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a b s t r a c t

The effects of primer and annealing treatments on the shear strength between anodized Ti6Al4V and
epoxy were investigated. Primer coating improved the shear strength between anodized Ti alloy and
epoxy by up to 81.3% using concurrent curing compared with that of control specimens. After annealing
of anodized Ti alloy and applying primer, the shear strength of the specimen was further increased by
6.4% due to the formation of stable TiO2 transferred from TiO in the anodization process. SEM analysis
revealed the specimen without primer and annealing treatments showed adhesive failure between
epoxy–alloy interface and discontinuous cohesive failure of epoxy. Primer coating initiated a new
interfacial failure mode between the oxide layer and alloy due to the improved bonding strength
between epoxy and oxide layer. In addition, annealing and primer treatments generated large tracts of
epoxy continuous cohesive failure, showing good agreement with its higher shear strength and work of
fracture.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Ti6Al4V is currently widely used for marine components, steam
turbine blades, structural forgings, and fasteners, due to its
desirable properties such as high fatigue strength, machinability,
weldability, and corrosion resistance [1]. One of the most impor-
tant applications are titanium-based fiber-metal laminates (FML),
which have advantages of combined benefits from Ti alloy and
fiber reinforced plastic (FRP) composites [2–5], including durabil-
ity and fire resistance, reliable anti-permeability, high specific
strength and stiffness, diverse failure modes, among others. Thus
this kind of composite has drawn substantial attention from the
offshore industry, for example deepwater risers being an alter-
native to the existing steel catenary risers in our project. However,
to achieve the above desired properties, Ti–FRP interface property
plays the critical role in determining the overall performance of
the hybrid Titanium-based fiber-metal laminates. Especially for
deepwater operation, interface between Ti and FRP is more
susceptible to the harsh chemical and mechanical marine envir-
onments, which is one of the biggest concerns on this kind of
composite. Until now, many kinds of mechanical, chemical, elec-
trochemical and energetic surface treatments have been devel-
oped, such as abrasion and grit blasting [6–8], etching [9–12],

coupling agent [13,14], plasma-spray and laser treatment [15–17],
sol/gel methods [18,19], anodization [20–27], microarc oxidation
[28,29], laser shock peening [30], among others, to prod-
uce a strong and durable adhesive joint between Ti alloy and
composites.

In our recent research we reported that anodization of Ti6Al4V
in sodium hydroxide based electrolyte at 40 1C was an efficient
method to enhance shear strength and work of fracture between
Ti6Al4V and epoxy [31]. And both parameters were increased by
317.2% and 533.6%, respectively, compared to those of untreated
specimen. However, interface failure between anodized Ti6Al4V
and epoxy was observed which indicated the bonding strength can
still be optimized. Primer might be a possible solution [32–37].
Works done by Rider et al. [38] proved that addition of primer was
an efficient methods to improve toughness and durability of
bonded aluminum joints. And Brack et al. [39] reported that the
addition of a thin primer film to the titanium slowed degradation
rates and led to higher fracture toughness at longer humid-
exposure times.

In this paper, aiming to further enhance the interface proper-
ties, primer together with annealing treatments of the anodized
Ti6Al4V was applied and their effects on the mechanical proper-
ties and multiple cohesive and adhesive failure behaviors were
investigated. This provides a scalable approach and direct refer-
ence for designing and manufacturing our Ti–FRP hybrid compo-
site structure for marine and offshore applications.
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2. Material and experimental procedure

2.1. Materials

The metal adherends used in the experiment are Ti6Al4V alloy
(Grade 5) which was composed of α-Ti and β-Ti. They were ground
with sandpapers of P800, P1200, P2400, P4000 and SiO2 polishing
paste consecutively, ultrasonically washed with distilled water and
acetone, finally dried for anodization. The anodization was carried out
in sodium based electrolyte at 40 1C for 15 min. The electrolyte was
prepared from the solution of NaOH (7.5 M), Na2C4H4O6 �2H2O (0.2 M)
and EDTA (0.1 M). A DC power unit was employed to generate voltage
of 15 V. A water bath was used to keep the anodizing temperature to
be 40 1C. The Ti plate was used as the anode and a thin stainless steel
foil was used as the counter electrode.

