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Abstract 

A new testing methodology was developed to quantitively study galvanic corrosion of AZ31B and thermoset carbon-fiber–reinforced 
polymer spot-joined by a friction self-piercing riveting process. Pre-defined areas of AZ31B in the joint were exposed in 0.1 M NaCl solution 
over time. Massive galvanic corrosion of AZ31B was observed as exposure time increased. The measured volume loss was converted into 
corrosion current that was at least 48 times greater than the corrosion current of AZ31B without galvanic coupling. Ninety percent of the 
mechanical joint integrity was retained for corroded F-SPR joints to 200 h and then decreased because of the massive volume loss of AZ31B. 
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1. Introduction 

Metal-to-composite hybrid structures represent a new con-
cept for achieving higher specific strength (strength divided
by density) for multi-material lightweight vehicles [1 , 2] . Their
use enables greater fuel efficiency and lower greenhouse gas
emissions. Higher–specific-strength alloys, such as magne-
sium (Mg) alloys and high-strength aluminum (Al) alloys,
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nd advanced/ultra–high-strength steels are being considered
s new materials for lighter vehicle structures. Also, carbon-
ber–reinforced polymer (CFRP) has been identified as a can-
idate engineering composite material with design flexibil-
ty and tailorable mechanical properties [3 , 4] . Among these
aterials, Mg alloys and CFRP have the highest potential

or lightweight applications because of their higher specific
trength [1] . 

However, the physical and chemical incompatibility of
etals and polymer composites is a technical obstacle pre-

enting the integration of such lightweight hybrid structures
nto unified body-in-white autobody assemblies that can meet
oint performance and safety requirements. Extensive research
nd development efforts have been made to identify suit-
ble processes for joining metal/composite material pairs to
orm assemblies. Joining techniques that have been tried in-
lude conventional fusion welding (laser welding, resistance
pot welding) [5 , 6] , solid-state joining [7-10] , ultrasonic weld-
ng [11] , mechanical fastening [12 , 13] , and adhesive bond-
ng [14] . Recently, a combination of the friction stir process
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Table 1 
Elemental compositions of AZ31B and steel rivet in weight percent for metallic elements and Si and in ppm for O and N. The compositions (wt.%) were 
analyzed by ICP-OES and combustion techniques. 

Mg Fe Al Zn Mn Ni Si Cu C O N 

AZ31B Balance 21 ppm 2.99 0.91 0.31 < 10 ppm < 0.005 < 10 ppm − − −
Steel rivet − Balance 0.05 < 0.01 0.74 0.01 0.04 0.01 0.18 < 0.01 0.01 

Table 2 
Summary of mechanical and corrosion properties of thermoset CFRP, AZ31B, and steel rivet at room temperature (18). 

Material Ultimate tensile strength (MPa) Elongation (%) Corrosion potential 

Thermoset CFRP 827 − 0.23 V SCE 

Steel rivet 463 26.4 −0.6 V SCE 

AZ31B 285 16.1 −1.55 V SCE 
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FSP) and self-piercing rivet (SPR) joining methods, called
friction self-piercing riveting” (F-SPR), has been proposed 

o join low-ductility materials such as Mg alloys and high-
trength Al alloys [15-17] . This unique spot-joining process
ses the friction heat from FSP and mechanical interlocking
nabled by SPRs. Essentially, it involves a rivet that spins as it
enetrates into stacked materials. The rotating rivet produces
ocalized frictional heat as it interacts with the surrounding

etal substrates. The generated friction heat increases the lo-
al ductility of the Mg alloy sheet to effectively avoid crack-
ng problems. Most recently, the F-SPR process was further
xpanded to join a thermoset CFRP (TS-CFRP) to the Mg
lloy AZ31B [18] . 

