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ABSTRACT With the development of miniaturization of electronic circuits and occurrence of grow-
ing number of project failure cases, the corrosion behavior of printed circuit board (PCB) becomes a
non–ignorable scientific issue under the hygrothermal condition with mold. In this paper, the corro-
sion behavior of unfinished PCB (PCB–Cu) and PCB finished by electroless nickel immersion gold
(PCB–ENIG) in mold environment was studied using scanning Kelvin probe (SKP). The mold growth
behavior was observed by stereo microscope and SEM, and the corrosion products were analyzed by
EDS. The results showed that the number of mold increased on the surface of PCB–Cu and PCB–
ENIG specimens under hygrothermal condition. After a growth cycle of 28 d, the new generation of
conidium formed with good activity. After 84 d mold test, corrosion occurred on both two kinds of
specimens and it was more severe on PCB–ENIG. Meanwhile the activity of mold was an inhibitor in
the corrosion process of PCB–Cu and a promoter in the pore corrosion process of PCB–ENIG.
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;X4`&}k<��O}"���, ���5���f|�F8~%0�w5�. ���F8~��I6`y0�, R�o'���F��}TD� [1]. �F8~wfV0��mkRAaf�wfV0�XO, (k��
����̀ �ukonu (Cl−, H2S, SO2 k NOx) z8�OPq, R0�RMFQ 0L8~w0�De2�k<8. R1, `�u0���F8~ -F$w0�.



�688 4�)�5�� � 48 OPf�0`�u�Hwm�K%� 20—40 �, 
��� 85%—100%. R1, �UefLU, {fE:-�B [2]. �U�"Mh!18("Wfyw,8ks�: [3], ��F8~;+0�k(2; ��H�"℄R1E�fyr�!~�MOwU6I, �a2w_$XOLsqXwz�Pq, �8~&'HQ\tK�BC, ,[U6Ia2(Lso�-. uZg+�� (PCB) ~(2fyw�U, U6I��℄P�8~(O�V��,�O<8��, �&�����N. �U�^87#s��t, ���w����0��, B�F���O<8N�. �U�Hw!.� .L~PqR8?`�V��FA( [4]. ~�BIk�r�B�L�U�Hw�sK%,�FA�'�C�U0�wa� [5]. _W&��F��'�C�p�:sk�Uwx8ZF [6,7], ^Wq�FA�0�Lx%Q, �%�p�%:s�%�U. x%�-0�#jw�F\%{�, ��X���8~�F\�0L�����"�wHm-�-. uF}z [8] �0/:��Rkm
��U (�h�koh�z 105�U)�B1;+0��F, ���Ufy4C�7+&', �O7+&'w O(20R, � �Ufy�g O,�t O��wCbDe�>, 0Zo'7+&'w O �C�S0�<8. Juzeliunas z [9,10] � Zn k Al �oh�U�B�w0�+e;+|>F, 0Z&-oh�� Zn w0�Ls-�w�9Pq, � Al w0�Ls-�w^+Pq.2WOt�F8~0�>Fw�r-�[=Q�1�k� [11,12]� 
��� [1,12−14] k`yonu�� [15−19] ��F8~w0�"', Ot�F8~w`�u0�w>F�s�r, �Ot�UPq�w0O&'\mF\ PCB w0�+eD�� ��. �nM℄{*�D
(SEM), X �	8N(x (EDS) k{* Kelvin F�
(SKP) ?%�-��R PCB(PCB–Cu) kq��>7\m PCB (PCB–ENIG) ��p�U�B1w0�+e;+|>F, [Qe PCB ��p�U�B1w,`'.KMGJ0KX, e�F��%�U�-7;GJ<Z.

