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Abstract Fiber Bragg grating (FBG) sensor is a preferred carrier for information
transmission and sensing of smart metal structures. The electroplated nickel FBG is
embedded in a direct or indirect way and welded by ultrasonic welding to research
the rapid prototyping and sensing properties of the titanium alloy intelligent
structural parts. The experiment of embedding electroplated nickel FBG into tita-
nium alloy in the direct way shows that titanium alloy is not suitable for embedding
matrix. The experiment of embedding electroplated nickel FBG in the indirect way
shows that the figure of FBG temperature sensitivity is 2.13 times larger than that of
original bare fiber grating, and is 1.11 times larger than that of direct way. This fact
means that embedding metallized FBG into the titanium alloy structure in the
indirect way is an effective way.
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1 Introduction

Owing to the unique properties, fiber Bragg grating (FBG) has been widely used in
civil engineering, aerospace, shipbuilding, petrochemical and other fields [1]. In
view of the advantages of energy conservation, environmental protection, easy
operation and fast welding of ultrasonic welding [2], embedding FBG sensor into
titanium alloy has a great research value to realize intelligent structure which can
perceive the external environment [3]. Considering that the main component of
ordinary fiber is quartz, and the strength especially the shear stress is poor, it
becomes more fragile after coupling of the fiber grating sensor which is likely to
cause damage to the fracture under the ultrasonic vibration [4, 5]. Therefore, it must
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be effectively protected before being embedded into titanium alloy. This paper
introduces the metal protection method of FBG sensor in detail. Finally, the FBG is
embedded according to the optimized process parameters of ultrasonic welding of
titanium alloy, and the FBG embedded into titanium alloy is tested to determine
whether it loses efficacy after being embedded [6].

2 Related Work on FBG

FBG is the most common fiber grating which belongs to the typical wavelength
modulation type optical fiber sensor [7]. It uses the optical fiber writing technology
to form a space phase grating with the core refractive index periodically changed
along the fiber axes. The schematic diagram of the FBG sensor is shown in Fig. 1.
When the broadband light wave transmits in the raster, the reflection of the light
that satisfies the Prague phase matching conditions is strong, and the light that does
not satisfy the Prague phase matching conditions is reflected back, while light
transmission is not affected [8]. This is the choice of fiber grating light. Bragg was
the first one to explain this tuning wavelength reflection phenomenon [9], so this
kind of grating is named as Bragg grating, and the reflection condition is called
Prague condition.

Due to the high melting point of the metal, the embedded fiber grating sensor has
a lot of difficulties. The methods used are casting, shape deposition manufacturing,
brazing and ultrasonic welding. In the casting method, Hamid et al. [10] cast a tin—
lead alloy with a tin content of 65% (melting point of about 190 °C) in a square low
carbon steel hollow model as a protective layer for optical fibers, and then used the
laser free molding to deposit WC—Co alloy layer on the outer surface of the low
carbon steel model. A high hardness outer cutting tool was obtained to monitor the
temperature and stress of the tool during cutting. Figure 2 shows the FBG
embedded cutting tool in the physical model. In the shape deposition manufacturing
technology, a nickel-plated optical fiber sensor was successfully built into the
stainless steel by laser-assisted shape deposition on the surface of the stainless steel
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Fig. 1 Schematic diagram of FBG sensor
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Fig. 2 The embedded FBG cutting tool in a the physical model by casting method and b laser free
molding manufacturing method

substrate [11]. The FBG temperature sensitivity after the embedding was improved.
In the brazing method, an electroplated nickel FBG was successfully buried into the
low carbon steel, and the buried FBG temperature sensitivity increased by 1 times.
In addition, a metal FBG was successfully crushed and embedded into the
nickel-chromium alloy material by means of vacuum brazing, and the FBG tem-
perature sensitivity increased by 1.1 times.

3 Experiments

3.1 Pretreatment

Fiber is a nonmetal. To coat the metal on its surface, it is necessary to make the fiber
form a clean catalytic transition surface. The specific steps of the pretreatment are
generally to remove the coating and then degrease and sensitize the final activation.
After the pretreatment, it must plate nickel in the fiber to achieve further protection.
Fiber grating plating nickel includes two steps: the first is chemical plating, and the
second is electroplating.