Another critical concern is galvanic corrosion in dissimilar
aterial joints, particularly when Mg alloys are joined with

oble metals. Accelerated Mg corrosion as a result of gal-
anic coupling can be indirectly assessed by comparing the
orrosion potentials of individual joint components [19] or
easuring the galvanic current between Mg and other com-

onents in simplified electrode configurations [20-23] . How-
ver, these indirect methods cannot fully emulate the galvanic
orrosion of Mg in actual dissimilar material joints with more
omplex geometries. Another approach to evaluate Mg cor-
osion in dissimilar joints is to measure the corrosion mass
oss [21 , 24] . Note that mass loss is the result of general and
alvanic corrosion of Mg and other components in the joints,
o Mg corrosion dominated by the galvanic effect may not
e directly assessed. Therefore, a novel experimental design
hould be considered to permit the evaluation of Mg galvanic
orrosion in specific dissimilar joints. 

In the present work, a new methodology to study corrosion
ehavior was developed for the Mg alloy AZ31B joined to
 TS-CFRP by F-SPR. In this method, a pre-defined AZ31B
rea in the F-SPR joint produced measurable corrosion loss
uring immersion in 0.1 M NaCl solution. Galvanic corro-
ion of AZ31B driven by a steel rivet head was quantitatively
stimated by corrosion volume measurement and further an-
lyzed by corrosion potential and galvanic current measure-
ents. Optical microscopy was used to measure the corrosion

olume of AZ31B in the corroded F-SPR joints. X-ray to-
ography and scanning electron microscope (SEM) equipped
ith energy-dispersive spectroscopy (EDS) were also em-
loyed to characterize the corroded F-SPR joints. Lap shear
ensile testing was used to evaluate the mechanical strength of
ost-immersion (corroded) F-SPR joints, and fractographical 
haracterization was also conducted to investigate the failure
ode(s). 

. Materials and experimental methods 

.1. Materials 

In this work, TS-CFRP (Clearwater Composites, Min-
esota, USA) with a G-83 prepreg laminate reinforced with
0 wt.% of unidirectional carbon fibers (T700, Toray) was
sed as a top sheet. The stacking sequence of the car-
on fiber layers was [0 °/90 °] with nine plies, resulting in
 total thickness of 1.9 mm. An AZ31B sheet 2.36 mm
hick (Buymetal.com) was employed as the bottom ma-
erial. Japanese Industrial Standard G3507–2 carbon steel
SWCH18A) was used to fabricate the hexagonally shaped
ivet head (9.525 mm width). The rivet stem diameter and
eg length were 5.3 and 6 mm, respectively. A detailed draw-
ng and dimensions of the steel rivet and pip die can be found
n previous work [18] . Inductively coupled plasma–optical
mission spectrometry (ICP-OES) and combustion techniques 
ere employed to characterize the chemical makeup of indi-
idual materials for the present work; the results are summa-
ized in Table 1 . A summary of the mechanical and corrosion
roperties of each material are provided in Table 2 [18] . 

Water jet cutting was used to cut sheet materials into
oupons with dimensions of 25.4 mm width and 101.6 mm
ength for lap shear coupons. Then, reagent acetone and al-
ohol were used to clean the surfaces of the AZ31B, and the
S-CFRP coupons were sonicated with an ethanol solution.
inally, all coupons were dried at room temperature before
-SPR joining. 

.2. Description of F-SPR process and joint fabrication 

A description of the F-SPR process can be found in the au-
hors’ previous work [18] , and a brief description of the join-
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Fig. 1. A schematic of the lap shear joint configuration. The unit is mm. 

Table 3 
Summary of F-SPR parameters. 

Spindle rotational speed (rpm) 1500 
Downward plunge depth (mm) 6.12 
Downward plunge speed (mm/s) 2.86 
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ing process is provided as follows. First, an external plunging
axial force is used to drive a spinning rivet into a stacked
workpiece. During this process, frictional heat is locally gen-
erated between the rivet and the bottom sheet metal (i.e.,
AZ31B), leading to improved local ductility of the AZ31B.
Finally, the rivet leg flares out in the AZ31B based on the
supporting die geometry, leading to mechanical interlocking
in the workpiece. Fig. 1 illustrates a lap shear joint configura-
tion with a 25.4 mm overlap size. Based on previous F-SPR
trials, the joining process parameters summarized in Table 3
were selected with the highest lap shear failure load (˜5 kN)
[18] . The lap shear joint specimens were used for the subse-
quent corrosion study. 

