Technical sciences ISSN 2307-5732

UDC 621.396.6.019.3 : 620.172.21
I. KOVTUN, J. BOIKO, S. PETRASHCHUK

Khmelnytsky National University

ACOUSTIC EMISSION APPLICATION FOR NONDESTRUCTIVE STRENGTH
DIAGNOSTICS OF PRINTED CIRCUIT BOARDS

The paper represents developing nondestructive method for strength diagnostics of solder joints on printed circuit
boards with application of acoustic emission method. Solder joints studied in the current research were performed by
through-hole technology. The research methods involved static mechanical tensile and bend tests, and acoustic emission
method. First solder joint strength research was conducted by static mechanical tensile tests. The batch of solder joints were
tested in three equal groups: solder joints, which had no defects; solder joints, which had “cold solder” defect; solder joints,
which had “low solder adhesion” defect. The load was applied with the constant speed. During the test the following acoustic
emission parameters were recorded: amplitude; activity; total count in order to assess acoustic emission parameters against
types of defects and find their possible correlation. Strength diagnostics conducted for solder joints performed by through-
hole technology on printed circuit boards by using methods of mechanical tests with simultaneous monitoring both
mechanical characteristics and acoustic emission parameters allowed to find the relationship between parameters of
acoustic emission and such defects of solder joints as “cold joint” and “low solder adhesion”. The pure bending technique has
been developed to perform flexure tests on printed circuit boards, which provides equal testing stress condition over the
printed circuit board and allows to estimate maximal acceptable load for nondestructive tests. The testing was considered to
conduct in multiple load and unload cycles. The tests were conducted for the batch of double sided fiberglass foil laminated
printed circuit boards, which were prepared and sorted into three equal groups by defects embedded into their solder joints.
Acoustic emission data analysis indicated total count as the most informative parameter to correlate with various types of
solder joint defects. Conducted experiments gave the reason to use identified character of acoustic emission to develop
methods for strength diagnostics of solder joints on printed circuit boards.
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XMenbHUIBKUI HAlliOHAIBHUIN YHIBEPCUTET

3ACTOCYBAHHS AKYCTUYHOI EMICII JJ151 HEPYWUHIBHOI
JNIATHOCTHUKH MIITHOCTI JIPYKOBAHHUX IIJIAT

Y po6omi npedcmassieHo po3pobKy HepyliHieHO20 Memody 045 diazHocmuku MiyHOCMi nasiHuUX 3’€0HaHb Ha OPYKOBAHUX hJaamax
i3 3acmocysaHHsim Memody akycmuuHoi emicii. Ilasini 3’e0HaHHs, docaidxceHi 8 daHomy docaidxceHHI, 6YAU BUKOHAHI 3a MEXHO/102i€0
HagicHo20 MoHmaicy. Memodu 0ocaidsxceHHs 8KAOYAAU CMAMUYHI MeXaHIYHI 8UNPOGYBAHHS HA po3mse ma 32UH, d MAakKox Memod
akycmuyHoi emicii. [lJocaidxiceHHss Ha po3amsie 6y/10 30ilicHeHo 01 napmii nasiHux 3'edHaHb nodizieHoi Ha mpu pigHi 2pynu: nasiHi 3'€OHAHHS,
sKI He maau degekmis; nasimi 3'€OHaHHS, K Maau degpekm muny "Xos100Ha naiika"; nasiHi 3'edHaHHs, siki maau depekm muny "Hecnail”.
MexaHiyHe HasaHmaxceHHs1 nodasaju i3 nocmiliHoto weudkicmo. I1i0 yac sunpoby8aHHs 6y/10 3apeecmposaHo HACMYnHI hapamempu
akycmuy4Hoi emicii: amnaimyda; akmueHicmbe; 3a2a1bHUll PAXYHOK, 3 Memol NOpIGHSIHHS napamempie akycmuuHoi emicii 3 munamu
dedpexmie | 3HaxodxceHHs ix mooxcaueoi Kopeasiyii. IlposedeHa diazHocmuka miyHocmi 3a 0onomoz0t0 Memodie MeXxaHiHHO020
HaBaHMasiceHHs1 3 00HOYACHOI0 PeECMPAyIier0 sIK MEXaHIYHUX XapaKmepucmuk, mak i napamempie akycmuyHoi emicii, 003goausa gusieumu
38’5130k Midc napamempamu akycmuy4Hoi emicii ma depekmamu naiiku. TexHos02i51 YUCMO20 32UHy 6y/Aa po3po6bJeHa 0151 NposedeHHs
8UNpPo6Y8aHb HA 32UH HA OPYKOBAHUX n1amax, wo 3abe3nevysaso pisBHOMipHe HABAHMAXCEHHS OPYKOBAHOI niamu ma d0380.1u/10 oOYiHumMu
MakcuMaabHe donycmume HABAHMAJCEHHs 0151 HepylUHIGHUX eunpobysaHb. BunpobysaHHs nposoduaucs 6 6azamopaszosux YukAax
HABAHMANCEHHs] ma po3eaHmaxceHHs. Bunpo6ysanHs nposoduaucsi 04 napmii 080CMOPOHHIX HO/1b208AHUX CKAONAACMUKOBUX
dpykogaHux naam, ski 6yau nideomos/eHi ma copmogaHi N0 mpbox pisHuX 2pynax i3 sadanumu degpekmamu. AHAI3 daHUX aKycmu4Hoi
eMicii gusisug 3aza/nvHuUll paxyHok sk Halibinbw HPopmamusHull napamemp 048 Kopeasyii i3 pisHumu munamu dedekmie nasHux
3'edHanb. [Iposedeni ekcnepumenmu darome nidcmagu sukopucmogygamu ideHmugikosaHull xapakmep axkycmu4Hoi emicii 045 po3po6Kku
Memodie diazHocmuku MiyHOCMI NAstHUX 3'€0HAHbL OPYKOBAHUX naam.