The preparation of single-lap-joint specimens are the same as
described in literature [31]. After anodization, thermal annealing
treatment on one batch of Ti6Al4V specimens was performed at
500 1C in air for 5 h. Table 1 shows the mechanical properties of
Ti6Al4V before and after annealing at 500 1C for 5 h. After anneal-
ing, there are slightly increases in yield strength, ultimate strength
and modulus.

Bisphenol-F epoxy resin (DER 354, Dow Chemical) was used as
polymer adhesive, hardened by amine based curing agent (EPO-
LAM 5015, Axson). Epoxy resin was mixed with hardener for 5 min
and then degassed for 15 min in a vacuum oven before application
to the Ti surface.

The primer used in this investigation was BR-127 (Cytec Industries
Inc.), a kind of epoxy/phenolic resin diluted in 2-butanone and 2-
ethoxyethanol. The primer film was prepared on the Ti6Al4V alloy
surface by spin-coating technology with a rotational speed of 400 rpm.
The thickness of the primer coating was 3–5 μm, which was measured
by Coating Thickness Gages (PosiTector 6000).

Epoxy resin was carefully spread on the specimens without
introducing air bubbles. Align the test specimens such that the
overlap is 2570.25 mm. After cleaning away the excess epoxy
resin, the specimens were cured at 35 1C for 24 h, 50 1C for 24 h,
and 120 1C for 30 min in the oven. The thickness of the epoxy layer
in the cured specimen is 0.4 mm. During the preparation process,
no pressure was applied when forming the joints.

The Ti6Al4V-epoxy without primer were denoted as S-WP; the
one with primer cured at 120 1C for 30 min before and after the
application of epoxy, were denoted as S-P; and the one with
primer and cured at 120 1C for 30 min after the application of
epoxy, were denoted as S-P120.

2.2. Surface characterization

The morphologies of the specimens coated with gold were
examined by field emission gun scanning electron microscopy
(FEG-SEM, JEOL JSM7600F) equipped with an EDX detector,
operated at 20 kV for EDX analysis and backscattered electron
imaging. An X-ray photoelectron spectroscopy (XPS, Axis-ultra,
Kratos) was used to detect the chemical composition of the oxide

layers. In the XPS experiment, an Al Kα X-ray source was used at
15 kV and 10 mA. The measured binding energies were calibrated
by the C 1s (hydrocarbon C–C, C–H) of 285 eV.

2.3. Apparent shear strength

Apparent shear strengths were measured using a universal
testing machine (Instron 5569) according to ASTM D1002 with the
modified specimen size of 14 mm�100 mm�2 mm. Different
joint areas were used, i.e., 14 mm�25 mm in section of effects
of primer (Section 3.1) and 14 mm�14 mm in section of effects of
annealing treatment (Section 3.2). Specimen geometries are
shown in Fig. 1. The testing speed was 1.3 mm/min. Load–dis-
placement curves were recorded for further analysis. Work of
fracture was calculated by the area in the load–displacement
curves. Six specimens were used for each testing condition and
average values with standard deviations were finally reported.

3. Results and discussion

3.1. Effects of primer on the shear strength between Ti6Al4V and
epoxy

Fig. 2 shows the SEM and selected-area EDX results of the
anodized Ti6Al4V with primer coating. Fig. 1(b)–(d) indicates the
elemental distribution in the selected area in (a), and they
correspond to the EDX results of Ti, Al and C via area scanning.
According to the EDX results, In the SEM image the gray domains
correspond to the Ti6Al4V substrate, while the dark ones corre-
spond to the primer. Thus the Ti alloy was discontinuously covered
by the primer coating.

Fig. 3 presents shear strength and load–displacement between
Ti6Al4V-epoxy before and after the application of primer. For both
polished Ti6Al4V and anodized Ti6Al4V, after the application of
primer coating, shear strength was improved significantly. Mean-
while, optimized curing strategy can further increase the shear
strength. Taking the anodized Ti6Al4V-epoxy for example, shear
strength of S-WP was only 8.0171.09 MPa. After the application of
primer, shear strength of 12.1471.2 MPa was obtained, which was
notably improved by 51.6% with respect to that of S-WP. A distinct
maximum of 14.5270.86 MPa was achieved for the specimen S-
P120 using optimized curing strategy, which was higher than that of
S-P by 19.6% and higher than that of S-WP by 81.3%. Typical load–
displacement curves also showed that maximum load was achieved
for sample using primer and optimized curing strategy (S-P120).
Meanwhile, S-P120 also exhibited much higher work of fracture than
S-WP by comparing their respective areas in the load–displacement
curve. The shear strength of Ti-epoxy in this investigation was much
lower than �37 MPa, which was reported by Palmieri et al. [40]. This
might be due to different mechanical properties of the resin (PETI of
high toughness vs. brittle EPOLAM 5015) and failure modes of the
system as discussed below.