2.3. Corrosion testing 

2.3.1. Corrosion exposure of pre-defined AZ31B in F-SPR 

joint 
To enable a quantitative assessment of Mg corrosion, a new

testing method was applied to the F-SPR joints to expose
the rivet head and pre-defined side sections of the AZ31B
for the 0.1 M NaCl immersion test. A specific tape mask-
ing technique was applied to the F-SPR specimens and to the
AZ31B side surfaces for corrosion exposure, as illustrated in
Fig. 2 a. The AZ31B area on one pre-defined side surface was
2.3 × 10 mm 

2 . An F-SPR lap joint during immersion testing
is schematically depicted in Fig. 2 b. After tape masking was
applied, the active surfaces in contact with the solution were
the two exposed sides of AZ31B (marked in Fig. 2 b), the
steel rivet, and the carbon fibers exposed on the sides of the
CFRP. Also note that the solution was drawn into the narrow
gap between the AZ31B and the CFRP by capillary force
during immersion, allowing corrosion exposure of the join-
ng section inside the gap. To measure the corrosion potential
E corr ) of an immersed F-SPR joint, a saturated calomel elec-
rode (SCE) was placed adjacent to the overlap section of the
oints. During immersion, the AZ31B side surfaces formed
 corrosion volume as a result of anodic dissolution of the
lloy by galvanic impact. The anodic dissolution of Mg from
his pre-defined area is similar to the experimental concept
sed for one-dimensional artificial pits in stainless steels in
hich a quantifiable corrosion volume and depth were pro-
uced [25 , 26] . A similar method was also adopted to investi-
ate galvanic corrosion of AZ31B and CFRP joined by steel
olting [27] . A side view of the corrosion volume formed on
he AZ31B exposure surfaces is presented in Fig. 2 c. After
mmersion testing, all F-SPR joints were cleaned ultrasoni-
ally in a deionized water bath and rinsed by reagent ethanol
nd water to remove corrosion products. 

The corrosion volume of AZ31B was calculated by the
heet thickness (2.3 mm) and the corroded area estimated by
n image analysis software. The calculated corrosion volume
as then converted to the anodic charge using the charge bal-

nce, density, and molar mass of Mg, + 2, −1.77 g �cm 

−3 and
4.3 g �mol −1 , respectively, and Faraday constant of 96,485
 • mol −1 . The anodic current was also determined from the
nodic charge divided by the immersion time. Meantime, the
lectrode area of AZ31B during the immersion increased as
he corrosion volume grew, so a nominal surface area (de-
cribed in the appendix) was used to estimate the anodic cur-
ent density. 

In addition to the corrosion volume measurement, dummy
ap specimens, which mimicked the actual F-SPR joints but
ith no connection between the AZ31B and the riveted CFRP,
ere used for galvanic current measurement. To prepare the
ummy lap specimens, the F-SPR joints were cut to sepa-
ate the AZ31B and riveted CFRP sheets, and then circular
 Ø = 12.7 mm) and 25.4 mm wide insulating tapes were ap-
lied on the mating surfaces of the AZ31B and CFRP, respec-
ively, as described in Fig. 3 a and 3 b. The separated AZ31B
nd CFRP were then re-assembled and tape-masked to ex-
ose the same AZ31B side surfaces and rivet head used in
he immersion testing of the actual F-SPR joints depicted in
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Fig. 2. Schematic descriptions of (a) the location of the AZ31B side surfaces for 0.1 M NaCl solution exposure and (b) the immersion testing with E corr 

measurement. (c) A photo image of corroded AZ31B in an F-SPR joint after 25 h of immersion. 

