescence spectrometer (Horiba Jobin-Yvon)
on powder samples at room temperature.

The potentiodynamic polarization measurements were
performed with a modified MiniCell from Ibendorf & Co.
(0.8 mm” measuring surface) equipped with an Ag/AgCl
counter electrode. Samples were measured in a 0.9% NaCl

electrolyte with a scanning rate of 5 ms against an
Ag/AgCl counter electrode. The results of the current
density potential curves were evaluated and are based on
the half logarithmic scale of the current density diagram
and the Tafel extrapolation for all tests by MATLAB using
the Butler Volmer equation. A limit value determination of
the data points for the negative and positive potential limit
as well as the OCP were carried out (by a previous mini-
mum value determination) within the program. The deter-
mination of the dividing lines as well as the regression lines
are carried out in the established limits of the linear sector
of both graph branches. Using the standard deviation over
the complete measuring time period the program calculates
the exchange current density and the mean average value of
the equilibrium rest potential. The values were converted
into normal hydrogen electrode (NHE) potentials.

For dynamic light scattering experiments and zeta
potential measurements a Zetasizer Nano ZS from Malvern
Instruments equipped with an MPT-2 autotitrator was used.
The values of pH, for pH-dependent zeta potential mea-
surements, were adjusted with 0.1 M solutions of HCI and
NaOH. A rotational viscometer Viscotester 7L/R from
Haake was used to perform viscosity measurements on the
magnesium fluoride suspensions at 25 °C.

Tungsten inert gas welding

The welding experiments were realized on AZ31 sheets
(h = 6 mm) with a filler wire of AZ31X. The compositions
of the AZ31 sheets and the AZ31X filler wire are listed in
Table 1. On top welded seams were created with a robot
assisted welder TETRIX 521 AC/DC activArc from EWM
Hightec Welding in AC operating mode (welding current:
170 A; inert gas: Argon 4.6 (8 L/min); filler wire: AZ31X,
diameter: 1.2 mm; wire feed: 1.4 m/min).

Suspension plasma spraying

The welded seams created on the AZ31 sheets were suspen-
sion plasma sprayed in a separate step with a Sulzer Metco
Triplex II torch attached on an ABB industrial robot. The
operating parameters were as follows: spray distance: 95 mm;
working gas: 35 slpm Ar and 25 slpm He; arc current: 450 A;
injection rate 25% (4.5 kg/h) with 2.4 bar, without atomizing
gas; torch velocity: 1.5 m/s. Welded seams were coated in
three passes with 5 mm parallel line-offset.

Table 1 Compositions of the AZ31 bulk material and the AZ31X filler wire in percent (residual percentages: Mg)

Al Zn Mn Si Fe Cu Ni Sn AE AZ
AZ31 3.29 0.95 0.24 0.02 0.029 0.013 0.004 0.016 - -
AZ31X 2.92 1.05 0.29 0.01 0.002 0.0003 0.0004 - <0.05 <0.3
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Results

Using the procedure described in the experimental section,
magnesium fluoride precipitates phase pure and in a nano-
crystalline form, as can be judged from the PXRD pattern of
nanocrystalline magnesium fluoride (Fig. 1). The broad-
ened signals reflect the nanocrystalline character of the
sample. Quantitative evaluation based on Scherrer’s equa-
tion, applied to the (110) reflection of MgF,, gives a size of
ca. 5 nm for the coherently scattering regions. This is in a
good agreement with the results of HR-TEM investigations
which show slightly agglomerated particles with sizes from
2 to 7 nm (Fig. 2). The co-doping pair Ce®" and Tb** is
frequently used to yield bright green fluorescence under UV
irradiation [34, 35, 37—40]. In this case, the Ce**ions act in
general as efficient sensitizers for Tb>" ions due to the
parity allowed 4f' < 5d' electronic transitions. The energy
transfer mechanism between the cerium and terbium ions is
reported in detail elsewhere and is used for the green
phosphor in discharge lamps since many years [34, 40]. In
this study the optical properties of Ce®" and Tb>" co-doped
MgF, nanoparticles show bright green emission under UV
excitation which is investigated by UV—-vis reflection and
luminescence spectroscopy. As presented in Fig. 3 the room
temperature excitation spectrum (b) consists of broad bands
starting at 300 nm and peaking at 255 nm, which can be
assigned to Ce’' 4f' — 5d' electronic transitions. The
respective emission spectrum (c) exhibits four emission
peaks (470-633 nm) followed by much more diffuse sig-
nals (636—699 nm), which corresponds to Tb>* relaxation
starting at the excited Dy, state to the 'Fy (J = 6-0) ground
states. No resolution of the crystal field levels is observed
which can be explained by the small size of the particles. A
broad emission with lower intensity and a maximum at
332 nm can be assigned to 5d' — 4f' transitions of Ce®"
[37, 40]. The high efficiency of Ce** — Tb** energy
transfer is obvious by comparing the intensities of Ce