Chemical plating refers to the catalytic reduction of metal ions in the bath on the
substrate of the clean catalytic transition surface, and the reduced metal atoms are
deposited on the surface of the substrate to form a continuous metal coating reaction
process [12]. It has a lot of advantages, including uniform coating, beautiful
appearance, a wide application of substrates (conductors, semiconductors and
non-conductor), no-load current, and so on. The purpose of chemical plating nickel
is to form a thin layer of conductive nickel-phosphorus alloy on the surface of the
non-conductive fiber grating, and it is ready for electroplating nickel. Chemical
plating experiment device is shown in Fig. 3.

Because of the nickel-phosphorus alloy layer is very thin after chemical plating,
it is difficult to protect the fiber under high-frequency vibration grating. Therefore, it
is necessary to electroplate a layer of dense nickel so as to improve the FBG’s
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Fig. 3 Chemical plating
device

anti-pressure and bending ability [13, 14]. Electroplating is an electro-chemical
process that uses an electrolysis process to reduce the metal ions to metal and
deposit them on the surface. Figure 4 shows the schematic diagram of fiber grating
electroplating nickel.

Besides ultrasonic vibration, the welding temperature and welding pressure are
also the key to embed FBG into titanium alloy under ultrasonic welding [15].
Therefore, it is important to design FBG sensor embedding method. We have
designed two ways, named “direct embedding” and “indirect embedding”. Figure 5
shows three kinds of direct embedding. Figure 6 shows a schematic diagram of
indirect embedding scheme.

Considering that the thickness of the titanium alloy is 0.3 mm, the upper and
lower titanium alloy is 0.6 mm totally. Therefore, the diameter of the FBG after the
direct embedding method should be controlled within 0.6 mm. The FBG diameter
of the nickel after plating is 300-550 pm (the diameter of the bare fiber is 125 pm).
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The indirect embedding method is not limited by the FBG diameter, and the
thickness of the plating layer can be increased appropriately. The FBG embedded in
the indirect way has a diameter of 841 pum after nickel plating. In three kinds of
direct embedding, analysis shows that the second is more suitable for this experi-
ment, as shown in Fig. 5.

3.2 Direct Embedding

Interception of Ti6AI4V titanium alloy sheet is completed by using the metal
cutting equipment. The sheet is 150 mm x 40 mm x 0.3 mm. Three upper and
lower grooves are machined into two titanium alloy sheets, as shown in Fig. 5.
After the grooves are machined, alcohol is used to wipe the weld zone and groove
to achieve a cleaner bonding surface and a better bonding strength. Adjust the
ultrasonic welding equipment parameters. The use of ultrasonic welding parameters
is: the operating frequency is 20 kHz, the maximum output power is 4 kW, the
welding time is 45-125 ms, the vibration amplitude is 35 pm, the welding head
area is 4 mm x 4 mm, and the welding pressure is 801.17, 1144.53 and 1487.89 N
respectively. Some low hardness materials are used to position the weld before
welding. The so-called positioning refers to no welding and no ultrasonic vibration,
but the welding head under the welding pressure is in welding test. The purpose is
to ensure the correct location of the welding [16]. Observe the indentation to
determine whether the welding head plane is parallel to the base. Put the electro-
plated FBG into the groove between two flakes, and start pre-welding with a lower
welding time. The purpose is to gradually bury FBG in the titanium alloy matrix,
and to complete the final welding with the increase of the welding time.
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3.3 Indirect Embedding

Interception of Ti6Al4V titanium alloy sheet is also completed by using the metal
cutting equipment. The Ti6Al4V titanium alloy sheet is 150 mm x 20 mm
0.3 mm. With the machining method, the middle part of titanium alloy sheet is
processed into the arc form that needs the plating of a good FBG arc and is
processed into the arc close to coincidence to improve the FBG and titanium contact
area. Then, the titanium alloy and FBG form an organic whole to protect the fiber
grating. Figure 7 shows the arc area diagram. After processing of a good arc is
completed, alcohol is used to wipe the welding area and arc area to obtain a cleaner
surface and a better combination of bonding strength. The ultrasonic welding
equipment parameters need to be adjusted. The optimization process parameters of
the titanium alloy ultrasonic welding are: the operating frequency is 20 kHz, the
maximum output power is 4 kW, the welding time is 125 ms, the vibration
amplitude is 35 pm, the welding head area is 4 mm X 4 mm, and the welding
pressure is 1144.53 N.