Fig. 3. Preparation and immersion testing of dummy lap specimens: (a) AZ31B mating surface with the location of the circular insulation tape, (b) a photo of 
AZ31B and CFRP mating surfaces after the application of insulation tapes, and (c) a schematic of galvanic current measurement from a dummy lap specimen. 
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Fig. 4. Immersion testing of a dummy lap specimen: (a) measured anodic current and E corr for 100 h and (b) a photo of the AZ31B mating surface after 
testing and cleaning. The mating surface clearly showed the corrosion volume and depth formed from the two exposed sides. . (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 2 a. The AZ31B and CFRP in the dummy lap specimens
were connected individually to a potentiostat in zero current
ammeter mode, and a reference SCE was placed near the
overlap section to monitor the E corr of the dummy lap spec-
imen, as shown schematically in Fig. 3 c. With the dummy
lap samples, it was possible to measure the galvanic current
between the rivet head and the AZ31B sheet in the same ge-
ometrical configuration as in the actual F-SPR joints. These
dummy lap specimens also formed a corrosion volume, en-
abling the estimation of anodic current by using the same pro-
cedure stated previously in this section. All immersion testing
was conducted at room temperature with loose plastic covers,
as illustrated in Fig. 2 b and Fig. 3 c, to allow access of air
but minimize the evaporation of the 0.1 M NaCl solution. 

2.4. Metallographic preparation 

The post-corrosion F-SPR samples were first mounted in
epoxy and then cut into halves to obtain cross-sections using
a diamond saw. The cross-sectioned samples were ground by
silicon carbide papers with 600, 800, 1200 grits and then
polished using diamond suspensions of 3 μm, 1 μm, and
0.5 μm. 

2.5. Characterization of post-corroded samples 

A digital optical microscope (Dino-Lite Edge, Taiwan) was
used to characterize the post-corrosion F-SPR samples. Di-
noXcope software was used to measure the corrosion depth
and volume for the corrosion-tested samples. 

X-ray tomography was employed to study the post-
corrosion F-SPR joints in three different viewing orientations
as a nondestructive evaluation method. X-ray scans were ac-
quired using a Zeiss Metrotom 800, operated at 180 kV with
a 220 uA beam current. This tungsten source x-ray micro-
cope achieved ˜15 um resolution using a 1 mm thick copper
lter. X-ray data were analyzed using a VGStudio Max 3.3
reated by Visual Graphics GmbH. 

SEM coupled with EDS (TESCAN Mira3) was used to
haracterize the cross-sectional view of the corroded F-SPR
oint. An accelerating voltage of 20 kV was set during SEM.
he elements Mg, Fe, O, and C were mapped with a scanning

ime of 4 min at the interfaces in the post-corroded samples.

.6. Static lap shear tensile testing of F-SPR specimens 

An MTS tensile machine was used to evaluate the joint
trength of post-corrosion F-SPR coupons. Lap shear tensile
esting was performed with a constant cross-head speed of
0 mm min 

-1 at room temperature. To minimize bending of
he specimen during lap shear tensile testing, spacers (25.4 by
5.4 mm) were used to hold the lap shear coupons to align
hem vertically between the grips. 

. Results and discussion 

.1. Corrosion characterization 

The anodic current and E corr of a dummy lap specimen
re presented in Fig. 4 along with a photo image showing
he mating surface of the specimen after immersion testing.
or 100 h of immersion testing, E corr gradually increased with

ime and was higher than the reported E corr of AZ31B alone,
1.55 V SCE in 0.1 M NaCl [28-31] , indicating that the AZ31B
n the dummy lap specimen was galvanically polarized. Mean-
hile, the measured anodic current increased for an initial
5 h and then decreased gradually to ˜2.2 mA afterward. The
mmersion testing of dummy lap specimens was conducted
hree times, once for 50 h and twice for 100 h. The aver-
ge measured anodic currents and initial/final E corr values are
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Table 4 
Summary of measured E corr and average anodic currents as well as the corrosion-volume–calculated anodic currents from three dummy lap specimens. 