I/ a.u.

20 30 40 5 60 70 80
201°

Fig. 1 Powder X-ray diffraction pattern of MgF, nanocrystals.
Pattern of reference is given as line diagram, pdf card 41-1443
(MgF>)

Fig. 2 High resolution transmission electron micrograph of MgF,
nanoparticles

emission relative to Tb emission within the emission
spectrum at Ce excitation. The UV-vis reflection spectrum
exhibits Ce** transitions also observed in the excitation
spectrum but with different intensities (Fig. 3a and b). This
can be explained by the fact that the lowest 5d states lead to
stronger emission, in spite of its lower absorption intensity.
No direct excitation of the Tb>" appears in both, reflection
and excitation spectra due to the high efficiency of the
energy transfer process and the low absorption probability
of the parity forbidden transitions. The determination of a
particle size distribution based on the hydrodynamic
diameters as determined by DLS is shown in Fig. 4 (left).
The DLS graph reveals a monomodal particle size distri-
bution centered at about 10 nm. Taking into account that
hydrodynamic diameters are in general larger than

™"
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Fig. 3 Optical investigations of MgF,:Ce>™/Tb>* powder samples at
room temperature. (a) UV-vis reflection spectrum (red); (b) lumines-
cence excitation spectrum (blue), Ao = 545 nm; (c) fluorescence
emission spectrum (black), Aex = 285 nm (Color figure online)
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crystallite sizes determined by broadening of PXRD peaks
or particle sizes observed in electron microscopy, this result
indicates that the suspension contains individual hydrated
nanoparticles, i.e., no agglomeration or aggregation occurs
in the dispersion [41]. The basis for this behavior as well as
the long time stability of the suspensions can be traced back
to the high positive zeta potential of the particles which
stabilizes them via electrostatic repulsion (Fig. 4, right).

In Fig. 5 a viscosity measurement of the magnesium
fluoride suspension, which was used for the suspension
plasma spraying, is plotted. The shear rate dependence of
the viscosity reveals a shear-thinning (pseudoplastic) flow
behavior. With increasing shear rates, the viscosity
decreases due to breaking of particle—particle interactions
in the suspension, permitting much easier flow [42, 43].
However, such attractions seem to have no influence on the
sedimentation stability of the suspensions and the viscosity
observed even at low shear rates is not an issue for the use
in the SPS process.

Figure 6a shows a sheet of the AZ31-base material.
Welded traces of the filler wire material were prepared on
such AZ31 sheets by TIG welding. Such a trace, 6 mm

