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Abstract: This paper demonstrates a method for the development of stepped-metal coating on
optical fiber Bragg grating. The paper also analyzes the dual-peak resonance restructured by the
nickel/copper stepped-metal coating. According to the coefficients of linear thermal expansion of the
coatings, the modeling and experimental analysis is categorized into three types: Type A, Type B,
and Type C. We denote the temperature sensitivity difference between the two peaks as AKr for Type
A, AK'7 for Type B, and AK”1 for Type C. The experimental results show that AKr, AK'r, and AK” 1
are 2.1 pm/°C, 6.5 pm/°C, and 0.8 pm/°C, respectively. The model analysis and the experimental
results all show the Type B stepped-metal coating causes the most obvious temperature sensitivity
difference between the two resonance peaks. The stepped-metal coating on the same one Bragg
grating can restructure the single resonance into dual-peak resonance with different temperature
sensing, and Type B can be used to develop a dual-parameter optical fiber Bragg grating sensor at
one location which can measure two physical parameters simultaneously.

Keywords: optical fiber Bragg grating; stepped-metal coating; temperature sensing; restructured
dual-peak resonance

1. Introduction

Optical fiber Bragg grating (FBG) sensing technology has become one of the most attractive
sensing technologies in a variety of fields, such as the optical fiber smart structures [1-4]. FBG offers
many advantages, such as wavelength encoded nature, wavelength-division multiplexing, immunity
to electric-magnetic interference, and small size, etc. FBG is fragile, thus, is required to be protected
before its practical use. Previous studies have demonstrated the protective packages can function as
parameter compensations [5-8]. During the FBGs actual use period, the birefringence is induced when
FBGs are bent, clamped or twisted [9-12]. As a result, the corresponding two Bragg spectra are shown
in the reflection spectrum. This might reduce the accuracy of measuring the principal strain and,
therefore, be considered as a noise signal. But on the other hand, the dual-peak resonance will provide
an opportunity to develop the sensor with the capability of measuring both strain and temperature
simultaneously using one optical fiber Bragg grating. Other studies of simultaneous measurement of
strain and temperature using birefringence FBGs have been conducted [13-15].

Metal coatings can protect FBG and also enhance their temperature sensitivity and have attracted
considerable interest [16-18]. However, there have been few reports about the metallized FBGs’
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dual-peak resonance restructured by thermal strains induced by stepped-metal coating on the same
Bragg length.

This paper describes the experimental evaluation of the temperature sensing of the single-mode
FBG with the Ni/Cu stepped-metal coating by electroless-plating and electroplating. The simulation
models analyze the dual-peak resonance restructured by thermal strains and demonstrate the influence
of the coating parameters on the two peaks. This kind of optical fiber Bragg grating can be used for a
dual-parameter sensor at one location which can measure two physical parameters simultaneously.

2. Experimental Set-Up and Results

In the experiments, three FBGs were inscribed in the single mode fibers SMF-128 by UV
phase mask with a nominal resonance wavelength of 1541.325 nm,1539.502 nm, and 1547.835 nm
at 25 °C. The length of the Bragg gratings was 10 mm. The stepped-metal coated FBG is hereby
expressed as SMC-FBG. We employed a temperature oven (DK-500, Shanghai, China) to control the
electroless-plating temperature. Its temperature range is from room temperature to 100 °C, and its
temperature resolution is 0.5 °C. And the optical spectrum analyzer (MS9740A, Anritsu, Japan) was
used to record the FBGs’ data.