Immersion time (h) E corr / V SCE Average measured 
anodic current / mA 

Calculated anodic current by 
corrosion volume / mA 

Note 

Initial Final 

50 −1.44 −1.35 2.73 4.69 
100 −1.43 −1.32 2.57 5.31 Shown in Fig. 4 

−1.43 −1.34 2.41 4.84 
Avg. of three data sets 2.49 ±0.11 4.66 ±0.19 Average ± std. deviation 

Fig. 5. Sequence of optical images for post-corrosion F-SPR joint (backside view) with different exposure times in 0.1 M NaCl solution; (a) 25 h, (b) 50 h, 
(c) 100 h, (d) 200 h, (e) 350 h, and (f) 500 h. Red dot line was added in the center of rivet joint to indicate how corrosion of AZ31B progressively reduces 
effective cross-sectional area at the rivet joint. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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ummarized along with the corrosion-volume-calculated an-
dic currents in Table 4 . The measured anodic current is about
3% of the corrosion volume–based anodic current. This is
he case because Mg anodic dissolution is balanced by a H 2 

eduction reaction not only on the steel rivet but also on the
g itself [32] , indicating that the evolution of H 2 on the Mg

urface accounted for the remaining 47% of anodic Mg dis-
olution. In the three measurements, the initial E corr values
ere similar, but the final E corr values were slightly higher

or 100 h than 50 h. 
Fig. 5 shows the examples of the corrosion volume formed

n F-SPR joints for 25–500 h of immersion testing, during
hich galvanic corrosion of AZ31B (red dotted box) caused
reater Mg loss with increasing exposure time. Overall, cor-
osion of AZ31B started from the pre-defined exposure loca-
ion and propagated into the joint. Red dot line was added
n the center of rivet joint to show the degree of corrosion
rogression in AZ31B. Up to 200 h of exposure time, the
oss of AZ31B found did not extend to the center of rivet
oint as indicated by red dot line in Fig. 5 a-d. Therefore,
ffective cross-sectional area at the rivet joint was not as dif-
erent from the non-corroded specimen. However, after 350 h
esting, reduction of effective cross-sectional area at the rivet
oint was observed in Fig. 5 e-f. For example, 5˜5.6 mm of
orrosion depth was found from edge of coupon to the cen-
er of rivet joint at 500 h. This loss of AZ31B at the joint
ffectively decreased the joint integrity as described in the
ollowing section. 

The increasing corrosion volumes of AZ31B from the ex-
osed F-SPR joints are plotted in Fig. 6 a as a function of
xposure time. In addition, the anodic current and current
ensity, calculated from the corrosion volume data and plot-
ed in Fig. 6 b, decreased with immersion time. The calculated
urrent density at 500 h was about 45% of the current density
t 25 h, indicating that the dissolution rate of Mg at the cor-
oding interface decreased as the corrosion volume and depth
ncreased. The reduction in Mg dissolution was presumably
aused by an increased solution ohmic drop as the corroded
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Fig. 6. F-SPR joint immersion testing results: (a) corrosion volume and (b) calculated anodic current and current density as a function of immersion time. 

Table 5 
Summary of measured E corr from F-SPR joint immersion testing. 

Immersion 
time (h) 

E corr / V SCE �E corr (final-initial) / 
mV 

Initial Final 

25 −1.45 −1.42 30 
50 −1.44 −1.37 70 

−1.43 −1.35 80 
100 −1.44 −1.31 130 
200 −1.45 −1.28 170 
350 −1.43 −1.26 170 
500 – −1.23 –

– −1.26 –
– −1.27 –
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volume of AZ31B was occupied by solid phase corrosion
products. The measured E corr during the immersion testing
of the F-SPR joints is summarized in Table 5 . The initial
E corr ranged from −1.43 to −1.45 V SCE , similar to the values
measured from the dummy lap specimens (see Table 4 ). E corr 

increased with time to 200 h but there was no further increase
afterward, as seen from the �E corr values. The values of final
E corr were similar between 350 and 500 h. The increase in
E corr is again considered to occur as a result of the increased
ohmic drop from the buildup of solid corrosion products. 

