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FOREWORD

International Electrotechnical Commission (IEC) is a worldwide organization for standardizationycon
ational electrotechnical committees (IEC National Committees). The object of IEC is to promote-intern
bperation on all questions concerning standardization in the electrical and electronic fields.jTo this ¢
ddition to other activities, IEC publishes International Standards, Technical Specifications, Technical R
licly Available Specifications (PAS) and Guides (hereafter referred to as “IEC "“Publication(s)”)
baration is entrusted to technical committees; any IEC National Committee interested in the subject de
participate in this preparatory work. International, governmental and non-governmental organizations
the IEC also participate in this preparation. IEC collaborates closely with theyInternational Organiza
hdardization (ISO) in accordance with conditions determined by agreementbétween the two organiza

formal decisions or agreements of IEC on technical matters express, a§ nearly as possible, an intern]

conjsensus of opinion on the relevant subjects since each technical committee has representation f

intg

3) IEQ
Co
Pul]

rested IEC National Committees.

Publications have the form of recommendations for international use and are accepted by IEC N
hmittees in that sense. While all reasonable efforts are madeto ensure that the technical content
lications is accurate, IEC cannot be held responsible for_the way in which they are used or

misjnterpretation by any end user.
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rder to promote international uniformity, IEC National* Committees undertake to apply IEC Publi
sparently to the maximum extent possible in their national and regional publications. Any divergence b
IEC Publication and the corresponding national.et¢égional publication shall be clearly indicated in thé

itself does not provide any attestation of conformity. Independent certification bodies provide cor
essment services and, in some areas, aceess to IEC marks of conformity. IEC is not responsible
ices carried out by independent certification bodies.

isers should ensure that they have thé'latest edition of this publication.

liability shall attach to IEC or its>directors, employees, servants or agents including individual expe
nbers of its technical committees-and IEC National Committees for any personal injury, property dan
br damage of any nature whatsoever, whether direct or indirect, or for costs (including legal feqg
enses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC Publi

ntion is drawn to the Nermative references cited in this publication. Use of the referenced publica
spensable for the correct application of this publication.

ntion is drawn te_the possibility that some of the elements of this IEC Publication may be the subject o
ts. IEC shall dot\be held responsible for identifying any or all such patent rights.

The npain task.of IEC technical committees is to prepare International Standards. Howe

techn
data ¢

cal committee may propose the publication of a technical report when it has col
f a-different kind from that which is normally published as an International Standa
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eports,
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IEC TR 61191-8, which is a technical report, has been prepared by IEC technical committee 91:

Electr

onics assembly technology.

The text of this technical report is based on the following documents:

DTR Report on voting
91/1665/DTR 91/1689/RVDTR

Full information on the voting for the approval of this technical report can be found in the report
on voting indicated in the above table.

This document has been drafted in accordance with the ISO/IEC Directives, Part 2.
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A list of all parts in the IEC 61191 series, published under the general title Printed board
assemblies, can be found on the IEC website.

The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under "http://webstore.iec.ch” in the data related to
the specific document. At this date, the document will be

e reconfirmed,

e withdrawn,

e replaced by a revised edition, or

e amended.

IMPORTANT - The "colour inside" logo on the cover page of this document indigates
that it contains colours which are considered to be useful for the correctunderstanding
of its contents. Users should therefore print this document using a colour printer
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INTRODUCTION

This document applies to electronic and electromechanical automotive printed board
assemblies and describes current best-practices for dealing with voiding in solder joints of
surface-mount components soldered onto printed boards.

This document is an informative document which serves to illustrate the technically feasible
options and to provide a basis for customer and supplier discussions and agreements. It is not
intended to be regarded as a specification or standard.

Related standards are gathered in the bibliography

This gocument has been prepared based on material provided by the working group DKE
AK682.0.7 (Assembly and interconnect technology in automotive electronics).
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PRINTED BOARD ASSEMBLIES -

Part 8: Voiding in solder joints of printed board assemblies
for use in automotive electronic control units — Best practices

1 Scope

This gart of TEC GTTYT gives guidelnes for dealing with voiding In surface-mount solder]joints
of pripted board assemblies for use in automotive electronics. This technical report focuses
exclugively on voids in solder joints connecting packaged electronic or electremechpnical
compgpnents with printed boards (PBs). Voids in other solder joints (e.g. in a jeint‘between a
siliconp die and a substrate within an electronic component, solder joints) of“through-hole
compgpnents, etc.) are not considered. The technical background for the occusrence of vqgids in
soldef joints, the potential impact of voiding on printed board assembly reliability and
functipnality, the investigation of voiding levels in sample- and series-production by use of{X-ray
inspe¢tion as well as typical voiding levels in different types of solder joints are discyssed.
Recommendations for the control of voiding in series production arealso given.

Annex A collects typical voiding levels of components and recommendations for acceptability.

2 Normative references

The fqllowing documents are referred to in the textin such a way that some or all of their content
constitutes requirements of this document. For.dated references, only the edition cited agplies.
For Undated references, the latest edition® of the referenced document (including any
amengments) applies.