2.1. First Layer of Inner Metal Coating by Electroless-Plating

Before being electroless-plated, three FBGs were pretreated in sensitizing solution (SnCl,-2H,0,
10 g/L; HCI, 40 mL/L) for about ten minutes and then in nucleating solution (PdCl,, 0.5 g/L; HCI,
5 mL/L) for about fifteen minutes. After the pretreatment, the first layer metal coating was deposited
on the FBGs by electroless-plating as shown in Figure 1. We chose copper as the first layer of inner
metal coating for one FBG and nickel for the other two FBGs. These first layer metal coatings cover the
entire length of Bragg grating. The electroless copper plating solution is mainly listed as the following:
CuS0O4-5H,0, 10 g/L; NaKC4H4O4-4H,0, 40 g/L; NaOH, 8 g/L; Nay,COs3, 2 g/L; NiCl,-6H,0, 1 g/L;
and HCHO (37%), 20 mL/L. The electroless nickel plating solution is mainly listed as the following:
NiSO4'6H20, 25 g/L; NaH2P02'H20, 20 g/L; H3B03, 20 g/L,‘ and C3H602, 20 mL/L.

Optical fiber pigtail

FBG coated with
L uniform metal layer

~ Electroless-plating
solution

controllable temperature oven

Figure 1. Diagram of electroless-plating.
2.2. Second Layer of Outer Stepped-Metal Coating by Electroplating

Figure 2 shows the schematic of the stepped-metal electroplating equipment. Regulating the
screw column can control the length of the stepped-metal coating. Different electroplating solutions
can develop different packages for this sensor. The SMC-FBGs are divided into three types shown in
Figure 3 Type A: a copper layer by electroless-plating and then a stepped-nickel layer by electroplating,
Type B: a nickel layer by electroless-plating and then a stepped-copper layer by electroplating and Type
C: a nickel layer by electroless-plating and then a stepped-nickel layer by electroplating. The subscript
i(i=1,2,3) means FBG, the first layer metal coating and the outer stepped-metal coating, respectively.
L; refers to the length and d; to the diameter. Due to the different deposition rate between the copper
layer and nickel layer, deposition time was adjusted to get the same thickness of coatings. For Type A,
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it took about three hours to get the inner copper layer and thirteen hours to get the stepped-nickel
layer. For Type B, it took about two hours to get the inner nickel layer and fourteen hours to get the
stepped-copper layer. For Type C, it took about two hours to get the inner nickel layer and twelve
hours to get the stepped-nickel layer. These three types SMC-FBGs are of d; = 125 um, dp = 130 pm and
ds = 400 um, respectively. Let /11 be the thickness of inner uniform metal layer and h;, be the thickness
of outer stepped-metal layer, Iy = (dy — d1)/2, hp = (d3 — d3)/2, hy = 2.5 um, hp = 135 um.

Electroplating power

! /EScrew column
= T
— —
Sticky tap? | |—._Electroplating anode

FBG coated with |
uniform metal layer

[—~ Electroplating solution

Figure 2. Schematic of the stepped-metal electroplating.
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Figure 3. Schematic of the stepped-metal coated-fiber Bragg gratings (SMC-FBGs). (a) appearance
diagram, (b) axisymmetric diagram of Type A SMC-FBG, (c) axisymmetric diagram of Type B SMC-FBG,
(d) axisymmetric diagram of Type C SMC-FBG.

2.3. Temperature Sensing of the SMC-FBG (Stepped-Metal Coated Fiber Bragg Grating)

Three SMC-FBGs were tested by the controllable temperature oven with a precision of 1 °C,
and their temperature sensing characteristics are shown in Figures 4—6. The spectra of these three
SMC-FBGs all split into two resonance peaks with two different temperature sensitivities. We describe
the temperature sensitivity difference between the two peaks as AKr for Type A, AK't for Type B and
AK”7 for Type C. AKy, AK't and AK” 1 are 2.1 pm/°C, 6.5 pm/°C and 0.8 pm/°C, respectively.
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Figure 6. Temperature sensing of Type C (a) spectra at 30 to 80 °C (b) temperature sensitivity.
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3. Analysis of the Dual-Peak Resonance Restructured by Thermal Strains

In this article, «; is used for thermal expansion coefficient, E; for Young’s modulus and y; for
Poisson ratio. The model is based on the following assumptions: (1) Thermal expansion coefficients
of FBG and the metal coating and thermo-optic coefficient of FBG are constants, independent of
temperature changes; (2) The inner metal coating is made on the FBG tightly and; (3) The outer
stepped-metal coating and the inner metal coating are attached tightly and there is no relative
displacement between them. Three distinct models were developed corresponding to the type
of SMC-FBG.