For 50 and 100 h immersion testing, the anodic currents for
the F-SPR joints in Fig. 6 b were higher than the current cal-
culated from the corrosion volume of the dummy specimens
( Table 4 ), but their E corr values were not notably different
from each other ( Table 4 and Table 5 ). With the similar E corr 

of AZ31B in the F-SPR joints and dummy specimens, it is
reasonable to assume the following: 

η1 + I 1 R 1 ≈ η2 + I 2 R 2 (1)

where ƞ is the overpotential applied to AZ31B, I is galvanic
current between AZ31B and the steel rivet, R is the total
resistance for the galvanic current flow, and the subscripts
1 and 2 indicate that the values are for F-SPR joints and
dummy samples, respectively. With higher anodic currents for
AZ31B in the F-SPR joint, ƞ1 and I 1 should be greater than
2 and I 2 , meaning that R 2 must have been greater than R 1 

o satisfy Eq. (1) . Both R 1 and R 2 must have very similar
olution resistance components, implying that the solid path
esistance component was greater in the dummy samples. This
nference is reasonable, as the solid conduction path in the
ummy samples was through carbon fibers and electric wires
ithout direct contact between the AZ31B and the steel rivet

as was the case in the F-SPR joints). 
The corrosion current density data from this work and from

he literature are compared for AZ31B and unalloyed Mg
n Fig. 7 . The lowest value of the corrosion current density,
7.2 mA �cm 

-2 , in this work was about 48 times greater than
he highest current density value from the literature, ˜0.15
A �cm 

−2 , giving a quantitative measure of the lower-limit
alvanic influence for AZ31B in the F-SPR joint configura-
ion. More generally, it can be said that AZ31B galvanically
oupled with a bare steel rivet in F-SPR lap joints corrodes 2–
 orders more than in the same alloy without galvanic polar-
zation [31 , 33 , 34] . Meanwhile, the corrosion current densities
f unalloyed Mg were slightly lower than those of AZ31B in
he compared literature data [35-37] . 

.2. Characterizations of corroded F-SPR joints 

Fig. 8 shows X-ray tomographic images for an F-SPR joint
fter 500 h of corrosion, at three different viewing orienta-
ions. Fig. 8 a depicts massive galvanic corrosion of Mg (yel-
ow dotted lines), which is correlated with a joint that un-
erwent corrosion for 500 h ( Fig. 5 f). A cross-sectional view
f the corroded F-SPR joint is shown in Fig. 8 b and 8 c in
ifferent viewing planes (z-y and x-z planes). In Fig. 8 b, it is
een that both edges of the AZ31B (yellow dotted boxes) sig-
ificantly corroded as the area was directly exposed to 0.1 M
aCl. However, there is no obvious corrosion of the steel rivet

nd the AZ31B at the left side (red dotted circle, labeled “1 

′′ )
nd the right side of the joint (orange dot circle, labeled “2 

′′ ).
his result could be due to the limited corrosion solution in-
ltration into the joint area because of the tight gap tolerance
etween the TS-CFRP and AZ31B. Also, mechanical inter-
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Fig. 7. Comparison of corrosion current for AZ31B under galvanic influence in F-SPR joints (this work) and with no galvanic influence (31, 33, 34). The 
corrosion current of unalloyed Mg without galvanic impact (35–37) is also included. Five literature corrosion currents were measured in 0.1 M NaCl open 
to air at room temperature, but one data (37), converted from 0.3 mm •y −1 for high purity Mg in concentrated NaCl solutions, was deduced from multiple 
literature. . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. X-ray tomographic images for 500 h corroded F-SPR joint at different viewing orientations: (a) x-y plane, (b) y-z plane, (c) x-z plane. 
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t  
ocking between the flared rivet leg and the bottom AZ31B
heet is observed in Fig. 8 b and 8 c. The interlocking distance
as approximated 0.5 mm from our recent work [18] . This

nterlocking distance is the most important joint strength fac-
or because it governs the locking strength between the rivet
nd the bottom sheet. Detailed characterization was conducted
sing SEM with EDS at the left side of the joint (red dotted
ircle) and is discussed in the following section. 