IEC 6D194, Printed board design, manufacture and assembly — Terms and definitions

3 Terms and definitions

For the purposes of thiss document, the terms and definitions given in IEC 60194 and the
followjng apply.

ISO apd IEC maintain terminological databases for use in standardization at the following
addrepses:

o |EC &lectropedia: available at http://www.electropedia.org/

e SO Online browsing platform: available at http://www.iso.org/obp

3.1

design authority

individual, organization, company, contractually designated authority, or agency responsible for
the design of electrical / electronic hardware, having the authority to define variations or
restrictions to the requirements of applicable standards, i.e., the originator/custodian of the
applicable design standard and the approved or controlled documentation

3.2

manufacturer

individual, organization, or company responsible for the assembly process and verification
operations


http://www.iso.org/obp
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lled component

component delivered with solder balls attached, as ball-grid arrays

3.4
solde

r coverage

2021

ratio of the overlapping area between parallel and wettable surfaces of printed board and
component termination covered with a vertically continuous layer of solder divided by the total
overlapping area between parallel and wettable surfaces of printed board and component

termination

Note 1 foemtry—Vordsamdempty Space are not part of the-verticatty comtimuous tayer of sotderamndthere
not corjtribute to the solder coverage.

3.5

user

individual, organization, company or agency responsible for the,  'procureme

electr
the re
these

4 T

4.1

Differ
Figurg

a) In

Vd
m
or

agsembly reliability

cal/electronic hardware, and having the authority to define any variation’ or restricti
quirements of applicable standards, i.e., the originator/custodian ef'the contract de
requirements

pchnical background of voiding in solder joints and‘potential impact or

Void categories

bnt categories of voids exist (see also Annex A). Those are illustrated in Figurg
7:

Clusions / macro voids (type I)

ids generated by the evolution of volatiles during the reflow process when the so
blten. The sources of volatiles are-fluxes and solder paste, absorbed moisture in lam
resulting from oxide reduction'during the flux reaction. See Figure 1 for an exampl

ore do

b 1 to

der is
nates

a)

e .

100 um

IEC

Figure 1 — Example of inclusion/macro void

b) Design induced voids, (type Il)

Voids generated due to the presence of microvia(s) in the land pattern (via in pad design).
During reflow, the microvia traps the volatile gases and prevents them from escaping from
the solder joint. See Figure 2 for an example.
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IEC

Figure 2 — Example of design induced void

c) Shrinkage voids (type Ill)

V@
SO

ids caused by the reduction in solder volume when thé solder is in the proce
lidification from liquid to solid. See Figure 3 for an example:

Figure 3 — Example of shrinkage void

d) PI

SS

of

Small voids (typically < 20 ym in diameter) residing substantially at the interface between
PB land or component termination and solder; this type of voiding is sometimes also known

as

"champagne voids". See Figure 4 for an example.
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Figure 4 — Example of planar micro voids @

Vqids formed within intermetallic layers, between base m@énd component termirjation,

Intermetallic micro voids (type V)

Figure 5 for an example.

dde to organic impurities in the Cu during electroplating.;é
()

O@gure 5 — Example of intermetallic voids

Pinhole micro g% (type VI)
M cron-size&s within the intermetallic compound (IMC), between the IMC and the PB
Cu land arely) close to the IMC in the solder; these are due to an unstable glating
prpcessi which can lead to chemicals becoming entrapped during the PB fabrication prpcess.
Se e@dre 6 for an example.

AN



https://iecnorm.com/api/?name=ca13086eaa1830bef3ba75544e78a969

IEC TR 61191-8:2021 © IEC 2021 -1 -

7 um Electron image 1 7 7 um

f — o y Electron imag(eléq/ .
%.

4
Figure 6 — Example of pinholes1 N

g) Blpwholes (type VII)

Vqids caused by escaping gaseous flux residues, characte

ri d%y a hole in the surface of
the solder that is connected with a sub-surface cavity. See@dre 7 for an example.

c)o IEC

@‘ Figure 7 — Example of blowhole voids

4.2 Void&urrence in surface-mount technology solder joints

Voidin 4(1/ older joints is pr|mar|Iy caused by outgassmg of entrapped flux volatiles in molten
soldet he-PB-andiorcomponen s that
inhibit wettmg durmg the reflow soldermg process Based on the results of most void
investigations, it is generally accepted that the most relevant parameters that influence void
formation are: solder paste flux chemistry, the cleanliness of PB and component surfaces, the
time it takes for the solder powder to coalesce during reflow versus the time it takes for
eliminating the metallization oxide(s), paste type (grain size) and, in combination with paste,
also the temperature profile of the reflow soldering process. Based on the reflow profile, if the
paste coalesces much sooner than the substrate oxide removal at reflow, the flux can adhere
to the surface of the substrate oxide (an immobile phase) and become entrapped in the molten
solder. Consequently, this entrapped flux will serve as an outgassing source and will constantly
release vapour which directly contributes to void formation. The void content also decreases

1 Reproduced from Aspandiar, R., Voids in Solder Joints, Presentation made at the SMTAI 2006 Conference, with
the permission of the author.
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with increasing solderability. With increasing solderability, the substrate oxide can be cleaned
more readily, hence allowing less opportunity for the flux to be entrapped to form voids.

