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g r a p h i c a l a b s t r a c t
� Pure Ti/AZ80 Mg alloy dissimilar
material was prepared by spark
plasm sintering.

� Additional heat treatment caused a
formation of Ti-Al interlayer.

� Significant decrease of potential dif-
ference of 0.24e0.33 V was found at
interface.

� Heat treated dissimilar material
showed very few Mg(OH)2 debris af-
ter salt water immersion test.
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A surface potential analysis was carried out to establish a new materials design of pure Ti/Mg-Al alloy
dissimilar materials with an excellent galvanic corrosion resistance. The formation of Ti-Al intermetallic
interlayer and Al diffusion layer at interface effectively reduced the surface potential difference at the
interface. As a result, a formation of local cells, causing a galvanic corrosion phenomenon of Ti/Mg alloy
dissimilar material, was prevented because the potential difference of Mg alloy with Ti-Al interlayer
completely decreased. A salt water immersion test obviously indicated no Mg(OH)2 corrosion product on
Mg alloy surface due to Ti-Al interlayer formation, and the initial galvanic corrosion phenomenon was
effectively obstructed.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

A multi-materials design is widely applied to automotive and
aerospace components to realize both significant weight reduction
and strength improvement at the same time. The dissimilar ma-
terial by joining the different materials plays an important role to
obtain many advantages such as downsizing, cost reduction, and
high-performance of the components. Al/steel [1], Mg/steel [2], and
Ti/steel [3] dissimilar jointed materials are representative
doh).
combinations in the industrial application. A dissimilar material
consisting of Ti and Mg alloys has a large potential for weight
reduction because both metals show high specific strength and
specific Young’s modulus compared to the other industrial metals.
This also has a possibility to be employed as lightweight re-
inforcements of aircrafts. With regard to the bonding ability of Ti to
Mg, the previous study shows a good wettability of pure Ti by
molten pure Mg because of Ti plate surface modification after TiO2
layer chemically reduced by contact with molten Mg [4]. A fibre
laser welding process was one of the suitable joining techniques to
prepare this unique dissimilar material [5]. In this combination,
however, there are two important problems in joining; a small solid
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Fig. 1. SEM-EDS analysis results (a) and XRD profile (b) near interface of pure Ti/AZ80 dissimilar material after heat treatment at 1073 K for 1.8 ks in vacuum (~6 Pa). TiAl3
intermetallic compound inter layer and Al concentrated area are formed via reaction between Ti and Al elements from molten AZ80 alloy.
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solubility of Ti in Mg and that of Mg in Ti, and a large melting point
difference between pure Mg and pure Ti (1019 K) [6]. In addition,
the Al content contained as a strengthening alloying element in Ti
andMg alloys has a significant effect on the interfacial properties of
the dissimilar material. For example, microstructures and me-
chanical strength depend on the formation of Mg-Al eutectic pha-
ses [7] and Ti-Al intermetallic compounds [8] near the interface of
the Ti/Mg dissimilar material. From a viewpoint of galvanic corro-
sion originated in the local cells at interfaces of the dissimilar
material, a large difference of the standard electrode potential be-
tween Ti (�1.63 V) and Mg (�2.35 V) possibly causes a galvanic
corrosion phenomenon [9]. The galvanic corrosion is also influ-
enced by the Al concentration near the interface because of Mg-Al
phase formation and Al solid-solution into a-Mg matrix [10].

In this study, the initial galvanic corrosion behavior at the
interface of pure Ti/AZ80 (Mg-Al) alloy dissimilar material prepared
by spark plasm sintering (SPS) in solid-state and the following heat
treatment was investigated by surface potential difference mea-
surement using scanning Kelvin prove force microscopy (SKPFM)
system [11e13]. The previous study showed that SKPFM measure-
ment results were useful to estimate the corrosion potentials of
materials because a linear relationship between the work functions