1000 -

800 -
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400

viscosity ImPa s

200

T T T
100 150 200

rpm
Fig. 5 Viscosity of a magnesium fluoride (5 wt%) suspension in

water
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thick and 80 mm wide, resembling a true welding seam, is
shown in Fig. 6b. For the SPS process, a 5 mass% sus-
pension of nanocrystalline magnesium fluoride in water
was prepared by short ultrasonification. This suspension
was plasma-sprayed on the welded seam with the param-
eter described above. The product of this procedure is
shown in Fig. 6¢. An SEM cross-section and EDX analyses
of the coated seams are shown in Fig. 7. The SEM
micrograph displays that the magnesium fluoride layer on
top of the welded seam is about 10 pum thick. The layer is
continuous and dense with fine grain sizes. The EDX
mapping reveals a clear borderline between the welded
seam and the coating, with no fluorine being detectable in
the welded seam. Correspondingly, the coating procedure
did not affect the seam and the bulk AZ31 material. When
a suspension containing co-doped nanoparticles is used
(Mng:CeH/TbBJr with 5 wt% in water), the presence of
the generated coating can easily be monitored due to the
strong green fluorescence it emits under UV light (Fig. 8).
This shows that the fluorescent labeling persists also after
the harsh conditions of SPS.

The magnesium fluoride coating was further character-
ized by HR-SEM and XRD studies. The HR-SEM micro-
graph in Fig. 9 shows in addition to some larger accretions
a very finely grained surface. This indicates that the mag-
nesium fluoride nanoparticles supplied via the suspension
probably reach the surface of the welded seam in their
original state, i.e., with negligible aggregation and without
melting. In fact, the parameters of the suspension plasma
spraying were chosen to induce as little as possible heat on
the suspension droplets to avoid melting or evaporation of
the sub 10 nm particles. XRD experiments of the covered
welded seam show both, sharp reflections for the AZ31
bulk material and broad reflections corresponding to the
nanocrystalline magnesium fluoride layer (Fig. 10). Cal-
culating the particle size from the reflection broadening of
the diffractogram of magnesium fluoride gives a particle
diameter of ca. 7 nm, i.e., the particle size has not
increased during the SPS process. This confirms that the
originally suspended particles reached the surface as
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Fig. 6 Photographic images: a AZ31 raw material sheet; b a TIG welded seam of AZ31X on an AZ31 sheet; ¢ coating of the welded seam
prepared by SPS. The sample shown in ¢ was cut in order to prepare the cross-section image shown in Fig. 7

poiymer

Ila.u.

Ila.u.

El keV

Fig. 7 Left SEM cross-section micrograph of a welded seam coated
with a magnesium fluoride layer. On top of the image the polymer in
which the sample was embedded is visible. Small bright spots littering
the cross-section are due to gold sputtering of the sample. Right EDX
spectra of selected areas (bottom raw AZ31 material; fop magnesium
fluoride layer)

Fig. 8 Cross-section photography of the coating on a welded seam
on AZ31. The AZ31 sheet which appears black in the photography
has a thickness of 6 mm. The coating was produced using a sus-
pension of doped magnesium fluoride nanoparticles (MgF,:Ce*"/Tb*™).
The presence of the film is confirmed by the bright green area
appearing under irradiation with UV light (254 nm) (Color figure
online)

nanoparticles. The absence of any signals from oxide/
hydroxide phases in the XRD pattern displays that neither
hydrolysis nor an exchange of fluoride against oxide ions
has occurred. Oxide/hydroxide formation could in principle
have been caused by incomplete evaporation of the sus-
pension water.

For a first evaluation of the corrosion-protective prop-
erties of the magnesium fluoride coating, a comparative

Fig. 9 High resolution scanning electron micrograph of a magnesium
fluoride coating produced by SPS on a welded seam

I/au.

24 28 32 36 40

+ +
A AA A+ +++ .

20 30 40 50 60 70 80
20/°

Fig. 10 XRD pattern of a magnesium fluoride coating produced by
SPS on a welded seam. Inset 20-fold magnification of a selected 20
range. The signals can be assigned to MgF, and Mg: (open triangle)
pdf card 41-1443 (MgF,) (+) pdf card 35-821 (magnesium)

potentiodynamic polarization measurement was carried out
(Figure 11). The values of i.,,, which are directly pro-
portional to the corrosion rate P; (P; = 22.85%i.,,.), can be
used to compare the corrosion properties between our
specimens [44, 45]. However, P; values have to be inter-
preted cautiously. Owing to the negative difference effect
(NDE), corrosion rates for magnesium and magnesium