The quality of the surface finish of PBs such as ImSn, OSP, ENIG, ImAg, also plays an important
role. Organic residues on surfaces or inclusions from chemical processes can have a significant
influence, but if cleanliness and the quality of surface finishes of components and PBs are well
controlled, the effect on voiding should be low.

Component surfaces also have a certain impact on voiding behavior, especially if there are
surface defects like cracks or holes within component terminations in combination with
underlying organic layers. Passing of wettability testing (e.g. IEC 60068-2-58 IEC 60068-2-69,
IEC 6[T89-5-60T, J~STD-002, J-STD-003) IS mandatory. But good wettablfity based on|these
tests s not necessarily a sufficient indicator for obtaining low void levels. Currently therg is no
sensifive generic test for components which can predict the tendency to voiding with'acCeptable
accuracy.

Note {hat some of these parameters are not independent of each other, forjexample, the feflow
profilg needs to be adapted to the solder paste flux to control outgassing during the melting
phasdq.

An important aspect to be considered to limit void levels is, the solder paste volume¢. For
compopnents with different standoff levels, like gullwing compdnrents, the solder volume jat the
standpff (this can be, for example, the exposed thermal pads for quad flat packages — QFPs)
must pe sufficient to fill the whole gap defined by the standoff level. Otherwise the soldef joint
will either not cover the whole wettable area or form large voids. In addition to the total $older
paste[volume, the geometry of the stencil apertures also plays a role. In general, separdting a
given |total volume of solder paste in smaller printediareas tends to reduce voiding levels|

One additional topic to be considered is thévnon-uniform behaviour of void formatiop with
differgnt types of components, especially preballed components, area-array components with
soldef balls, versus standard SMT components like chip capacitors and QFPs. For standard
soldef joints, higher wetting performanceof the solder surfaces generally reduces voiding. This
can b¢ explained by a lower chance:offlux residues remaining on the PB or termination suffaces
during the soldering process, acting as potential void sources. Another case is the voidihg for
area-array components with selder balls. For such components, higher wetting performance
generglly results in higher voiding levels. This phenomenon can be explained by a simple model,
as shown in Figure 8.

Low wetting performance of High wetting performance of
flux/low temperature gradient flux/high temperature gradient
= Low voiding = High voiding

IEC

IEC

Figure 8 — Theoretical model for voiding behaviour of preballed components
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The assumption is that there is some kind of more or less stable “skin” of the BGA ball, which
could be an oxidation layer or some phase separation effect at the ball surface. This “skin” is
stable during the reflow process until it is penetrated by thermal convection, wetting forces or
flux activity. Up to this moment of penetration, all gaseous products forming within the solder
paste pass along the ball and will easily leave the solder joint. As soon as the skin is cracked,
a significant share of rising gases can enter the ball and voids are captured within. The cracking
is accelerated by a higher temperature gradient or higher wetting performance resulting in a
higher final void content of the solder joint.

Since this behaviour of preballed components is different from standard SMT components, a
general void reduction strategy for panels with mixed component spectrum is limited. In these

cases

vold—reductionfor one - combonent can incraaca vunid laval faor athare A raacn
V- t SGHHeH—o+—0+H HpoHReHt—ea—Gt -ota—eY-er—re—otHetrs—F—1+eas

nable

comp
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An ag
interc
voidin

All these findings show that voiding can be reduced to a certain level, but not reduced t

with s
stabl¢g
of voi

When
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omise for the whole assembly needs to be sought.

rly, a higher peak temperature typically results in higher voiding levels, for pre
bnents, whereas the opposite trend is generally found for other SMT components sU

ditional factor for void formation of area-array components is.the use of high d
bnnect PB technology. In case of microvia in pad designs¢ so-called design in
g can occur.

tandard convection reflow processes. But if material, and process parameters can b
, the variation of average void level can also be«ept under control, since the sens
 level to process parameters was found to not‘be“very high.

voiding levels in solder joints are analyzed, it turns out that typically a rather wider g

of voi

invesfigated on a set of printed board assemblies of a certain type. This can be understg

follo
reflo

criticdl size where the voids touchxthe outer surface of a solder joint, they escape fro

solde
residy
analy
during

ling levels are observed, even for the same joints (i.e. joints at the same layout pos

: online X-ray analysis during reflow processes has shown that void formation
is a quite dynamic process. Voids are generated, grow and, upon reaching a ¢

joint. A few seconds later\new voids are forming, often at the same location fro
es not visible in X-ray-inspection. This process can be observed using online
bis like the images of open solder pads in Figure 9. Thus, the void level in a solde
the melting phase of a reflow process can look like an irregular saw-tooth cycle.
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For the final state of solder joints, this mechanism implies that the overall average void level
can be quite stable, but the void level distribution between different solder joints can exhibit
considerable scatter.