Karwuosi caosa: akycmuvHa emicis, MiyHicms, diazHocmuka, OpykosaHa naama, nasiHe 3’ €0HaHHS1.

Introduction

Complexity and micro-miniaturization in electronic and computer production technologies constantly
increase quality and reliability standards for their components. Printed circuit boards (PCB) are considered the main
building blocks of modern electronics, which represent assemblies purposed to electrically connect and, what is also
important, mechanically support electronic components. However operation and even technology cause mechanical
interactions and forces [1], acting between PCB substrate and electronic components, and spreading through their
links. Such tensile, shear, bending or torque forces cause strain and stress in substrates, which are subsequently
transmitted to the bodies of components through the contact joints, which appear to be the weakest links in the
assembly. The damages of the joints cause failures of the whole electronic units and therefore require detailed
studying.

The general technology for components’ installation onto the PCBs remains soldering although quality of
soldered joints (SJ) is not always achievable due to numerous defects. Therefore one of the primary tasks to provide
reliability to SJs is to apply and improve their testing methods. The range of methods for non-destructive or
destructive SJ tests provided by the state standard [2, 3] does not always provide proper quality selection. SJs
studied in the current research were performed by through-hole technology (THT). The research methods involved
static mechanical tensile and bend tests, and acoustic emission (AE) method.

Features of acoustic emission as nondestructive evaluation method
Application of electrical and physical methods for SJ quality control attracts close attention nowadays. In
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accordance to [4] these methods include electro-parametric, noise, acoustic emission, exoelectronic emission,
photovoltaic and recombinant radiation methods. Among these methods, the most of which have range of intrinsic
disadvantages such as high cost and complexity of measuring instrumentation, method of acoustic emission recently
hastened its growth due to its high applicability for nondestructive diagnostics and prediction of strength of technical
objects in general and of electronic equipment in particular. Table 1 represents characteristics of AE methods in
comparison with other nondestructive evaluation (NDE) methods.

Table 1

Comparative characteristics of acoustic emission methods against other NDE methods

Acoustic emission method

Other NDE methods

Detection of defects in progression

Detection of defects geometry

Load application is required for tests

Load application is not required for tests

Each test is unique

Tests are replicable

High sensitivity to material consistency

Low sensitivity to material consistency

Low sensitivity to geometry of tested object

High sensitivity to geometry of tested object

Simplicity of application

Complexity of application

Transducers require minor attachment area to fulfil
monitoring of the entire tested object

Tests require reach to the full surface of tested object

The object is completely monitored by the single test

Subsequent monitoring parts of the object is required

Difficulties: sensitivity to noise

Difficulties: dependence on object geometry

Acoustic emissions [5] are pressure waves generated due to transient release of energy when a material is

subjected to mechanical, in this case, thermal or
chemical changes causing irreversible
deformations or changes in atomic arrangement.
The energy released travels as a spherical
wavefront and is converted as electrical signal by
transducers placed on surface of the material
(fig. 1). The transducer output is filtered and
amplified to eliminate ambient noise and increase
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Fig. 1. The basic principle of acoustic emission generation and recording

considered as collection of oscillations, received within the time period of 1 ms, and then converted into one impulse
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The common parameters of AE are:
cumulative count of oscillations; time rate of
oscillation count (count rate); cumulative
count of events (total count); time rate of
events count (activity); events amplitude; and

¢ linear coordinate of events, which is
calculated using Doppler effect — by
considering time difference of signal arrivals
to two transducers At = t, — t; (fig. 2, d).