Fig. 2. Mg, Ti and Al element distribution measured by EDS line-analysis and surface potential distribution mapping analyzed by SKPFM of Sample I (a) and Sample II (b). Sample I
shows never Al diffused and concentrated area at Ti/AZ80 interface, and a large potential difference of 0.52e0.71 V at the interface. Sample II obviously reveals Al diffusion from
AZ80 into pure Ti, and a stepwise change in surface potential at the interface. In particular, AZ80 alloy shows a small potential drop of 0.24e0.33 V due to TiAl3 compound interlayer
formation.
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Fig. 3. Schematic illustration of surface potential changes near Ti/AZ80 interface without reaction layer, Sample I (a) and with interlayer and diffusion area, Sample II (b) of pure Ti/
AZ80 dissimilar material. A large surface potential difference (V1) in Sample I is certainly reduced due to formation of interlayer and diffusion layer by Al elements originated from
AZ80 alloy, and results in a small potential drop (V2) in Sample II.
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by SKPFM and corrosion potentials of pure metals and intermetallic
compounds was clearly found [14]. In addition, the potential dif-
ference measured by SKPFM was applied to evaluate the local
corrosion phenomenon of cold-rolled stainless steels [15]. The ef-
fect of Al elements originated from AZ80 alloy on the interlayer
formation and surface potential distribution at the interface, which
affected galvanic corrosion phenomena, was discussed. In addition,
the morphology observation on the dissimilar specimen surface
after salt water immersion test was also carried out in this study.

2. Experimental procedure

Disk-shaped specimens of Mg-7.8Al-0.68Zn-0.18Mn (AZ80)
alloy (in mass%) after homogenization at 688 K for 24 h and pure Ti
(purity; 99.5%) were put in a carbon die (inner diameter of 41 mm)
installed in the SPS equipment. 40 MPa pressure was applied to
bond them at 673 K for 2 h in vacuum (~6 Pa). As-joined Ti/AZ80
dissimilar material (Sample I) was served to the following heat
treatment at 1073 K for 0.5 h in argon gas atmosphere to synthesize
Ti-Al intermetallic layers at the bonding interface. This is because
the heating temperature is much higher than the melting point of
AZ80 alloy and effective enough to their compounds formation by
the active liquid state diffusion of Al elements originated in AZ80
alloy [8]. Scanning electron microscope (SEM) with energy-
dispersive X-ray spectroscopy (EDS) analysis was carried out to
investigate the interfacial microstructures of the dissimilar mate-
rial, in particular, the formation of Ti-Al interlayer and Al diffusion
layer in pure Ti. Scanning Kelvin probe force microscope (SKPFM)
analysis was conducted to directly measure the surface potential
drop at the interface causing the initial galvanic corrosion. In
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addition, a salt water immersion test was performed to analyze a
formation of surface corrosion products of AZ80 alloy by using 5 wt
% NaCl solution, where the solution temperature was 303 K and
soaking time was 3 h. SEM-EDS analysis was conducted to examine
the surface changes and corrosion damages near the joined inter-
face after the above corrosion immersion test.
3. Results and discussion

Fig. 1 (a) reveals an interlayer formation with about 2 mm
thickness at the interface between AZ80 and pure Ti of the dis-
similar material after the above heat treatment (Sample II) by
scanning electron microscopy (SEM). Al elements concentrated at
the layer are also detected by energy-dispersive X-ray spectroscopy
(EDS) analysis. In addition, the diffused Al elements area close to
the interface, but no Ti diffusion into AZ80 side is found after heat
treatment. X-ray diffraction (XRD) analysis in (b) obviously shows
some diffraction peaks of not only Ti, Mg, MgO, Mg17Al12 (eutectic),
Al6Mn originated from the raw materials, but also in-situ formed
TiAl3 compounds during heat treatment, which are most thermally
stable at 1073 K in Ti-Al phases [16], near the interface.

Fig. 2 indicates SEM-EDS and SKPFM analysis on Samples I and
II. In Sample I, neither Al diffusion nor interlayer formation at the
bonding interface is observed in SEM photo with EDS-line analysis
result (a-1). This is because SPS temperature of 673 K, which is
lower than that in the homogenization treatment (688 K), is not
effective to Al diffusion of AZ80 alloy. In addition, the bonding
interface is very flat and smooth compared to Sample II due to no
metallurgical reaction between these metals in Sample I. SKPFM
Fig. 4. Surface morphology changes near pure Ti/AZ80 interface of Sample I (a) and Samp
Mg(OH)2 corrosion products and oxygen elements concentration are obviously observed on
near the interface after immersion corrosion test.
was conducted at the same area in (a-1) to measure the surface
potential distribution near the bonding interface. As shown in (a-2)
and (a-3), the potential at AZ80 specimen is much higher than that
of pure Ti, and drastically deceases at the interface, where the po-
tential drop is 0.52e0.71 V (average at 4 measurement; 0.62 V). On
the other hand, as shown in Fig. 2 (b-1) of Sample II, it evidently
reveals not only the concentrated Al elements at the interface but
also the uneven interface after heat treatment because of the
metallurgical bonding after the chemical reduction of TiO2 surface
film of pure Ti specimen by liquid Mg elements [4]. Regarding the
surface potential distribution mapping, a stepwise change in the
potential near the interface was detected in (b-3). It means the
gradual slopes from AZ80 to the interface and from the interface to
pure Ti specimen were clearly observed. The formation of TiAl3
reaction layer, having a constant potential of 0.79e0.84 V, in-
terrupts the direct bonding of AZ80 alloy to pure Ti, and results in a
small potential drop (0.24e0.33 V) of AZ80 specimen near the
interface. Fig. 3 schematically illustrates the potential changes near
the interface of pure Ti/AZ80 dissimilar materials with no reaction
layer, Sample I (a) and with Ti-Al interlayer and Al diffusion layer,
Sample II (b). It is concluded that the interlayer formation between
AZ80 and pure Ti by heat treatment in Sample II effectively de-
creases a surface potential difference at the interface, which causes
local cells to accelerate the galvanic corrosion phenomenon.