4.3 Influence of voiding on solder joint performance
4.31 Introductory remarks

Most voiding concerns concentrate on reliability issues related to the thermomechanical,
mechanical, thermal and electrical performance of solder joints. The reliability assessment is
difficult since solder-joint reliability is a highly complex and multi-faceted topic. Specific types

of voids can reduce the lifetime of solder joints under certain loads, thus having a detrimental
effect|on the reliability of components and therefore products (as shown below). In thexcontext
of solder joint reliability, many parameters like materials, surfaces and process paramieters,
including voiding, influence solder joint formation as well as solder joint reliability.-As solder
joint reliability is the primary target and void formation is only a problem if it reduces relipbility
of the|assembly, void reduction only makes sense in case it leads to increased. reliability
e oWy
&, “»
Be it
®, . ~'~~
— " [ — vy, Yy,
Load profile g;o, Load capacity
Co }Jnt
AN
Stackup Susface quality
Base material Yermination Flux
Metallization Plating type Grain size
Voids
Reflow profile Phase separation
Solder volume
Placément . Grain refinement
Pad design
Printing Standoff height IMC
Underlining:
influence of Solder joint Solder joint
parameters geometry structure
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Figure 10 — Principal influencing parameters affecting solder joint reliability

Figure 10 demonstrates the complexity of the subject. On the left side, the principle of reliability
is illustrated. Stress profiles and strengths of design elements have to be adjusted to each other,
not only on the product level, but likewise also on more detailed levels like the PB, electrical
component, solder joint and grain structure. For all practical cases, load levels should be lower
than load capacities of design elements, even respecting statistical distributions.

The strength of solder joints on the right side is influenced by many parameters like PB materials
and build-up, component materials and quality, solder paste, process and machine parameters,
general and individual solder joint geometry and solder joint microstructure. Voiding is only one
parameter out of the solder joint geometry parameters. Voiding is influenced by many other
parameters like solder paste or component termination, as explained previously. The main
parameters influencing void level are underlined in this Figure 10.
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It is important to understand that the overall assembly reliability is also a multi-faceted topic:
An assembly has to demonstrate satisfactory performance under all relevant internal and
environmental loads. As an example, an optimization focusing exclusively on voiding levels in
solder joints can result in the use of a solder flux generating residues which are detrimental for
the electrochemical reliability of the assembly at elevated temperature and humidity. In such a
complex system, a reduction of voiding does not generally enhance the overall assembly
reliability. An optimization of voiding levels alone does not necessarily assure the best overall
assembly reliability, which should be the main target. Nevertheless, reduction of voiding levels
in solder joints is generally aspired to, providing there is no detrimental effect on the reliability
of the overall assembly from the actions needed to reduce the voiding.

4.3.2 —Fhermomechanicalrelability

Since| voiding affects the solder joint geometry and microstructure, and interactscwith [crack
propapation, it also has an impact on thermomechanical solder joint reliability. For most|types
of solfer joints, preferred crack paths during temperature cycling of boards can be identified.
Espegially if voids are positioned within these critical paths, the stability against cracking can
be refluced as specific types of voids can accelerate the crack propagatien’and weakgn the
soldef joint stability. This highlights that in addition to its size, the location of a void can have a
pronounced effect on its effect on reliability. On the other hand, voids_can-increase the flexibility
of solfer joints and improve reliability, at least locally, for certain selder-joint geometries, e.g.
for BGA solder joints. The overall effect on solder joint reliability i§ difficult to assess, espegcially
for components with multiple solder joints like BGAs or.‘QFPs. For these compgnents
interaptions between the solder joints also have to be takentinto account. For example,|voids
in one solder joint can increase flexibility of that joint but can also partially transfer stress to
neighboring solder joints.

The dffect of voids on solder joint reliability has been studied by FEM simulation in various
investigations, mainly for BGA components. Positive as well as negative effects of voids on
soldef joint reliability, mainly depending on size-and positions of voids within the ball, havg been
reporfed. But most of them try to identify\a“direct correlation between void rate and |crack
behavior within single balls. Only few examine the interactions between different solder |oints.
Simulations are mainly facing two limitations:

e a puitable model for crack prepagation within solder joints or BGA balls is missing, which
waquld be required to judge:the exact influence of voids on this crack propagation progess;

e the accuracy of stress level comparison between balls with different geometry (her¢ void
content) is very limited\with available simulations models.

Since|voiding effection thermomechanical reliability is difficult to assess only by theoretical
simulations, some.experimental evaluations have been done and reported in literature.

Indepepndent of-the limitations discussed above, the two main conclusions that can be ob{ained
from ljterdture (Hillman et al. 2011, Holle et al. 2018) for BGA voiding are:

th £L 4 £ 20 0/ HP= I | [ 1l ol H H H 4+ £ t .
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e the effect of voids on solder joint reliability is strongly depending on the location of the voids,
i.e. their relative positions with respect to a potential crack path.