1 ��db4q Sprine K5�Ew PCB Pe�F8~, �<0u& 1 ��. %O�*N – jjF2 – G?J�-_|w(tqU�u�kW1�d�q, 72 h w�q.�FqU4q�h���|h���B\��b�℄�koh� 5 5U5MOw�mU5, jMVO(e
KH2PO4 0.7 g/L, K2HPO4 0.7 g/L, MgSO4·7H2O

0.7 g/L, NH4NO3 1.0 g/L, NaCl 0.005 g/L,

FeSO4·7H2O 0.002 g/L, ZnSO4·7H2O 0.002 g/L k
MnSO4·H2O 0.001 g/L. �qqU�-B+�mUTF3-V, M℄�0U�;N3tq��e 1.05×106 L−1wTF3-V, (t)�1, 4—6 ��d, 3 d 6�q. %

O.5�U�qU�u�kW1;+, )TF3-VCs.5�%O���K~ (=sAMVw%K), �MJX–

128 &k��UAM�1AM, k� 30 �, 
���
95%, iOQB:Q((e 7, 14, 28, 56 k 84 d.;q KEYENCE VHX–100K &I#8�`Dk
FEI Quanta 250 &�B{*�DQB%O&'�U�Hafk0�(�, qq AMETEK Apollo–X & EDS;+4fO((x. � PAR M370 {*�}8FP�~�%O;+ SKP ?%, ;q'{* Step Scan /�, $hG� 80 Hz, F��	�* 30 µm, FPMj
(93±1) µm, �F!�B+k� 25 �, 
��� 50%.X 1 �Sh,�	Æ (PCB–Cu) lr��?8℄nh,�	Æ (PCB–ENIG) x�GÆ�=1
Table 1 Processing parameters of printed circuit board

(PCB)

Material M B1, mm B2, µm A, mm2 F B3, µm

PCB–Cu FR–4 1.2 25 10×10 – 0

PCB–ENIG FR–4 1.2 25 10×10 ENIG 0.02

Note: PCB–Cu—unfinished printed circuit board; PCB–

ENIG—printed circuit board finished by electroless

nickel immersion gold; M—board material; B1—

board thickness; B2—copper thickness; A—area; F—

surface treatment; B3—protection layer thickness

2 tl�eÆ
2.1 pk��0O:Q�Fw��Kk%O&'wtQ(�uW
1 ��. �F 7 d w, ���K~^[YqR�(2w�B�o|�UU�, 4-�F�B++m�U�HQ.<C�F ?H, �Uw�H��|-�#}; �F;+& 14 d, ��K&'j�U�w'�k�UU�18'��-�Æf, ^[_yYWU�Po|X1B, U� sU6I
s., H�℄	 (W 2); �F 28 d wU�18'�;X4�f, (C��s#}; 56 d w, I6fyW�U�J���; & 84 d wJ���D�-�. � A�iO:Q%O&'wtQ(���, PCB–Cu `	%Ok PCB–ENIG `	%O&'Rg��-�#}, �.U%O�< #}��<8w0�. �t PCB–Cu.U%O,  �iO:Q�^$&'w	|U�, <C�F:Q?H, U�w0yÆ�, U�:bfyw�|<(#�, 0�dt<8. �t PCB–ENIG .U%O, 7 k
14 d %O&'^$	|U�; 28 d wU�0y-�Æ�, i(D�(y; 56 d wU�6i^$iÆ|0�Eu;

84 d w0�Eu'�;X4�f.

2.2 
k��ri�[g�0O:Q�U�Fw PCB–Cu %O`Q(�uW 3��. `W 3a ^[YW, 7 d w%O&'�HW�BB�UTF, TF^�t�l� (|p) \J�. w Morozovaz [20] k Abarca z [21] w�F0Z� ^�, �UH�
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	 1 PCB–Cu j PCB–ENIG $N���J�T�EvvsP'�
Fig.1 Macro–morphologies of reference (a), PCB–Cu without (b) and with (c) mold, PCB–ENIG without (d) and

with (e) mold after mold testwf�
-<; �F 14 d w, TF0yÆ�, U���D<8, &'^$(�TF (W 3b); �F;+& 28 d w,�%O&'J�|fy"Xhw(�TF (W 3c), ��D�9#, [(CD���, o�-Df, ��_�FW��&�ez	|; �F 56 d w, ��UTF:bfy^$0�Eu (W 3d); & 84 d w, :bfy0�D�<8,�U18fy�g$^50��� (W 3e). ��U18fy Ak:b0�Eu B;+ EDS(x,0ZuW 3f�

�. R=QO(e C, O, P, S k Cu, A f C � O � Cu.y �e 23 � 7 � 1, B f C � O � Cu .y �e 3 � 5 � 6, 4- A f�UTF=Qr C k O ��y P k S MOws�uLO; B f=Qe Cu wL}u,�^8as�ywa P � S L}Eu, �� P k S ^8hGt�Uh!℄R1E�ws�:.0O:Q�U�Fw PCB–ENIG %O`Q(�uW 4 ��. `W 4a ^[YW, �F 7 d w%O&'Hs



�690 4�)�5�� � 48 O�BB�UTF; �F 14 d w, TF0yÆ�, U�'�Æf, &'^$(�TF (W 4b); �F;+& 28 d w, �%O&'J�|fy"Xhw(�TF, &'����U�,I6Y� (W 4c); �F 56 d w, ��UTF18fy��<80�, %O&'��f'�U�, ,sI60�EuUT (W 4d); & 84 d w, �U18fy0�D�<8, :bfy�g$^50��� (W 4e). ��U18w0�fy A k:bfy B ;+ EDS (x, 0ZuW
4f ��. A f=QO(e C, O, P, S, Ni k Cu, B f=QO(e C, O, P, Ni k Au. 4-� A f�U18fy��|<8w0�, &'>7���L~, �W|} Cu/. rt&'\m�
j|�{Pq, o'} Cu ��0�, �wW 1 1 PCB–ENIG &'siÆ|0�Eu

	 2 �E 14 d v��J}�TvH"7�_�
Fig.2 Stereo microscope image of mold after 14 d

w��
+. B fg!?q Cu, 4-&'��[f, }
Cu g��0�.

2.3 SKP Z�um�g�7+�`V1w0��i Ecorr w SKP ?%tqw
SKP �i EKP   d�O} [22,23]

Ecorr =
(Wref

F
−

Eref

2

)

+ EKP (1)�1, Wref e��wIb0; F e Faraday F0, Eref/2e< ��w��S��, < ��e�	F�. ^�t?yI}, Wref k Eref/2 eF0, FP���`V1w0��i Ecorr w SKP �i EKP O� , EKP w#}T��n���`V1w0�+eT�. W 5 e PCB–

Cu %O��U�F0O ww&' SKP �i(2W,W 6 e0O %O&' SKP �i(2w Gauss 9mh	, & 2 e
iw Gauss 9mh	<0, 9mK�e [24]:

y = y0 +
A

σ
√

π/2
exp[−2(x− µ)2/σ2] (2)

�1, A eF0; y eIQ$ SKP �i(2�0#; y0 eIQ$EYy; x erQ$ SKP �i#; µ &� Gauss(2wQ^, ��p&��i(2w�1i(; σ2 &�
Gauss (2w"C, ��p&��i(2w�1R�, 5#��, �i(2�1tQ^ µ.`W 5a, 6a k& 2 ^[YW, g;+�U�Fw

	 3 PCB–Cu �T�Evv_P'�j EDS /Y
Fig.3 SEM images of PCB–Cu after mold test for 7 d (a), 14 d (b), 28 d (c), 56 d (d), 84 d (e) and EDS analysis

of area A and area B in Fig.3e (f)
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	 4 PCB–ENIG �T�Evv_P'�j EDS /Y
Fig.4 SEM images of PCB–ENIG after mold test for 7 d (a), 14 d (b), 28 d (c), 56 d (d), 84 d (e) and EDS analysis

of area A and area B in Fig.4e (f)
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	 5 PCB–Cu �T�Evz) Kelvin E� (SKP) �h'1V
Fig.5 Scanning Kelvin probe (SKP) potential EKP diagrams of PCB–Cu after mold test for 0 d (a), 7 d (b), 14 d (c),

28 d (d), 56 d (e) and 84 d (f)

PCB–Cu %O&'�i(2�1R�-<, σ2 #q�,�i
�E{, �(2t –0.1444 V 4<. �F 7 dw, �i(2
�R�, &'�i�Y (W 5b k 6b), Q^#e –0.0590 V, ��rt PCB–Cu %O&'���
�p�B���L}, �i��Y	. 0mW 3b ^�, ^ PCB–Cu %O&'ZsU��H, W1{�ifye�U�Hfy, rt�Uh!℄R1gL, �tU�18fy-:bqUfyL}R�{, &�e�i-3. �F