Under strain and temperature, the SMC-FBG'’s Bragg wavelength shifts by AAp can be expressed
as [19]:

2

dn
Adp =2nA {1 - <r;) (P12 — u(pn + PlZ)]}E + o+ <{Z)]AT (1a)

where 7 is the effective index of the fiber core, A is the grating pitch, a the coefficient of linear thermal
expansion of the fiber, p;; are the Pockel’s coefficient of the stress-optic tensor, y is the Poisson’s
ration, and AT is the temperature change, ¢ is the applied axial strain. The factor 2nA is the resonance
condition of a Bragg grating and expressed as Ap, the Bragg wavelength. The factor {(n?/2)[p — u (p11
+ p12)]} is usually expressed as p., the Pockels constant. The factor [(dn/dT)/n] is usually expressed as
¢, the thermo-optic coefficients. Equation (1a) can be given simply by Equation (1b).

AAg = /\B(OC+§)AT+/\B(1_pe)S (1b)

For an SMC-FBG sensor, the Bragg grating is divided into two sections: double-layer metal
coating and single-layer metal coating. Each layer tends to expand or contract when the temperature
fluctuates. However, the expansions and contractions generally cannot occur freely due to the boundary
limits. Because the restrictions lead to two different thermal strains of the fiber Bragg grating sensor,
the dual-peak resonance is induced.

3.1. Analysis of Type A SMC-FBG

Let AT > 0. Taking Type A as an example, the parameters of coating satisfy a1 <as < ap. Figure 7
shows the diagram of the thermal strains. €L; is the total thermal strain of FBG, which is caused by
the double-layer coating on the half-length of FBG and the single-layer coating on the other half-length
of FBG. The letters AL;, AL;, and ALg, are the free axial elongations of FBG, inner coating and outer
coating, respectively, and they can be expressed as Equations (2a)—(2c).

ALy = a1« AT x L4 (2a)

ALZ = Kp * AT * Lz (Zb)

ALz = a3 % AT % L3 (20)

where, L1 = Ly = 2L3.
La=L1 | eATLS2
Outer coating Factual elongation Ealof2
L3=L1/2 osA\TLs) &l of the outer coating actual elongation
— of FBG|and inner coating
- NN
Inner coating FBG L1 w/TL L

Figure 7. Diagram of the thermal strains of Type A.



Appl. Sci. 2019, 9, 286 7of 14

3.1.1. Wavelength Shift AA;r Caused by the Double-Layer Coating

Because of &1 < w3 < ap and no relative displacement exists between the inner coating and FBG,
the factual elongation of the inner coating will be smaller than AL, the factual elongation of FBG will
be greater than AL, and the factual elongation of the outer coating will be greater than AL3. At the
same time, the thermal stress is satisfied by Equation (3a). The factual elongations of the outer coating,
inner coating and FBG are satisfied by Equations (3b) and (3c).

Op A2 = 0q1,A1 + 043, A3 (3a)
Ly | opn, Ly Ly op,Ls
AT— + — — = ) AT— — — 3b
e N T B M (3b)
Ly op, Ly 043z
AT > E, 2 = a3ATL3 + Es L3 (3c)

where 0, (i =1, 2, 3) represents the thermal stress of No. i layer of coating induced by the double-layer
coating. A; (i =1, 2, 3) is the cross section of No. 7 layer. Let ¢41, represent the axial thermal strain of
the FBG induced by the double-layer coating. From the Equations (3a)—(3c), €41, can be expressed by
Equation (4),

oa1z _ (E2Az + E3As)(a — a1)AT — E3Az(ap — a3) AT

€41, = = 4
1z = ) E1A1 + ExAp + E3A3 @)

From Equation (1b), the corresponding wavelength shift AA;r is expressed using Equation (5)

AMgr = Ap(a 4+ &)AT + Ap(1 — pe)egiz

EyAy+E3A —a1)—E3A -
= A AT[(a+8) + (1 pe) « (BT RGIE p (e )| ©
= Kyr *x AT

where K;r is the temperature sensitivity of the SMC-FBG with the double-layer coating.