Due to the great amount of effort that is involved in these investigations, they are concentrated
on the components that are seen as the most critical concerning both thermomechanical
reliability and void level. General experience shows that three groups of components can be
selected as the most challenging:

e BGA
e Chip components (resistors or capacitors)

e Bottom-terminated components like QFNs (quad-flat no lead packages), SON (small-outline
no lead), etc.
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For these groups, some experimental evaluations can be reported in addition to theoretical
studies. In one study (Holle et al. 2018) the TC lifetime of BGA416 (pitch 1,0) with normal and
intentionally increased voiding has been compared. Lifetime in this study is the time until
electrical failure during online measurement with temperature cycling between -40 °C and

+125 °C (see Figure 11).
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Figure 11 — Correlation-of BGA lifetime with average and maximum void levelg
Thesq results confirm the conclusion of theoretical studies that maximum voiding,| even
exceeding 30 %, is nhot significantly affecting reliability. This result also confirms the cprrent
limit fpr BGA voiding ‘adopted in different standards (see, for example, IPC-A-610, J-STD-001,
IEC 6[1191-2). Jhe second important finding from this investigation is the high variatjon of
lifetime values.independent of maximum void level. This effect is confirming the general remark

at the
solde
void

beginning of this chapter that voiding is only one effect, maybe only a minor on
jeint’reliability. To some extent the reason for this variation might also be that de

bositions are not taken into account with this infngral r‘nncirinrafinn, but this

e, on
tailed

direct

correlation between void position and reliability of a component is almost not possible on an

experimental level due to the high complexity of interactions.

For the other two component types there are only a few investigations reported in literature.
One result from the same study shows the shear force performance of soft terminated 1206
chip resistor solder joints after different levels of temperature cycling -40 °C/+125 °C
(see Figure 12, Holle et al. 2018). For the components in this study, the void level within the
standoff area was highly variable due to a component specific termination outgassing issue.
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Figure 12 — Correlation void level standoff'chip resistor 1206 and shear force aftef TC

This gvaluation shows that independentef TC level, the shear force is almost not affecied by
void |level. The conclusion from ~this result is that the void level does not [affect
thermpmechanical lifetime performance significantly up to about 35 % void level in the standoff
area. |This result is primarily valid for voids in the standoff area due to a different crgcking
behayior of the meniscus. But'in'most cases, especially for standard SnAgCu solder alloys, the
void rate within the meniscus is normally rather low.

For bpttom terminated-components (BTC) currently only very limited data is available but
invesfigations within different institutions are ongoing. Thus, additional results can be added
later. |A very rigoerous recent study focused on how board design (i.e. vias) affect the formation
of voi@ls and whether the presence of voids in the thermal pad impacts the solder joint relipbility
of the|signal-interconnect. For the tested components, this study concluded that the magnitude
of voifling'at the thermal pad does not affect the reliability (Hillman et al., 2019).

As an overall conclusion for the effect of voiding on thermomechanical reliability, voiding can
have a negative influence on TC reliability if certain threshold levels are exceeded. Those
thresholds are depending on component type. Below such thresholds, the thermomechanical
reliability is largely independent of the voiding level.

4.3.3 Mechanical reliability

Influence of voids on mechanical solder joint reliability under vibration, drop, or shock load is
not investigated very deeply. Thus, at this place only general assessments based on long term
field experience can be reported: Based on field experience, mechanical loads are not generally
expected to result in failures related to voiding in solder joints.

For chip components, at least up to 1206 size and also multi-pin components, there is no
negative effect of voiding seen, because these components are not critical concerning
mechanical load. Some potential risks are seen for 2 groups of components:
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e heavy components (electrolytic capacitors, SMD coils, chokes, shunts, etc. ) with small pin
count (< 4). In these cases, voids could be relevant for shock/drop reliability due to high
shear force load during mechanical impact;

e area-array components with low standoff and a high number of solder joints like
LGA > 2 x 2 cm and castellation modules. For these cases, bending induced failures could
be relevant with voids playing a role.

Due to limited experience and knowledge about void influence on drop, shock, and vibration
performance, deeper investigations are recommended, but only in case of exceptionally high
requirements concerning mechanical loads.

4.3.4
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Figure 13 — Sketch of heat transfer with exposed pad solder joints
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A sketch of the simplified model behind this calculation is shown in Figure 13. The overall heat
resistivity between component surface and heat sink or housing surface on the other PB side
is calculated for the whole exposed pad area.

For the model illustrated in Figure 13, the influence of voiding on vertical thermal resistivity of
solder joint plus PB is illustrated in Figure 14. Since via filling can reduce the thermal resistance

of the

PB and enhance the influence of voids, this effect was also considered.
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This dalculation clearly shows that the solder joints of exposed pads on standard PBs afe not
sensifive to voiding down to a soldered;area of about 20 % or even 10 %. The main bottleneck
for hejat transfer is the PB with the plated through holes, and not the exposed-pad solder
even |f a high number of thermal vias-is supporting the vertical transfer of heat through th

Solder filling of thermal vias alsq-does not change the situation substantially.