@ Springer



182

J Mater Sci (2012) 47:176-183

current density | Alcm®

-1.9 -1.8 1.7 -1.6 -1.5 -1.4
potential (NHE) | V

Fig. 11 Potentiodynamic polarization curves of (a) the AZ31 raw
material (black), (b) the TIG-welded seam on an AZ31 sheet (red) and
(c) the TIG-welded seam equipped with a magnesium fluoride coating
(blue) (Color figure online)

Table 2 Results of the potentiodynamic polarization measurements
for the AZ31 blank material, the TIG-welded seam on the AZ31
material, and for the magnesium fluoride-coated seam

1

Econ/V vs. NHE e /A cm™2  P/mm y~
Blank AZ31 -1.70 50 x 1070 1.14 x 1073
Welded seam —1.69 9.1 x 107> 2.08 x 1073
MgF,-coated seam  —1.56 04 x 107 9.14 x 107

NHE normal hydrogen electrode. The values of the corresponding
corrosion rates were calculated using P; = 22.85i.0,r

alloys determined via Tafel extrapolation typically under-
estimate the real corrosion rate [5, 6, 45, 46]. However,
here the aim was to compare the corrosion properties of a
blank sample of AZ31, of an uncoated welded seam pro-
duced by TIG, and of a welded seam covered with a
magnesium fluoride coating layer prepared by SPS. The
values for E oy, icom, and P; are listed and compared in
Table 2.

The blank AZ31 sheet and the TIG-welded AZ31
material show very similar values for E.,, shifting only
slightly between —1.70 and —1.69 V. After TIG welding,
the current density i, for the welded AZ31 sheet is nearly
twice as large as the value of i ., for the blank AZ31. This
could be caused by a different alloy composition of the
welded seam compared with the blank material (see
Table 1) and/or the material disorder which in general
makes welded seams more susceptible for corrosion. For
the magnesium fluoride-coated seam, a strong shift of E.,
to a more positive value of —1.56 V is observed. The
current density i, of the magnesium fluoride-coated seam
is ca. 23-fold smaller than i.,, of the uncoated welded
seam. From this finding it can be judged that the corrosion

@ Springer

rate of welded seams between magnesium components can
be reduced significantly by the process presented here,
which consists in the application of a magnesium fluoride
layer by using a suspension of MgF, nanoparticles in a
suspension plasma spraying process.

Conclusions

This study demonstrates the possibility to deposit an anti-
corrosive layer, based on nanocrystalline MgF, and applied
via a suspension plasma spraying process on welding
seams of a magnesium alloy. The study encompasses the
chemical synthesis of the nanoparticles, the preparation of
suitable suspensions and the coating of the welding seams,
including thorough characterization of the materials and
the coating as well as a preliminary corrosion test. Based
on our experimental results following conclusions can be
made:

e Nanocrystalline MgF, particles can easily be synthe-
sized by a polyol-mediated approach.

e Stable aqueous MgF, suspensions with solid loads of
5 mass% can be formulated without the use of
surfactants.

e By the use of those MgF, suspensions in a suspension
plasma spraying process, dense layers of nanocrystal-
line MgF, can be applied on AZ31 alloy sheets.

e Welded seams on AZ31 coated with such a MgF, layer
by SPS show a significant lower corrosion rate.

e  When luminescent MgF, nanoparticles were used, film
quality can easily be monitored by UV light.

We consider that a simultaneous process, where the SPS
process is applied directly after the TIG welding, should be
possible. On the one hand, this TIG-SPS combination
would enhance the productivity enormously. On the other
hand, when the magnesium fluoride coating is prepared
directly on the still hot welded seam, this would drastically
minimize the exposure of the fresh and sensitive welded
seam to corrosive environments and could also lead to even
denser layers. Thus, our aim is to develop a hybrid TIG-
SPS process in which a TIG welder is attached in front of a
SPS torch to weld and protect magnesium joints in one
step.
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