�692 4�)�5�� � 48 O

-0.2 -0.1 0.0 0.1 0.2

0

50

100

150

 

 

C
ou

nt
s

E
KP

, V

 0 d
 7 d
 14 d
 28 d
 56 d
 84 d

(b)

	 6 PCB–Cu ��T�Ev%& SKP �h'1g�
Fig.6 SKP potential distribution curves of PCB–Cu after different mold test

(a) histogram and fitting line of initial situation

(b) fitting lines of SKP potential after different time of mold test (counts: nor-

malized counts of Gauss distribution)X 2 PCB–Cu 	�V�Gx'( SKP �j)3x Gauss :n1[
Table 2 Gauss fitting results of surface SKP potential distri-

bution of PCB–Cu after mold test

Time, d µ, V σ2

0 –0.1444 0.02402

7 –0.0590 0.02622

14 0.0152 0.01962

28 0.0382 0.03712

56 –0.0086 0.05532

84 0.0914 0.03512

Note: µ—mathematical expectation of SKP potential,

σ2—mathematical variance of SKP potential

14 d w, %O&'�2�L}, �i�<& 0.0152 V. <C�F ?H& 28 d, �UU�#f, 0OfyW�-�w�iC, σ2 #Æf, �iC#-f (W 5d). ��e 28 d �U�H[O|X�[�h!:Q, �%O&'W�|fy�Xh(�TF (W 3c), h!
	ÆX, gLyDf, �t�i(20R. n(�TF�2�H, &'�iC#<(Æf, σ2 #� 56 d W�|�f#, &�e�i(2w<�(y (W 5e). <C�F ?H, sUkqUfyR��L}, �i�<, &�e SKP �iW�<�i"���, �F& 84 d, %O&'�iQ^�<& 0.0914 V.W 7 e PCB–ENIG %O��U�F0O ww&' SKP �i(2W, W 8 e0O %O&' SKP�i(2w Gauss 9mh	, & 3 e
iw Gauss 9mh	<0. `W 7a, 8a k& 3 ^[YW, g;+�U�Fw PCB–ENIG %O&'�i(2�1R�-<, σ2 #q�, �i�(2t –0.1057 V 4<. �F 7 d w (W
7b k 8b), �i(2C#qf, &'�i3Y, Q^#e
–0.1724 V. ��e^%O&'�UTFX�h!�H, z�E:, �t%O&'
-G<, �i*{. ^w, <

C�F;+, &'I6��0�, �i<(�Y, 84 d �<& –0.0043 V; σ2 #� 56 d &�W�f#, ^&'�iC#Nf.

2.4 i�q{� 2 5 PCB %O0O:Q�U�F0Z��, <�F ?H, %O&'�Ufy�H, U�0yÆ�, '�Æf. rt�UU�(20R�, �%O&'(O�C�S, o'%OI60��N. �[�Uh!℄Rz��gL�E:k�Uw4C�%O&'w0�℄RRsC8QlÆ. PCB %O��p�U�B1w0��+=Q��V0�w�}80�, �t PCB–Cu %O, R���ied���Lj�}�i
H2O+ 1/2O2 + 2e− → 2OH− (3)K�^8���i

Cu → Cu2+ + 2e− (4)

2Cu → 2Cu+ + 2e− (5)

Cu2+ + 2OH−

→ Cu(OH)2 (6)���F℄R1, �UU�fy��Ug O h!Pq�E�X�
�H O w�B, w:bfyLO| O �C�S [7], �tU�fy��&'�iwd�℄R(q^+, `�*{|5fyw0�9�, &�e SKP �i(2W1w{�ify. �U�:bfyw O �
�TL, 0�9�
�-<, 84 d w%O&'��s0�Eu, &�e SKP �i(2W1w<�ify.�t� Cu /}&';+q��>7\mw
PCB–ENIG %O, ��U�F℄R1&�W0Ow��kT�. M℄W 1, 4 kW 8 w� (x��, tQ(�k`Q(��&-��UU��Hfy��|De<8w0�, %O&'W�iÆ|0�Eu, I6fy&'0
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	 7 PCB–ENIG �T�Ev SKP �h'1V
Fig.7 SKP potential diagrams of PCB–ENIG after mold test for 0 d (a), 7 d (b), 14 d (c), 28 d (d),