©)

Kyr = Ap * {(w FE) 4 (1= pe) * (E2A2 + E3As) (w2 — a1) — E3As(ap — “3)}

E1A1 + Ey Ay + E3A;

3.1.2. Wavelength Shift AA;r Caused by the Single-Layer Coating

The factual elongations of inner layer and FBG are satisfied by the restrictive conditions of
Equations (7a) and (7b)

Os12A1 = 052, Ap (7a)

Ly | 0az Ly Ly 0x:L>
AT i RV e R 7b
Al + g TR T (7b)

where, 0, (i = 1, 2) represents the thermal stress of No. i layer of coating induced by the single-layer
coating. Then, the thermal strain &1 is obtained by Equation (8).

@ _ E2A2(a2 - wl)AT (8)

812 = E T E A + Ey A,

The corresponding wavelength shift AA¢r is expressed using Equation (9).

AN = Ag(a + §)AT + Ap(1 — pe)esiz
= Mg+ AT (+) + (1 pe) + 220550 )
= ST*AT
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where Kt is the temperature sensitivity of SMC-FBG with the single-layer coating.

EyAp(ay —aq)

Kir=A 1-—
sT B * (‘X+§)+( pe)* E1A1+E2A2

(10)

3.2. Analysis of Type B SMC-FBG

In this case, the parameters of coating satisfy a1 < ay < 3. Figure 8 shows the diagram of the
thermal strains. Similarly, €1L; is caused by the double-layer coating on the half-length of FBG and
the single-layer coating on the other half-length of FBG. Let ¢’4;, and ¢’;, (i = 1, 2, 3) represent the
thermal stresses of No. 7 layer of coating induced by the double-layer coating and the single-layer
coating, respectively. ¢’ 5, (i = 1, 2, 3) can be expressed using Equations (11a)—(11c), and ¢y, (i=1, 2)
can be expressed using Equations (12a) and (12b).

Uz/ilel = U&ZzAl + UL,BZA?' (11a)
Ll Utlil L1 Lz 0’;12 L2
ATZ 21— 22 Tz
AT + E, 2 AT 5 E, 2 (11b)
Ly . Lo _ g3z
DézAT7 Ez 7 = Dé3ATL3 E3 L3 (11C)
Ti1,A1 = 0, A (12a)
L1 o! Lq Lo o! Ly
AT=L slz =1 AT=Z — 52z —2 12
Al + iy TR T (12b)
Lo=L1 02\TL2/2
Outer coating asATLa Factual elongati Ealaf2
= &sls | Factual elongation .
La-Li/2 = of the outer c%ating Factual elongation |
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, -—- 7 of FBG and inner-coating
Inner coating FBG L1 ] ;ATE ) Sl
Figure 8. Diagram of the thermal strains of the Type B SMC-FBG.
Then, K’ 47 and K's1 can be expressed as Equations (13) and (14)
ExAy (a2 —aq) + E3As(az — 1)
Kyp =Ag* |[(a+ &)+ (1— * 13
o= [k 0+ (1 o) AR S RO (13)
ExAp(ag —aq)
Ko=A 1-— - -7 14
b= (w40 + (1 po) 2O 14

3.3. Analysis of Type C SMC-FBG

In this case, the parameters of coating satisfy a1 < ap = a3 and E; = E3, and the coating on the
same one Bragg grating is divided into two sections with the same material but the different thickness.
We use E; for coating’s Young’s modulus and «; for coating’s thermal expansion coefficient. Figure 9
shows the diagram of the thermal strains. £1L; is caused by the thinner coating on the half-length
of FBG and the thicker coating on the other half-length of FBG. Let Ano(n-4,s) Tepresent A;» and Ay,
which means the cross-section of the thicker coating and the thinner coating. And let 0" Ni;(N=d,s)
represent 0”4;, and 0”;,, which means the thermal stress of the thicker coating and the thinner coating.
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0” 4i and 0”5, can be induced by Equations (15a) and (15b). Then the temperature sensitivity K” ;1 and
K”s1 can be expressed using Equations (16) and (17).