Table 1
Mechanical properties of Ti6Al4V (Grade 5) before and after annealing at 500 1C for
5 h.

Ti6Al4V
Yield strength

(MPa)
Ultimate Strength

(MPa)
Modulus of elasticity

(GPa)

Before
annealing

910738 1000746 114711

After
annealing

928742 1020752 11679

14 25

100

14 14

100

Fig. 1. Ti-epoxy specimen geometries (the black areas refer to the joints) (unit:
mm).

P. He et al. / International Journal of Adhesion & Adhesives 57 (2015) 49–5650
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Fig. 2. SEM images of anodized Ti before (a) and after primer coating (b), and selected-area EDX results of Ti (c), Al (d) and C (e) of the squared area in (b).

Fig. 3. Mechanical properties of Ti-epoxy joints: (a) shear strength (Ti columns refer to joints using polished Ti adherends, and anodized Ti columns refer to joints using
anodized Ti adherends); (b) typical load–displacement curves of joints using anodized Ti.

10 m 

10 m 10 m 

Fig. 4. Fractographs of the specimen (near to the Ti6Al4V side) after shear tests: (a) S-WP, (b) S-P, (c) S-P120, (d) percentages of epoxy cohesive failure area of each specimen.
(Notes: “A” denotes interface adhesive failure between epoxy and anodic film, “B” denotes epoxy cohesive failure, and C denotes TiOx failure.).
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Fig. 4 shows the SEM images of the fracture surface of the anodized
Ti6Al4V-epoxy before and after primer application and EDX analysis,
as shown in Fig. 5, to determine the failure modes. For S-WP, as

discussed in our recently published paper [31], the following two
failure modes occurred: (1) discontinuous cohesive failure within
epoxy, which was proved by the distribution of epoxy (as indicated

Fig. 5. EDX results from the fractograph: parts (a)–(c) corresponded to the area A–C in Fig. 3, respectively.

100 m µ

Fig. 6. Fractograph (SEM image) of the specimen S-P120 after shear tests (near to the epoxy side), and parts (a) and (b) corresponded to the EDX results of A and B areas, respectively.
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in the “A” area in Fig. 4(a), and they were identified by the EDX result
shown in Fig. 5(a)); (2) adhesive failure between epoxy and Ti–O,
which was confirmed by the emerging of anodic film (as indicated in
the “B” area, and was identified by the EDX result in Fig. 5(b)).
However, after application of primer, a new failure mode appeared as
indicated in “C” areas in Fig. 4(b) and (c). EDX analysis, as shown in
Fig. 5(c), proved only Ti and Al were detected in area C, indicating the
oxide layer was peeled-off during the fracture process. Therefore, C
areas corresponded to failure between anodic film-Ti substrate (TiOx–

Ti) interface or within TiOx. Meanwhile, as shown in Fig. 6, SEM image
from the epoxy side clearly confirmed the TiOx pieces, which
were peeled off from metal, were attached to the epoxy surface.
Fig. 4(d) shows the percentages of epoxy cohesive failure area
through image analysis in S-WP, S-P and S-P120. S-P showed a
higher epoxy cohesive failure area than S-WP, and S-P120
showed the highest one. However, in Palmieri’s investigation,
the Ti-epoxy systems failed mainly in PETI cohesive failure rather
than adhesive failure, which resulted in much higher shear
strength than those in our investigation.

Based on the analysis of failure mode, it can be deduced that
the increase of shear strength and different failure modes should
be attributed to the following two reasons:

(1) Primer seems to increase bonding strength between epoxy
and anodic film on the Ti6Al4V. This might be due to the much
lower viscosity of primer (�50 mPa·s) than that of epoxy
(�1000 mPa·s). For its low viscosity, wettability between
primer and anodic film is much better than that of epoxy-
anodic film. Fig. 7 shows the contact angle between Ti and
epoxy. It proved that after the application of primer, contact
angle reduced from 59.31 to 49.41, indicating better wettability
of primer to epoxy. The work of Roche proved that chemical
bonding of epoxy system to Ti substrate can be formed by
interfacial interdiffusion. Meanwhile, the main composition of
the primer is a kind of phenolic epoxy, thus bonding strength
between primer and the epoxy resin is also better than that of
epoxy-anodic film. Therefore, the primer seems to act as an
interface layer, which enhanced the bonding strength between
epoxy-anodic film.