After pre-welding, put the plated FBG into the arc between two sheets. Weld one
side of the arc first to reduce a subsequent welding impact on the previous welding
area, and use mechanical method to clamp the welded area. Then, weld the other
side. Welding should be careful to prevent the welding head from felling in the arc
area.

3.4 Ultrasonic Welding

Ultrasonic metal welding [17, 18] as a special connection technology has lots of
advantages, such as energy saving, environmental protection and easy operation. It
has been widely used in the industrial field, especially in the electronics industry
and nuclear energy industry for the preparation of new materials, body welding and
parts packaging.

Ultrasonic metal welding principle is not transmitting the current to the material,
and not applying the flame or arc and other high-temperature heat source to the
material. It uses the ultrasonic high-frequency vibration and static pressure of
the combined effect to clean the oxide film in the surface of material welding area.
The ultrasonic high-frequency vibration energy enters into the material interface
and brings the friction work, deformation energy and limited temperature rise to
achieve the same metal or dissimilar metal connection in a special method [19, 20].
The schematic diagram of welding principle is shown in Fig. 8.

Fig. 7 Schematic diagram of .~ Arc
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Fig. 8 Ultrasonic welding principle diagram

4 Results and Discussion

Embed the FBG sensor after metal protection into the titanium alloy structure
directly, under the optimum welding process parameters (welding pressure is
1144.53 N and welding time is 125 ms). We accidentally find that FBG on both
sides in the edge of the welding head is instantly cut into two sections at the end of
welding [21]. By observing the cross-section and surface of the welded joints, we
find that the joints of the upper and lower surfaces are smooth, and FBG embedding
does not cause bulging. There is no pinhole on the cross-section due to the FBG
embedded. The cross section is repeatedly observed by the metallographic micro-
scope (magnification to 1000 times). Pinhole still cannot be found.

The welding time is gradually reduced. FBG still fails to be embedded. With the
welding time at 105 ms and the welding pressure at 1144.53 N, the welding spot is
peeled off. It is found that there is little black charred powder between the inter-
faces. Adjust the welding time at 85 ms or so. The titanium alloy ultrasonic welding
is not reliable, so there is no need to further reduce the welding time. Figure 9
shows a cross-sectional view of the electroplated nickel fiber which is cut off at the
edge of the weld with the welding pressure at 1144.53 N and the welding time at 85
and 95 ms respectively. When the welding pressure is reduced to 801.17 N, the

95ms

Fig. 9 A cross-sectional view of the nickel-plated fiber cut at the edge of the welding head
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situation is similar as the welding pressure 1144.53 N. With lower welding time,
electroplated nickel FBG is still flattened and the solder interface is not bonded. The
main reason is that the titanium alloy has a high hardness, it is difficult to instantly
press nickel plating FBG into the titanium alloy matrix, and the FBG is flattened by
the welding pressure. Under the optimum welding process parameters, the inter-
facial temperature is as high as 1172.4 °C, while the nickel layer is too softened to
protect the FBG at this temperature, and the yield strength is very low [22].

Considering the above reasons, the titanium alloy sheet is heated to 300 °C by
incubator, and then the FBG is embedded, but the test indicates that there is no
effect. Perhaps, the temperature needs to be heated to above 1000 °C, the titanium
is completely softened, and then low welding energy FBG welding embedding may
be successful. Due to the test equipment problems and considering that the FBG is
not in the best welding process parameters, the welding embedding will lose the
significance of the experiment, so the test stops.

After electroplated nickel FBG is embedded into the titanium alloy, its sensing
performance is tested to determine whether the indirect embedding method is
effective. Fiber grating sensing experiment equipment and fiber grating are pro-
duced by Shanghai Purple Light Photoelectric Technology Co., Ltd. The grating
length is 32 mm, and the fiber grating Bragg center wavelength is 1550.103 nm at
20 °C.

Firstly, the temperature sensing test is taken for naked grating. Fiber coating
stripping plier is used to strip the coating bare side layer of grating at a length of
15-20 mm. After stripping, wipe the fiber with cotton, put the fiber into the fiber
adapter, then connect the light adapter in the fiber grating sensor network analyzer,
and finally put the bare fiber grating into the constant temperature water bath box.
Initial temperature is 20 °C and heated to 90 °C. The interval is 10 °C and stays
10 min. Record 15 reflection wavelengths when the wavelength becomes stable and
take the average. The measured mean wavelength of the reflection is linearly fitted
with Origin 8.5 software. Figure 10 shows the naked grating temperature sensor test
data. We can see that the naked grating temperature sensor linearity is good from
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the figure, and the intelligent metal structure of the information transmission is the
ideal sensor. The fitting results show the temperature of the bare grating.