Fig. 4 presents the surface morphology changes of each Ti/AZ80
dissimilar material after the salt water immersion corrosion test
observed by SEM-EDS analysis. In general, Mg easily resolves into
an aqueous solution, and magnesium hydroxide (Mg(OH)2) films
are formed as corrosion products on Mg specimen surface via
le II (b) by salt water immersion test, and SEM-EDS analysis results of each specimen.
AZ80 alloy surface of Sample I. In Sample II, very few corrosion products are detected
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general whole surface corrosion phenomena [17]. Additionally,
when a large potential difference at the interface between inter-
metallic compounds and a-Mg matrix occurs, it also causes a
galvanic corrosion phenomenon with Mg(OH)2 formation [18e20].
Fig. 4 (a-1) and (b-1) indicate no Mg(OH)2 formation on AZ80 alloy
in both samples before the corrosion test. As shown in (a-2),
however, Mg(OH)2 corrosion products are obviously detected on
AZ80 surface near the interface of Sample I after corrosion test. EDS
analysis result also reveals the concentrated oxygen elements
originated from Mg(OH)2 at AZ80 surface. The potential difference
of 0.52e0.71 V at the interface shown in Fig. 2 (a-3) is almost the
same as that in a combination of Mg with pure Cu (0.33e0.68 V)
and pure Fe (0.80e0.87 V) measured by SKPFM, It is well known a
small addition of Cu and Fe elements as impurities in Mg materials
causes a severe galvanic local corrosion [21]. Then, it is concluded
that such a large potential difference in Sample I is enough for an
acceleration of the galvanic phenomenon and results in formation
of many corrosion products on AZ80 surface near the interface
shown in Fig. 4 (a-2). On the other hand, (b-2) indicates very few
corrosion products in AZ80 alloy near the interface of Sample II
after corrosion test, and no concentration of oxygen is detected at
the interface. In the previous studies on the surface potential dif-
ference measurement between intermetallic compounds and Mg
matrix by using SKPFM system, the average of Mg with Mg17Al12
and Al8Mn5, which are commonly contained in the commercial Mg
alloys, are 0.15 V and 0.26 V, respectively [22,23]. It is also well
opened that these compounds have no effect on the galvanic ac-
celeration of the conventional Mg alloys. It means the potential
difference in the above range hardly causes a galvanic corrosion of
Mg alloys. A small potential drop (0.24e0.33 V) at the interface by
both TiAl3 interlayer formation and Al concentration in Sample II
shown in Fig. 2 (b-3) is not effective in inducing the galvanic
corrosion, and results in very few Mg(OH)2 corrosion products
formation as shown in Fig. 4 (b-2).

4. Conclusions

The pure Ti/AZ80 bonded dissimilar material prepared by SPS in
solid-state had no formation of Ti-Al intermetallic compound layer
at the interface. The additional heat treatment at 1073 K to the
dissimilar material affected the interlayer formation and Al diffu-
sion near the bonding interface. In the former material, a large
potential drop of 0.52e0.71 V at the interface was measured by
SKPFM, and caused many corrosion products of Mg(OH)2 debris by
galvanic local corrosion phenomenon. The latter with the in-
terlayers showed a significant decrease of the potential difference
with 0.24e0.33 V at the interface, and resulted in preventing the
galvanic corrosion of AZ80 specimen.
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