UX{lel = UK]ZZANZ (15a)
Ly oL Ly ojpp Lo

MAT S+ R 2 = AT — e (15b)

" (ap —a1)ApEr

K. =\ 1— M2 = &) Adp =2 1

o= () + (1 - po) o (TR 16)

1" (OCZ - 0(1)A52E2
K. = 1— W2~ 4)As252 17
(= Aa |+ 0 (1 oy« (MR 7)

— | ATLS2
L3=L1/2 0eATLs Factual elongation Ealal2
= Esls of the outer coating  Factual elongation
’*’ of FBG and inner coating

@F

“Thicker coating FBG L1 ! Thinner coating o ATL: c£ils

Figure 9. Diagram of the thermal strains of the Type C SMC-FBG.

In three cases, two different strains make the original single reflectance spectrum split into two
peaks. Comparing K1, Ky and K[, we can find that they are of the same expression with different
parameters. We use AKt = K;r — K, to describe the temperature sensing difference between the two
peaks for Type A SMC-FBG, AK/, = K/, — K/ for Type BSMC-FBG, and AK} = K/}, — K[ for Type C
SMC-FBG. Considering & and hp, AKr and AK't can be expressed as Equations (18) and (19), whereas,
the values of ay, a3, E; and Ej are different. Then AK”1 can be expressed as Equation (20).

AKy = )\B(l -~ pp) " { [Ezh] (h] +d1) + E3h2(2h1 +dq +h2)](0{2 — 0(1) — E3h2(2hl +dq +h2)<0¢2 71X3) -~ Exhy (]’l] +d1)(0¢2 - lX]) } (18)

Eshy(2hy +dy + ha) + Eohy (I +dy) + E1d?, Exhy(hy 4 dy) + Eyd?y

Exly (hl + dl)(ﬂéz — 0(1) + E3h2(2h1 +di + hz)(ag, — Dél) B Exin (l’ll + dl)(Déz - 061) } (19)
Ehy(2hy +dy + hp) + Exhy (h + dy) + Eqd?y Exhy(hy +dy) + Eqd?y

(hy + h2)? + dy(hy + ) h(hy +dy)
5 — 5 (20)
Ex[(h1 +hp)? 4 dy(hy + hy)] + Erd?,  Eahi(hy +d1) + Eqd*

AKE = Ag(1 —p.) * {

AK% = )\B(l —pg) * (042—0(1) *Ez{

4. Parametric Analysis

The parameters of the SMC-FBGs are shown in Table 1.

Table 1. Parameters of the stepped-metal coated-fiber Bragg grating (SMC-FBGs).

T
e P A B c
Parameters

Ag (nm) 1550 1550 1550

a1 (/°C) 0.55 x 106 0.55 x 10~ 0.55 x 106
¢ (/°0) 6.3 x 1070 6.3 x 1076 6.3 x 1070
E; (Pa) 7.4 x 1010 7.4 x 1010 7.4 x 1010
ay (/°C) 17.2 x 106 14.2 x 1076 14.2 x 107
E, (Pa) 10.8 x 1010 19.6 x 1010 19.6 x 1010
a3 (/°C) 14.2 x 106 17.2 x 1076 14.2 x 106

E; (Pa) 19.6 x 1010 10.8 x 1010 19.6 x 1010
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4.1. Analysis of the Temperature Sensitivity

Figure 10 shows the temperature sensing of three types of SMC-FBGs. The following observations
can be drawn from Figure 10: (1) If the three types of coating are of the same thickness, K” ;7 < Kjr <
K’ 4. (2) Kjr and K” 7 increases with increasing of 1y at the beginning of increasing of h,. Whereas,
K’ ;7 reduces slightly with increasing of i1 when h; > 0.18 mm. (3) When ; reaches a certain thickness,
K7, K 41, and K” 41 will all tend to be constants. (4) K'sr and K” coincide with each other. (5) Ky,
K's7, and K", all increase with increasing of h;. If h is of the same value, Kyr > K's7 = K”s7. When Iy
reaches a certain thickness, they all tend to be constants.