[ Acoustic emission application for

solder joints tensile strength diagnostics
The soldered joint strength quality is
assessed by tensile and shear ultimate
strength determined by the design and
technology factors.

f The structure of THT solder joint
consists of the metallized cylindrical hole
with the electronic component lead inserted
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Fig. 2. Acoustic emission processing: a — acoustic emission in transducer output;

b — oscillations selected;

¢ —events converted; d — using Doppler effect for linear location

t and bonded by solder alloy previously melted
and filling the space around the lead and hole.
The strength of such a joint is provided by the
solder alloy joining lead and hole and
reinforced by the through hole assembly of

the joint. This joint appears to demonstrate higher resistance to shear load, due to locking effect that the hole
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provides to the inserted lead, unlike the tensile one.

Therefore the solder joints strength research was conducted by static mechanical tensile tests. For the
experiment SJs of MLT2 resistors were taken, which were installed by THT technology on the PCB into 2 mm
contact pads. The load was applied by the tensile machine IP-5057-50 with 500 N ultimate load. The load
measurement tolerance was under 1 % of maximal load.

The test was performed so that one lead of the resistor was soldered to metallized hole in PCB with tin-lead
alloy and fixed in the upper clamps of tensile machine. PCB was firmly fixed in custom lower clamps of the
machine. The load scheme is shown in fig. 3.

Tests were conducted with an assumption that quality and hence strength of the solder joint is reduced by
its defects, which are likely to appear due to variety of technological causes. In order to be able to detect defects or
razor to identify reduction of SJ strength caused by defects the tests were performed for SJs with predetermined
defects. For this reason the most common defects such as “cold solder” and “low solder adhesion” were embedded
into the joints.

All together 60 solder joints were tested: 20 SJs had no defects; 20 SJs had “cold solder” defect; 20 SJs had
“low solder adhesion” defect. The load was applied with the constant speed of 0.1 mm per minute. During the test
the following AE parameters were recorded: amplitude; activity; total count in order to assess acoustic emission
parameters against types of defects and find their possible correlation.

Lead P
Solder
Contact pad
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Fig. 3. Solder joint tensile test load scheme

The experiments indicated the lowest tensile strength for SJs having “low solder adhesion” defect. The
ultimate load sustained by SJs with such defects was 30-40 N. In the end, the leads were pulled out of the solder
with no acoustic emission detected.

Since the case when leads are not wetted completely is very unlikely, studying SJs with partly wetted leads
would be more reasonable. Therefore, in further experiments, the defects of low solder adhesion are considered
those produced by insufficient (partial) wetting SJ parts. The average load sustained by such SJs made 70-80 N. For
comparison, the average breaking load for SJs with cold joint defect made 44 N, and 116 N — for no defect SJs.

As foreseen, the AE character differed for different defects. AE data analysis resulted in total count N
(impulses, imp) and maximal activity 4,,,, (impulses per second, imps) parameters measured for different types of
SJs during their tensile tests. For cold joint defects N = 70 imp and 4,,,, = 210 imps; for low solder adhesion N =
22 imp and 4,,,. = 40 imps; for no defect SJs N =34 imp and 4,,,, = 51 imps. Fig. 4 demonstrates acoustic emission
diagrams produced by the load progression applied during tensile tests for three groups of SJs with mentioned types
of defects. The diagrams show AE in the load range from 0 to 44 N what corresponds to average ultimate load for
the cold joints and makes 40 % of ultimate load for no defect joints.
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Fig. 4. Acoustic emission — load diagrams during tensile tests of three types of solder joints:
1 - cold joints; 2 — low solder adhesion joints; 3 — solder joints without defects

Statistical analysis of experimental data testified of decreasing ultimate load levels for defective SJs with
95 % confidence probability: cold joint defect lowers SJ strength by 62 % in average; low solder adhesion defect
lowers SJ strength by 35 % in average. At the same time analysis of acoustic emission detected along the tests
shows sensitivity and applicability of this method to detect defects in SJs and even assess their strength. Besides, it
holds potential for nondestructive diagnostics of solder joints long before the final destruction.
Pure bending technique for printed circuit boards flexure test
Conducting tensile tests with simultaneous recording acoustic emission showed perspectives for
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nondestructive strength diagnostics of electronic components solder joints installed on PCB, although practical
application of the method was limited by monitoring only the single component joints at the time. In order to
overcome this limitation and conduct tests for entire PCB with all electronic components installed the pure bending
technique was applied (fig. 5) [6]. The pure bending was designed to provide equal testing stress over the PCB area
as applied in between two supports. Thus all SJs installed within the tested area can be monitored simultaneously.