Metallize the bare fiber grating after the temperature sensing test, and test its
temperature sensing. The purpose is to analyze the temperature sensitivity changes
after the fiber grating embedded. The steps of the test are the same as those of the
bare grating temperature sensing test. Figure 11 shows the temperature sensing test
data of the electroplated fiber grating. It can be seen from the figure that the
electroplated fiber grating maintains a good linearity. The temperature sensitivity of
the electroplated fiber grating is 18.89 pm/°C. The temperature sensitivity has
greatly improved than that of the original bare fiber grating.

Finally, make a temperature sensing test for the FBG embedded into titanium
alloy in the indirect way. The test steps are the same as those of the bare grating
temperature sensing test. Considering that the buried FBG has hysteresis phe-
nomenon, so a set of temperature sensing tests for cooling down is added. Figure 12
shows the indirect embedded fiber grating temperature sensing test data. It can be
seen from the figure that FBG reflection wavelength and temperature changes still
maintain a good linear relationship, and there exists hysteresis phenomenon but it is
not obvious. From the results of the fitting, it is found that the FBG temperature
sensitivity coefficient in the titanium alloy structure is 20.92 pm/°C (during the
temperature rise) and 20.71 pm/°C (during the cooling process). The temperature
sensitivity has been improved before the fiber grating being embedded.

Due to the electroplated FBG or embedded FBG into the titanium alloy structure,
the temperature sensitivity is improved. The reason is that the fiber grating is
metallized or encapsulated, though the thermal coefficient of the fiber grating is not
changed, but the metallized material or encapsulated FBG material thermal
expansion coefficient is greater than the thermal expansion coefficient of fiber
grating. The temperature changes play the role of thermal stress on the fiber grating,
the grating center wavelength drift is exacerbated, so the fiber grating metallization
or packaging increases the temperature sensitivity.
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The main parameters of FBG are provided by Shanghai Purple Light
Photoelectric Technology Co., Ltd. The specific parameters are: Poisson’s ratio is
0.17, thermal expansion coefficient is 0.55 X 1076 °C_1, elastic modulus is
7.474 kPa, thermal coefficient is 667.8 °C~', center wavelength is 1550.103 nm,
elastic coefficient is 0.121 and 0.27, and fiber grating diameter is 125 um.
The nickel plating layer parameters are: thermal expansion coefficient is
1.42 x 107> °C71, Poisson’s ratio is 0.31, and elastic modulus is 1981.56 Pa.
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where ag is the thermal expansion coefficient of optical fiber, a, is the thermal
expansion coefficient of Nickel plating, { is the optical fiber thermal coefficient, v,
is the fiber Poisson ratio, v, is the Poisson’s ratio of the nickel-plated layer, Sy and
S, are fiber grating cross-sectional area, Ey, is the elastic modulus of the fiber, E| is
the elastic modulus of the nickel plating layer, Py, and P, are shelling coefficients,
/g is the center wavelength of the grating, and ng is the effective refractive index of
the fiber. The thickness of the coating 358 pm and above parameters are taken into
Eq. (1). The theoretical value of FBG temperature sensitivity is 20.91 pm/°C, while
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the measured value is 18.89 pm/°C. There is no big difference between the theo-
retical value and the actual value. The main reason is that there is deviation in the
calculated parameters and the actual parameters used.

5 Conclusion

The test of embedding electroplated nickel FBG into the titanium alloy in the direct
way means that the titanium alloy is not suitable for embedding matrix. The tem-
perature sensitivity coefficient of the bare fiber grating is 9.83 pm/°C, and the
sensitivity of FBG is 18.89 pm/°C after nickel plating. The FBG temperature
sensitivity coefficient of the indirect embedding into titanium alloy structure is
20.92 pm/°C (during the temperature rise) and 20.71 pm/°C (during cooling). The
temperature sensitivity of the FBG embedded into the titanium alloy in the indirect
way is 2.13 times larger than that of the original bare fiber grating, and is 1.11 times
larger than that of the FBG sensor after electroplating nickel. It indicates that
indirect embedding is an effective method to embed FBG into the titanium alloy
structure. FBG is not damaged by indirect embedding into the titanium alloy, and
the temperature sensitivity has been improved.
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