(2) The epoxide group content in the primer also played a key role
in determining the shear strength between Ti6Al4V and epoxy.
The epoxide group in the primer can react with the hardener

in the epoxy resin, thus increases the chemical bonding
strength between primer and epoxy. Fig. 8 and Table 2 show
the C XPS results of the primer before and after curing at
120 1C. After curing at 120 1C, the epoxide group content in the
primer significantly decreased as compared to that without
curing at 120 1C. Fig. 9 further provides the IR results from
primers before and after curing at 120 1C. The intensity of peak
at 910 cm�1 significantly reduced after 120 1C curing, which
proved the decrease in epoxide group after 120 1C curing.
Therefore, bonding strength between primer and epoxy in S-
P120 is much higher than that in S-P, which led to higher shear
strength between Ti6Al4V and epoxy.

Fig. 7. Contact angle between Ti and epoxy: (a) S-P, (b) S-WP.
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Fig. 8. XPS spectrum of primer before and after curing at 120 1C.

Table 2
Peak parameters of the standard XPS spectra of the anodized Ti6Al4V samples and
primer.

Species Binding energy (eV) Referenced value

TiO 455.8 455.4–455.8 [43]
TiO2 459.1 459.0–459.2 [43]
C–O 285 284.9 [44]
C–C 286.8 286.6 [44]

600 800 1000 1200 1400 1600
Wavenumbers (cm-1)

 Before 120oC curing

 After 120oC curing

910

Fig. 9. IR results of pure primer before and after curing at 120 1C.
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3.2. Effects of annealing treatment of anodized Ti alloy on the shear
strength

As discussed in the above, the application of primer can greatly
enhance the shear strength between anodized Ti6Al4V and epoxy.
However, TiOx failure occurred within TiOx or between TiOx–Ti
substrate, which indicated the bonding strength between anodic
film and Ti substrate was poor. Xiong el al. reported that the
adhesion of anodic film to Ti substrate improved greatly by
annealing at 500 1C, due to changed chemistry of the interface
[27]. Therefore, in our investigation, annealing was carried out in
order to improve bonding strength of anodic film to the substrate.
Fig. 10 and Table 2 show the Ti XPS results of the anodic film
before and after annealing treatment at 500 1C in air for 5 h. For
the anodic film before annealing treatment, it was composed of
both TiO and TiO2. While after annealing treatment TiO trans-
formed into TiO2, which played predominant role in the anodic
film. So it can be deduced that after annealing treatment there was
more Ti–O bonds formed in the interface between anodic film and
Ti, which would lead to the improved adhesion between the
anodic film and the substrate.

Fig. 11(a) and Table 3 show the shear properties of Ti6Al4V-
epoxy using anodized Ti6Al4V before and after annealing treat-
ment. It can be observed that shear strength of the specimen using
anodized and annealed Ti6Al4V was 19.3670.65 MPa, which was
6.4% higher than that of specimen using only anodized Ti6Al4V,
18.2071.63 MPa. Although work of fracture showed similar
increasing trends to the shear strength, it was greatly enhanced
by 60.4%, from the initial 8.1470.89 kJ/m2 to 11.4471.09 kJ/m2.
Meanwhile, fracture strain of the specimen was also increased by
63.6%, as compared with the specimen using anodized Ti6Al4V
before annealing treatment.

Typical load–displacement curves from the single-lap-joint shear
tests are shown in Fig. 11(b). They showed similar increasing trends
but different extensions and peak loads. Both curves can be divided
into two stages: (I) the initial elastic region associated with elastic

deformation of the epoxy, and (II) the non-linear region associated
with epoxy plastic deformation, cohesive failure and/or oxide layer
failure. It was obvious that specimen using anodized and annealed
Ti6Al4V showed much larger extension at break, which might be
attributed to the higher epoxy cohesive failure area.