PCBs populated with electronic components were now the research objectives. SJ strength assessment
considers solder mechanical characteristics, which are specified with consideration of design and technology of the
joint. The strength of low-melting solders in cast phase is less than that of SJ. The lowest level of ultimate strength
for solder POS40 in the cast phase is o;, = 40 MPa [7].

The ultimate strength for fiberglass substrate is o;, = 45—100 MPa.

Assuming ultimate strength of the solder as the reference value the test stress is calculated by the formula:

[0]=2 _ 30 16 mpa, )
n 25
where o, — ultimate strength, n = 2.5 — safety factor.

The possible inaccuracy entailed by no account for design and technology of the joint will deposit into the
safety factor. Obtained safety factor is sufficient to provide safe testing stress o, within proportionality strain area
of solder material, so that solder is subjected to only elastic deformations, which do not reduce its strength.

Then the load P applied to PCB is specified for the nondestructive tests. Load application scheme for PCB
test is shown in fig. 5.
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Fig. 5. Pure bending load application and diagram of internal bending moments in PCB
Maximal stress [7] is produced in dangerous part of PCB cross section — in peripheral layer, where bending
moments are maximal M = M,,,.. In pure bending area with length L which is created by and lays in between two
supports A and B, maximal stress is found by formula:

M

O-max = — max ? 2’)
7 Y (

ax

where M,,,, — maximal bending moment produced by load P; [,, — axial moment of inertia; y,,,, — maximal
distance from the neutral line of the cross-section to the peripheral layer (fibers); y,... = #/2, where h — thickness of
PCB substrate.

Since ratio 1,./y,... represents axial moment of resistance W,,, formula (2) will be shortened to:

o =—1%, ?3)
As required by strength condition of normal stress under bending load — maximal stress produced by the
applied load should comply with acceptable standard /oj:
Opax <[] 4)
Performing nondestructive tests to PCBs requires maximal acceptable load estimation.
Using formulas (3) and (4) for which in accordance to load application scheme (fig. 6) maximal bending
moment equals:
M,y = P, )
and axial moment of resistance of rectangular section [6] is expressed as:
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b-h
W, = ; (6)
6
maximal acceptable load for nondestructive bending tests of PCBs should comply with condition:
b-n’
Pl|= olf. (7
[P)=2 o]

Pure bending flexure strength tests of printed circuit boards solder joints

Pure bending tests conducted by tensile machine IP-5057-50 indicated that the activity of acoustic emission
responds to the speed, at which load is applied. Since AE data analysis requires its essential amount the decision was
made to conduct tests at maximal acceptable loading speed of 100 millimetres per minute. The load was applied
under acceptable limit calculated by the formula (3) Py, =36 N.

However single load had not produced a considerable activity of AE signals yet and the testing was
considered to conduct in multiple load and unload cycles. Each PCB was tested in 5 cycles. Minimal and maximal
stresses in cycles were oy, = 0 MPa and o;,,,x = 16 MPa correspondently. Acoustic emission was recorded during all
the tests by piezoelectric gauges and via pre-amplifiers at frequency band of 0.02-0.2 MHz. The gauges were
attached to PCB surface through the layer of acoustic paste.

The tests were conducted for 60 double sided fiberglass foil laminated PCBs (320%120x1.5%0.1 mm size).
For the experiment PCBs were prepared and sorted into three equal groups by defects embedded into their solder
joints: 1) PCBs with no defects; 2) PCBs with cold joint defects; 3) PCBs with low solder adhesion defects. Each
PCB was populated with one component — resistor MLT-2. In group 1 resistors were installed in compliance with
technological standard [8, 9]. In group 2 one of the resistors’ leads was mounted to PCB as a cold joint, in particular
as “circle crack” joint which is likely for soldering technology. In the group 3 low solder adhesion defects were
embedded into solder joints for what resistors’ leads had not been wetted before soldering.