A cross-section of the F-SPR joint after 500 h of corrosion
as characterized by SEM with element maps at the left side
f the joint interface (TS-CFRP – steel rivet – AZ31B), as
reviously shown in Fig. 8 b (red dotted circle). In Fig. 9 a,
he SEM image clearly shows the joint interface with three
aterials: TS-CFRP, steel rivet, and AZ31B. First, part of the
Z31B was embedded into the TS-CFRP layer when the steel

ivet plunged into the AZ31B. Second, there was no obvious
orrosion of the steel rivet, potentially because of the limited
lectrolyte access into the joint. This finding agrees with the
bservation from x-ray tomography in Fig. 8 b and 8 c. Next,
arbon fibers dripped into the joint interface between the steel
ivet and the AZ31B because of the joining process (i.e., ro-
ating and plunging motion of the rivet), producing a quite
omplex joint interface with intermixed materials. Finally, no
ignificant corrosion of AZ31B was observed at the joint in-
erface. There is physical contact between the steel rivet and
he AZ31B; however, the limited access of the corrosion so-
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Fig. 9. SEM images with element maps for 500 h corroded F-SPR joints. (a) SEM image at the joint interface as shown in Fig. 8 b, (b) overlay image of 
single elements (C, Fe, Mg, and O), (c) element map for C, (d) element map for Fe, (e) element map for Mg, and (f) element map for O. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Summary of mechanical joint strength for post-corroded F-SPR 

joints at different exposure times. 

l  

u  
lution into the joint, due to the tight gap between the AZ31B
and TS-CFRP, practically limited the formation of a galvanic
circuit at the joint interface. Note that another type of me-
chanical fastener, an SPR similar to that used in the current
joining process, has the capability to achieve watertight joints
by tightly clamping the materials during the joining process
[38] . On the other hand, the exposure areas on both sides
of the AZ31B, as preciously shown in Fig. 5 and Fig. 8 a,
were significantly corroded as a result of galvanic coupling
and direct exposure to the 0.1 M NaCl solution. 

3.3. Mechanical joint strength for post-corroded F-SPR 

joints and fractography 

The mechanical joint integrity of the F-SPR joint under
different corrosion exposure times was evaluated by lap shear
tensile testing. Fig. 10 summarizes the averaged peak failure
oad at different testing times. The average lap shear fail-
re load for an uncorroded F-SPR joint was around 5 kN
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Fig. 11. Fractography of post-corroded F-SPR joints at different corrosion testing times after lap shear tensile testing. (a) 25 h, (b) 50 h, (c) 100 h, (d) 200 h, 
(e) 350 h, and (f) 500 h. Yellow dotted boxes at both edges of the AZ31B are corroded areas. The rivet joint is indicated by a yellow arrow. White corrosion 
product (black arrow) is seen at the joint. Cracking (red arrow) on AZ31B was seen for 350 h and 500 h exposure times. . (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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L  
18] . In general, nearly 90% of the averaged peak fracture
oad was retained during testing for up 200 h. Then, the joint
trength started to decrease from 350 h of exposure time, and
3.4% of the strength of the untested F-SPR joint remained.
inally, 65% of the original F-SPR joint strength was retained
t 500 h. This decrease of joint strength can be related to the
eduction of effective cross-sectional area at the rivet joint as
llustrated in Fig. 5 . However, Fig. 9 shows no significant cor-
osion at the joint interface. Therefore, the fracture surfaces
f the F-SPR joint were evaluated. 