The in
not e
gener|

Thus,
voidin
effect
toah

ally not an issue for reliability providing sufficient thermal transfer is assured.

at least the_normal range of the non-soldered share of the connection area (this ing

5 on_thermal transfer. This can only be different if the component is soldered dired

throug

e PB.

fluence of voiding within exposed pads on solder-joint lifetime under thermal cycling was
plicitly investigated;\but from field experience, it is known that this kind of solder jpint is

ludes

g as well'as not completely wetted pads) up to about 65 % does not result in detrimental

tly on

eat 'sink (e.g. to a massive copper inlay in the PB). In this case, the PB with the plated
huholes is no longer the bottleneck for heat transfer and voids show increased influence

on thermal resistivity. For these applications, vacuum soldering is known as an effective method

for vo

id reduction.

These considerations are valid for standard conditions and for an overall heat transfer
calculation. Special applications with higher heat transfer requirements or dynamic effects, like
hot spots within component exposed pad area, can cause additional requirements. Therefore,
these results do not claim general validity and a given void level can be acceptable in one
application, but not acceptable in another application.

4.3.5

Electrical functionality

Since electrical resistance of solder joints is not critical for most types of components, voiding
does not normally affect electrical functionality of components. Exceptions may be high
frequency or current applications only. These cases have to be assessed individually.
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5 Determination of voiding levels in solder joints

5.1 Instrumentation available for investigation of voiding in solder joints
511 General

The only non-destructive method for the investigation of voiding in solder joints is X-ray
inspection. As some electronic components can be adversely affected by radiation exposure
resulting in X-ray doses exceeding component-specific threshold values, component
susceptibility should be evaluated and considered prior to X-ray inspection. Suggestions
intended to minimize radiation exposure of components are summarized in Appendix D-4 of
J-STD-001H

Two different variants of X-ray inspection equipment (XIE) can be distinguished: 2D"XIE and
3D XIE.

5.1.2 X-ray inspection equipment operating in two-dimensional mode

This method involves irradiation of a printed board assembly with an (ideally) point-like|X-ray
source and recording of the transmitted intensity on an area detectot/This can be done [under
differg¢nt angles, but for the investigation of voiding the perpendicular(with respect to the|plane
of the printed board assembly) illumination is usually adopted. Inclined imaging can be
emplgyed if solder joints with a principal direction which is normal with respect to the suyirface
of the|printed board assembly are investigated (e.g. for throqugh-hole solder joints).

2D XIE has found wide-spread use in electronics mandfacturing as a tool to image hidden solder
joints| Variants for manual inspection (i.e. an operator inserts printed board assemblies|in 2D
XIE) g9nd automated inspection (i.e. printed board assemblies are provided for inspection by a
convgyor system) exist. The image analysis to determine voiding levels can either be dong fully
automatically, by using suitable image processing and analysis algorithms, or manually [by an
operator, by determining areas of voids and‘solder joints graphically. Semi-automated anjalysis
is alsp possible, where only certain analysis steps (e.g. contrast enhancement etc.) arel done
automatically. The automated image analyses still struggle with filtering void geometry ouft from
all other real board information. Repeatable and reproducible results can generally only be
achieyed with special test boards avoiding disturbing printed board assembly structufes or
individual adaptation of image jevaluation to certain components/positions on a printed |poard
assembly. A general precondition for proper void evaluation is a suitable image magnification
that allows for good voidirecognition. The main challenges are:

e L4ck of reference_samples for voiding: At present, no reference samples with known void
content are commercially available for equipment calibration. Thin metal foils with drilled
hdles couldbe-taken as a reference, but still this is not the real PB situation since void walls
arg not vertical in reality and thus detection of the correct void size is much more difficult.
A9 analternative, a high quality tomography could be chosen as reference if |mage

e high

and-the yective p = S c allsample

size, in order to enable a sufficiently high number of projection directions by rotating the
sample). Thus, for this issue no satisfying solution has been found.

e Shadowing effects: A projection image of a printed board assembly contains not only
contrast variations caused by solder joints and their voids, but all other structure above or
below a solder joint, as components on the other PB side, copper structures within the PB
(traces on outer and inner layers), buried vias etc. can result in pronounced contrast
variations. These contrast variations can affect the results of automated algorithms and can
even make a manual voiding assessment difficult. Also, solder joint thickness differences,
as the difference in thickness between standoff and meniscus of chip components, disturb
the image processing and analysis. This can result in slip, the non-detection of existing
voids and pseudo-voiding, i.e. detection of non-existing voids caused by slightly brighter
areas within solder joints.
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Influence of equipment settings on voiding results: As every X-ray image taken with a
detector has only a limited dynamic range, optimizing illumination and detector sensitivity is
crucial for voiding detection. A ‘too dark’ image tends to underestimate voiding levels, as
voids can escape detection and the area of the solder joints are maximized. On the other
hand, a ‘too bright’ image tends to overestimate voiding levels, as areas of voids are
maximized, whereas areas of the solder joints can be determined as too small.