During the tests the following AE parameters [5] were recorded: amplitude; activity; total count. The test
results indicated that PCBs with no defect solder joints do not radiate acoustic emission during all cycles. The total
count of SJs with low solder adhesion defects made 10-15 imp with amplitude 1 mV. Normally such signals are
radiated at load progression and in the moments of maximal load. Signals radiated by cold joint defects are
characterized by considerably higher total count (30-40 imp) with amplitude up to 3 mV. The specificity of cold
joints is that AE appears on load discharging phase of cycles, what can be explained by cracks converging their
edges. Figures 7, 8 demonstrate acoustic emission — cycling load diagrams recorded during pure bending tests of
PCBs with embedded solder joint defects.
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Fig. 6. Acoustic emission amplitude — cycling load diagram: solid line — low solder adhesion; dash line — cold joint
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Fig. 7. Acoustic emission total count — cycling load diagram: 1 — cold joint; 2 — low solder adhesion

AE data analysis indicated total count as the most informative parameter to correlate with various types of
solder joint defects. Conducted experiments give the reason to use identified character of acoustic emission to
develop methods for strength diagnostics of solder joints on printed circuit boards [10].
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Nondestructive method for solder joint strength diagnostics with acoustic emission application

1. Printed circuit boards are tested by pure bending load under acceptable limit specified by the safety
factor for solder material n = 2.5.

2. In case acoustic emission is detected, test is repeated in 5 load/unload cycles. Acoustic emission
progression during cycle test indicates of solder joint defect and such PCB is rejected and classified as joint with
growing defect.

3. When required defect location is performed in order to repair it.

The developed method has been tested out on the batch of industrial printed circuit boards. The tests were
conducted for 32 single sided fiberglass foil laminated PCBs (120x140 mm size).

During tests acoustic emission was detected for three PCBs what indicated progressing defects.

Analysis of AE character identified type of the detected defects — low solder adhesion, which was then
proved by detailed optical 10x zoom revision of rejected PCBs in places where AE was located. Defects were also
tested by passing electric current through the defected solder joints and measuring their electric resistance. Since
PCBs had been used for a long time before the tests and identified defects had remained hidden so they can have
developed during their further operation and would have caused a failure of the whole electronic unit.

Conclusion

Strength diagnostics conducted for solder joints performed by through-hole technology on printed circuit
boards by using methods of mechanical tensile and pure bending tests with simultancous monitoring both
mechanical characteristics and acoustic emission parameters allowed to find the relationship between parameters of
acoustic emission and such defects of solder joints as “cold joint” and “low solder adhesion”.

The pure bending technique has been developed to perform flexure tests on printed circuit boards, which
provides equal testing stress condition over the printed circuit board and allows to estimate maximal acceptable load
for nondestructive tests.

Nondestructive method for strength diagnostics of solder joints on printed circuit boards that uses pure
bending cycling tests with application of acoustic emission method has been designed.

References

1. Kovtun, J. Boiko, S. Petrashchuk, G. Bauriené, K. Pilkauskas Effects of the strain transmission from the
main board to the installed electronic components. ISSN 1392-1207. MECHANIKA. 2016 Volume 22(6): pp. 489—
494.

2. State Industrial Standard GOST 53251-2014. Printed Circuit Boards. Classification of Defects. 2014.

3. State Industrial Standard GOST 18353-79. Nondestructive tests. Types classification. — 1980.

4. State Industrial Standard GOST 18353-79. Nondestructive control. Classification of types and methods.
—1980.

5. Rao, A. K. Acoustic emission and signal analysis. Defence Science Journal, Vol. 40, Jan. 1990, pp. 55—
70.

6. Kovtun, J. Boiko, S. Petrashchuk. “ Nondestructive strength diagnostics of solder joints on printed
circuit boards,” in Proc. UkrMiCo, 2017, pp. 1-4. DOI: 10.1109/UkrMiCo0.2017.8095401.

7. Pisarenko G. S., Kvitka O. L., Umanski E. S. Strength of materials. — 2nd edition. — K., 2004, 655 p.

8. OST4 GO0.054.089. Electronic units and blocks. Soldering contact joints. Sample technological
processes. — 1982.

9.J. Boiko, I. Kovtun, S. Petrashchuk. “Vibration transmission in electronic packages having structurally
complex design,” in Proc. UKRCON, 2017, pp. 514-517. DOI: 10.1109/UKRCON.2017.8100294.

10. Boiko J.M., Royzman V.P., Kovtun LI., Petrashchuk S.A. “Non-destructive strength and hermetic seal
diagnostics and prediction of super-high-frequency electronic modules,” in Proc. Coordination problems of military
technical and devensive industrial policy in Ukraine. Weapons and military equipment development perspectives. V
International Scientific and Practical Conference, Kyiv, 2017, pp. 93-94.

Penensisi/Peer review : 02.11.2017 p. Hanpyxkosana/Printed :29.01.2018 p.
PelieH3eHT: cTaTTs pelleH30BaHa PEAAKIIHHO0 KOJIETie0

BicHuk XmeabHUYbK020 HayioHA/1bHO20 yHigepcumemy, Ne1, 2018 (257) 17