A summary of fractography images at the mating joints is
rovided in Fig. 11 . As the corrosion exposure time increases,
oth edges of the AZ31B show greater corrosion loss. How-
ver, as shown in Fig. 11 a–d, the failure mode of the F-SPR
oints for up to 200 h was not changed from that of the un-
orroded F-SPR joints (i.e., AZ31B pullout, indicated by the
ellow arrow in Fig. 11 a, due to the strong mechanical in-
erlocking between the flared rivet leg and the AZ31B. This
s because the loss of AZ31B did not impact the effective
ross-sectional area at the rivet joint (red dot line in Fig. 5 )
p to 200 h as discussed previously. A white corrosion prod-
ct (black arrow) on the AZ31B and TS-CFRP surfaces was
een at the edges, but no significant amount of corrosion prod-
ct was found at the joint. The white corrosion products must
e the mixture of Mg oxide and hydroxides that were com-
only found on corroded AZ31B [39-41] . Again, the tight

ap between the TS-CFRP and AZ31B was considered to
ave limited the infiltration of the corrosion solution into the
oint. Thus, no significant joint strength reduction was found
ntil after 200 h of exposure time. However, cracking (red
rrow) was observed away from the joint after 350 and 500 h
xposure time, as seen in Fig. 11 e and 11 f. This cracking is
elated to massive galvanic corrosion of AZ31B at the joint,
esulting in a great reduction in the effective cross-sectional
rea at the joint. Also, localized corrosion of AZ31B may
ave created several crack initiation sites during the lap shear
ensile testing and resulted in crack propagation into the joint
rea. Thus, after 350 h of immersion in the solution, the F-
PR joint strength started to degrade because the effective
oint volume of the AZ31B was greatly reduced. 

The present works provides a unique methodology to quan-
itively study the galvanic corrosion of Mg alloy with the
ther materials (e.g., steel rivet and CFRP) in the actual dis-
imilar material joints. This protocol can be used to inves-
igate the impacts of coating and other mitigations efforts
o improve the galvanic corrosion resistance, directed to the
Z31B, the CFRP, and the steel rivet. 

. Conclusion 

In the present work, a new method was introduced for
uantitative investigation of galvanic corrosion attack on
Z31B by other materials (i.e., steel rivets and TS-CFRP)

n F-SPR joints. The corrosion current densities of AZ31B
nder galvanic impact was determined by measuring the cor-
osion volume, which was at least 48 times greater than the
orrosion current density with no galvanic coupling. X-ray
omography and SEM characterizations for post-corroded F-
PR joints revealed that the inter-joint area was not signifi-
antly corroded because the solution had limited access into
he tight gap between the TS-CFRP and AZ31B in the joint.

echanical joint integration was retained at almost 90% of
hat of the original F-SPR joint for testing up to 200 h. How-
ver, the strength of the F-SPR joint started to decrease after
50 h of exposure because of the large volume loss of AZ31B
n the joint. The failure mode of corroded F-SPR joints was
ullout of AZ31B until after 200 h of exposure, which was
he same failure mode as for uncorroded F-SPR joints. Sub-
equently, the failure mode of corroded F-SPR joints changed
o base AZ31B failure as a result of massive loss of AZ31B
olume in the joint. 
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Appendix 

The nominal surface area of AZ31B during corrosion was
estimated using the corrosion depths described in Fig. A1 .
The surface area at the end of the corrosion exposure was
estimated as 2.3 mm × (d 1 + 10 mm) for one side and
2.3 mm × (d 2 + 10 mm) for the other side, making the
total area 2.3 mm × (d 1 + d 2 + 20 mm). The initial and
final areas, 46 mm 

2 and 2.3 mm × (d 1 + d 2 + 20 mm),
respectively, were averaged to define the nominal surface area
as 1.15 mm × (d 1 + d 2 + 40 mm). Note that the AZ31B
area in the mating surface was not considered for the nominal
surface area because the rate of Mg dissolution on the mating
surface was considered to be much lower than the dissolution
rate on the side surfaces. 

Fig. A1. A schematic description of corroded Mg in an F-SPR joint with
the measured depths, d 1 and d 2 , used to calculate the nominal surface area
for anodic current density calculation. . 
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