Figs. 12 and 13 present the SEM images of the detached
surfaces after shear tests of specimens using anodized Ti6Al4V
before and after annealing treatment. Similar to the aforemen-
tioned analysis, specimen using anodized Ti6Al4V before anneal-
ing treatment fractured in epoxy cohesive failure, epoxy-TiOx

interface adhesive failure and TiOx failure modes, as shown in
Fig. 12. However, for the specimen using anodized and annealed
Ti6Al4V, TiOx failure area decreased substantially (as shown in
Fig. 13(b) and (B)), and large tracts of epoxy continuous cohesive
failure occurred, as indicated in Fig. 13(a), (A) and (C). Therefore,
during shear test of specimen using anodized and annealed
Ti6Al4V, cracks mainly propagate within the epoxy, leading to
much higher fracture strain and work of fracture than those of
specimen using anodized Ti6Al4V.

It should be pointed out that failure modes of single lap joints
with ductile adherends are different from that with high strength

0.0 0.2 0.4 0.6 0.8 1.0
0

1000

2000

3000

4000

5000

(II)

Lo
ad

 (N
)

Displacement (mm)

 Without annealing
 500oC annealing

(I)

12

14

16

18

20
 Shear strength

W
or

k 
of

 F
ra

ct
ur

e 
(k

J m
-2

) 

A
pp

ar
en

t S
he

ar
 S

tre
ng

th
 (M

Pa
)

0

3

6

9

12

15

After annealing at 500oC

 Work of fracture

Before annealing

Fig. 11. (a) Shear strength and work of fracture of specimen using anodized
Ti6Al4V before and after annealing treatment; (b) typical load–displacement curves
of both specimens.

Fig. 10. XPS results of Ti element in the anodic film before and after annealing
treatment.

Table 3
Mechanical property of the specimens using anodized Ti6Al4V and the one using anodized and annealed Ti6Al4V.

Specimen Apparent shear strength (MPa) Work of fracture (kJ m�2) Fracture strain (mm/mm)

Anodized 18.2071.63 8.1470.89 0.027570.0050
Anodized and annealed 19.3670.65 (6.4%) 11.4471.09 (60.4%) 0.045070.0058 (63.6%)

Note: The percentages in the brackets are the changes compared with the anodized specimens as listed in the second line in this table.
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adherends, as indicated in Professor Adams’s researches on joints
with both aluminum and high strength steel [41,42]. However, in
our investigation, all the metal adherends before and after
annealing presented similar yield strength (910–928 MPa), which
were much higher than the hypothetically ultimate tensile
strength (181.5 MPa) in our test according to Eq. (1). This indicated
that during shear test only elastic deformation occurred in all the
Ti adherends. Therefore, in this investigation, variation of yield
strengths of both annealed and unaealed Ti adherends affected
failure modes very little.

σt ¼
P
bt

ð1Þ

where σt is the hypothetical tensile strength, P is the applied load,
b is the joint width, and t is the adherend thickness.

4. Conclusions

In this paper, effects of primer and annealing treatments on
the shear strength between anodized Ti6Al4V and epoxy were
investigated and fracture mechanisms were analyzed. The main
conclusions could be drawn as below:

1. The shear strength for the specimen using anodized Ti6Al4V
with primer was improved by 51.6% as compared with that of

100 m 10 m 

A

B 
C

10 m 100 mµ µ

µµ

Fig. 12. Fractographs of specimens using anodized Ti6Al4V before annealing treatment: (a)–(b) Ti side, (c)–(d) epoxy side. Notes: “A” denotes interface adhesive failure
between epoxy and anodic film, “B” denotes epoxy cohesive failure, and “C” denotes TiOx failure.

20 m 

20 m 

20 m 20 m

A 

B 

C 

100 m

µµ

µ

µ

µ

µ

Fig. 13. Fractograph of specimens using anodized and annealed Ti6Al4V: (a) Ti side; (A)–(C) were the magnified images of areas “A”–“C”; (b) epoxy side.
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untreated specimen. In addition, shear strength can be further
enhanced by 19.6% by optimized curing strategy. Compared
with the adhesive failure between epoxy–alloy interface and
discontinuous cohesive failure of epoxy in the untreated speci-
men, anodic film failure occurred in the specimen with primer,
which can be explained by the increased bonding strength
between epoxy-anodic film.

2. The specimens after anodizing, annealing and primer treat-
ment, showed the best performances in shear strength, work of
fracture and extension at break by 6.7%, 60.4% and 63.6%,
respectively, compared to specimen without annealing treat-
ment. The increased mechanical properties were attributed to
the large areas of continuous epoxy cohesive failure.
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