Influence of algorithm settings for void detection on voiding results: Similarly to equipment
settings, algorithm settings can have a pronounced effect on the obtained voiding results.
In any algorithm, a threshold value will affect the identification of a certain region of a solder
joint as a void. As an example, many algorithms rely on binarization of measured images.
Such binarization thresholds obviously can have a major influence on the obtained results.

Definition of reference area: Voiding is usually expressed as a percentage, by taking the
arga of voids in a given solder joint divided by the area of the solder joint. For many solder

joints, the definition of the reference area is not straightforward and generally“acg
ddfinitions are lacking. As an example, the area of the solder joint of a chip fesistor n

m

Some

operation are employed. A very thorough procedure is described, in’ IEC 61191-6,
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5ses the X-ray investigation of voids in solder joints of ball-grid*and land-grid arrays
d involves recording images of solder joints using two different illuminations, whe
taken with low tube voltage serves to detect the area<of the solder joint, where
taken with high tube voltage serves to detect the area.of-the void.

pproach was found to provide a rather satisfactery result for determining voiding |
rticipants during a round-robin investigation/ of certain, fixed type, printed

5 were not taken into consideration. The latter can be detrimental for the reprodu
ling levels.

X-ray inspection equipment operating in three-dimensional mode

E aims to obtain three-dimensional absorption-contrast reconstruction based on in
ns of X-ray intensity recorded with different relative orientations of X-ray source, p
assembly and/or detector Both so-called tomo-synthesis as well as tomograph
yed. Variants for manuallinspection (i.e. an operator inserts printed board assemb
E) and automated inspection (i.e. printed board assemblies are provided for inspect
eyor system) exjst For the latter, cycle time and equipment costs limited the use o
ment in mass praduction. At present, 3D XIE can be used in mass-production ass
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but this equipment has not yet found wide-spread use. A major advantage of the
sional reconstruction is that keep-out zones related to the overlapping of all featu

underlying data. Investigations on the repeatability and reproducibility of 3D XIE-

three-
es of

1 board(assemblies (as bottom- and top-side solder joints, internal component and PB
Lres).in=a 2D image can be largely avoided. The analysis of voiding for 3D XIE is typically
hm-based, a manual determination of voiding levels is not practical due to the 3D npature

ased

void inspection are scarce. Of course, difficulties in void analyses related to the lack of
reference samples as well as to defining reference areas affect results obtained with 3D XIE as
well. Similarly to 2D systems, an influence of algorithm settings for void detection on voiding
results will occur.

First results indicate that repeatability and reproducibility for the analysis of voiding is still
limited and that these systems are also not totally immune to disturbing effects resulting from
shadowing.
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5.2 Challenges for the X-ray inspection of voiding: two case studies

5.2.1 Influence of shadowing effects on measuring reproducibility — first results for
3D X-ray inspection equipment

The influence of shadowing effects on measurement reproducibility of voids with real board
conditions has been analyzed for a 3D AXI system based on tomographic image reconstruction.
Different shadowing situations were realized by adding thin Cu absorber sheets (thickness of
200 uym to 500 ym) to the bottom sides of printed board assemblies with chip components of
different case sizes (chip capacitors with case sizes of 0402 and 0805 in inches, chip resistors
of case sizes of 0402 and 0805 in inches). In addition, the effects of double-sided assembly
and of PB-internal structures were also considered. The results are shown in Figure 15.
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Figure 15 — Average voiding results for different shadowing conditions

NOTE | Due to the change of the measurement object by adding additional layers / structures, this analysis s not a
standafd gauge reproducibility analysis, but it represents the difficulties to reproduce voiding measurements|in real
mass production under-different conditions in a more realistic manner than looking only at exactly the same|board.
The important paointds that not the object itself (i.e. the solder joint) is changed by these realistic modificatigns, but
only the measurability of the object’s environment.

The results’without shadowing pertain to the repeated investigation of the same solder|joints
under|ideal conditions and represent the intrinsic repeatability of the equipment (see Figuie 16).
The repeatability is already restricted under ideal shadowing conditions and varies considerably
by component type and case size. Already moderate shadowing, as realized by adding absorber
sheets of different thickness to the PBs bottom sides, significantly influences the measurement
results, i.e. the reproducibility is significantly affected.
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5 | x U2 (i.e. the product'of tube current and the acceleration voltage squared) in Figlire 17.
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Figure 17 — Void measurement of BGA’region with varying X-ray parameters

this investigation, it can be concluded that there is a high uncertainty in measurem
even with identical board conditions; especially if performed on different X-ray mac
can only be a factor of 2 from¢X-ray analysis alone without considering the influe

materials, machines, and-parameters, the differences are much lower and results o
for void influence inveéstigations as within this and many other studies. But if
irement is used for control of void limits in mass production, this low level of measur
ility should be_tonsidered, especially since there is currently no reprod
irement referepce/available to overcome this drawback. Thus, for further work o
ion and control;”an improvement of X-ray measurement and analysis quality is cru

Manual'determination of voiding levels in solder joints in sample productic

ay to’assure high evaluation quality is manual evaluation of void images since hy

ent of
hines.
hce of

processing, which can add.an*uncertainty of similar level. For direct comparison with the

an be
X-ray
ement
ucible
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cial.
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mans
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ndistinguish best between voids and other structures. The lack of reference sample

the m

ssing definition of reference areas is also critical for manual evaluation. Since th

ere is

currently no method available with better reproducibility, this procedure is rated as the preferred
method for overall confirmation that products show acceptable void levels. This would only be
applicable in special cases or with a small number of random samples, as the effort required to
conduct this evaluation is very high. The detailed test volume should be defined between user
and manufacturer.