56 d (e) and 84 d (f)
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	 8 PCB–ENIG ��T�Ev%& SKP �h'1g�
Fig.8 SKP potential distribution curves of PCB–ENIG after different mold test

(a) histograms and fitting line of initial situation

(b) fitting lines of SKP potential after different time of mold testX 3 PCB–ENIG	�V�Gx'( SKP �j)3x Gauss:n1[
Table 3 Gauss fitting results of surface SKP potential distri-

bution of PCB–ENIG after mold test

Time, d µ, V σ2

0 –0.1057 0.02722

7 –0.1724 0.04852

14 –0.1326 0.02722

28 –0.1455 0.02672

56 –0.0674 0.04652

84 –0.0043 0.04302

�EuU�,��Y�. ��F���q℄R1, ��`�wLsoI��oI-.w0�Eu=FXkY., ���1H^8�O�����&��, `������D�. �t PCB–ENIG %O, R��^8��w�ied���Lj�}�i
H2O+ 1/2O2 + 2e− → 2OH− (7)K����i

Ni → Ni2+ + 2e− (8)
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	 9 PCB–ENIG ��o�T�A0v/�\Q�aV
Fig.9 Schematic for corrosion process of PCB–ENIG in mold test environment

(a) with pore and spore adhesion (b) thin electrolyte film forms

(c) corrosion occurs on Cu (d) corrosion product creeps to surface

(e) Au and Ni expansion cracks (f) Cu exposes to mold environment

Cu → Cu2+ + 2e− (9)

2Cu → 2Cu+ + 2e− (10)

Cu2+ + 2OH−

→ Cu(OH)2 (11)MF PCB �FF\�, PCB–ENIG w�7�u�$s�
3!, �$sn�7�J℄ 5 µm 98��&'�s�b, �[� PCB–ENIG OI&'�7�0^"%~d�`b [17−19,25]. M℄� 0O:Q�F0Z^�, �%O&'.5�Uw, �UTF4C�`b\,uW 9a ��. ��U�F�B�, OI&'w
���e 95%. rt�Uwz�Pq, �7�w`b\(OX��V0�`V|, O ��Uh!℄R1E�ws�:s2t�V01(O�2V (W 9b). <C�F;+ (W
9c), �2V�~RPq;v`b}6, ,k-{���i [26] w Ni k Cu .Y, �`b1���}8�i, E�0�Eu. 0�Eu=QeL}uk℄L}uz, RI��ft
j7+wI�, � �U�"�z��E:h!
	wÆX, 0�EuAC`b�?&�7�&' (W
9d). O, rt0�w��, `b:bw Ni R��0�L~, `b1w0�Eu99D�, o'`b:b Ni k
Ni wL}EuU�kY�, �t} Cu /����B1. ��pw�U�B���fyw:b�7fyLO|�K�fd�w0��S, ;���Dd9w0�. H~�., �Uw4C�h!Pq�9| PCB–ENIG &'�7�wL~, b;| PCB–ENIG `b0�w;+.

3 t}
(1)��p�U�B�, <C�F ?H, �Rg+�� (PCB–Cu)kq��>7\mg+�� (PCB–

ENIG) &'�Ufy�H�", 14 d ^$(�TF, �
28 d w�U[OX��Hh!:Q, (�TF
-q<,o�-wf; � 84 d �F:Q6, �UH�wf, wQ�UTFW�����.

(2) �U�H�O PCB–Cu &'sUfyH O, w:bqUfyLO O �C�S, *{�U�Hfy7+

�L}w9�, ^+0�℄R, mm�t��7+&'{* Kelvin F� (SKP) �i~�, o' PCB–Cu 0��9.

(3) �U� PCB–ENIG &'`b\��4C�",z�kE:zh!8b;`b0�w��k��, �O
PCB–ENIG <80�, rt&'0�EuY�, _�O�F��
�; O<C�Uw�H, o'��7+&'
SKP �i~�, �9 PCB–ENIG w`b0�.Yx��
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