272[_ . FrmrToTTTTTIoaA- . R o o et e e
27.1 - i s + *

| 27.13 | /
27 27.12| |

27.11 |
27.1%
27.09 :
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0
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O
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| T PRSI PSR PR P M) I S|

268 - b, =4pm
F +h1=6um
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Figure 10. Cont.
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Figure 10. Temperature sensitivity of the SMC-FBGs. (a) double-layer’s K;rin Type A, (b) double-layer’s
K47 in Type B (c) double-layer’s K” ;1 in Type C, (d)single-layer’s K7 in Type A, K'gr in Type B and
K”4r in Type C.

4.2. Analysis of the Temperature Sensitivity Difference

The effect of the coating thickness on the temperature sensitivity difference is shown in Figure 11.
We can conclude the followings: (1) When /i, increases to a certain value, they all tend to be constant
values. (2) For the same h,, AK1, AK'1, and AK” 7 decrease with the increasing of h;. (3) AK'r is the
largest among them. (4) There is a threshold of hy between AKt and AK”t for every i1 < 8 um and
AKt > AK”T when h; is smaller than this threshold. For example, for /1y =2 pm, the threshold of &; is
200 pm.
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Figure 11. Effects of the coating thickness on AK7, AK'T and AK”7.

Figure 12 shows the effects of the coating’s thermal expansion coefficient on AKt, AK'r, and AK”r.
Under the certain coating thickness (e.g., i, = 200 pm, #; = 5 pm) and Young’s modulus, AKt and
AK'T increase with the increase of a3 when a; remains unchanged. Whereas, AK and AK't decrease
slightly with the increase of a; when a3 remains unchanged. AK”t increases with the increasing of 5.

-6-AK  when a,=17.2¥10°%/°C,h =5um,h_=200um
» ~+-AK_ when a3=14.2*10'6/0C,h | =Sum,h, =200um
1 o _a-AK' = x1076/° = =
6 6 ) o ] AKTwhen a, 14.2*%107"/ C,h1 Spm,h2 200pm
OE o ~-AK'_ when a3=17.2*10'6/°C,h | =Sum,h, =200um
s +AK"T when h1=5um,h2=200pm
_ = ]
M,
< 2
[ .
-2 -
M o
2 =
~
E_‘ } -
M ‘\‘\‘\‘\‘\‘\
< 10.
1.8
%107 1.6

a,(/°C) L4 14 0,(°C)

Figure 12. Effects of the coating thermal expansion coefficient on AKt, AK't and AK”r.
5. Discussion and Conclusions

The two sections of metal layers coated on the same Bragg grating caused two resonance peaks
with different temperature sensitivities.

The experimental results show that AK”7 < AKr < AK', which is in agreement with the modeling
analysis. From the experimental results and the analysis, it can be concluded that Type B SMC-FBG can
result in the most obvious difference in the temperature sensitivity between the two resonance peaks
among these three type. In Type B, when the outer stepped-metal coating can be successfully plated,
with a thinner thickness and a smaller thermal expansion coefficient of the inner coating, and with a
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larger thermal expansion coefficient of the outer coating, a more obvious difference of the temperature
sensitivity is caused. We can choose another metal material for Type B SMC-FBG to restructure the
dual-peak resonance with a much bigger difference between the two peaks, e.g., aluminum /nickel
and silver /nickel. This kind of SMC-FBG can be used as a dual-parameter sensor which can measure
two physical parameters at one location simultaneously.

On the other hand, the spectrum deformation of Type A is much less than Type B and Type C
from the experimental results. We consider that the spectrum deformation is related to the stresses
caused by the plating process. We will study this problem in future.
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