To help define suitable methods for void control in series production, a round robin evaluation
is currently conducted under DKE (Deutsche Kommission Elektrotechnik German
Electrotechnical Commission) supervision.
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6 Recommendations for sample qualification

Since the general influence of material and process parameters on voiding are known, at least
qualitatively (see Figure 10), this knowledge should be employed during product and process
design to optimize overall assembly reliability with a controlled voiding level. If standard
processes are already optimized, stable process conditions and material quality should be
strived for.

Voiding levels of samples during different sample stages should be investigated. In particular,
initial sample (A- and B-sample) stages enable the early detection of excessive voiding levels
and the implementation of measures to reduce voiding to acceptable levels based on
Clausp A2 Tf during this early sample phase, irregularities, i.e. void levels in excass of
reconimended void levels, are found, the possibilities for void reduction should be evallated.
This dan be achieved by implementing measures like adjustments of printing or reflew prpcess
and siencil or pad modifications. Only if these measures do not show a significantjimprovement,
a second step could be a proof of sufficient reliability of the particular solder joints“with elgvated
voidinlg levels through adequate reliability testing covering the potential risks.JJf this testing can
be finplized with a positive result, this increased void level can be established as acceptable
for the special product design element under consideration, if agreed befween design authority
and/of manufacturer and user. The manufacturer and/or the design- authority should then
provide objective evidence for the acceptability of elevated voiding levels.

Once [production-validation samples are built, the voiding levels of selected component|types
and cgse sizes should be documented, as a reference for future mass production. To thi$ end,
repregsentative component types and case sizes should be selected, so that an dverall
assessment of the voiding levels for an entire assemblyvis possible.

Simildrity considerations can be applied, to limit“the efforts and costs related with vpiding
analyses. Investigations of voiding levels can.also be based on generic test boards, whicH need
to satisfy similarity rules with respect to the product samples under consideration| The
manufacturer should provide objective evidence for the validity of any similarity rules applied.

For a|statistical assessment of voiding levels, voiding can be treated as an attributive fegture.
Based on Pearson-Clopper statistics, the ppm-level of solder joints exceeding a given thrgshold
value|can be determined based.on the number of solder joints investigated and the numper of
defects (i.e. voiding levels exceeding a given threshold value) detected. In case of zero dgefects
in a glven measurement_run, this is called a success run.

The r¢quired DPMO (defects per million opportunities) level should be as agreed between user
and dupplier. Aswa“default value, a DPMO level of 10,000 (i.e. 1 %) can be considered
acceptable. This{DPMO level can be assured with a success run of 300 electronic compgnents
(with @& confidence level of 95 %). The results should be obtained from different productign lots
to appropriately cover statistical scatter of the voiding results. Recommended threshold yalues
for acgeptability of voiding levels in different types of components are summarized in Clauge A.2.

Pearson-Clopper statistics can also be used if no success run occurs. In such cases, the
number of components investigated has to be increased to assure compliance with the
threshold values (e.g. one failure in about 660 electronic component assures a DPMO level of
10,000 with a confidence level of 95 %).

The required void limit and ppm-level can be confirmed by a lower sample number, if continuous
void data and appropriate statistical methods are applied.
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7 Recommendations for mass production

7.1 General remarks

A 100 % X-ray control of solder joint voiding is not necessary for product reliability assurance
and is technically, as well as economically, not achievable within the near future. Thus, the
control of voiding levels in mass production should preferably be assured by establishing robust
and stable production processes. The stability of voiding levels can be investigated and
controlled by ramp-up quality assurances and, if required, subsequent sample testing. If
objective evidence for stable voiding levels and proper process control are available, mass
production without X-ray sampling inspection can be pursued, if agreed between user and
supplie—r—-addition—processconirol of voids can-be focusedonprinted boardassemblies for
which| negative effects on thermomechanical reliability, mechanical reliability, and "thermal
and/of electrical functionality of a product due to excessive voiding can result.

Typical voiding levels of components and guidelines for acceptability are summarized in
Clausge A.2.

Simildrity considerations can be applied, to limit the efforts and costs’ related with vpiding
analyses. The manufacturer should provide objective evidence for any similarity rules applied.

The fpllowing 7.2 to 7.4 outline possible scenarios for codtrolling voiding levels in[mass
produgtion.

7.2 |Ramp-up quality assurance for voiding

A ramp-up quality assurance (RQA) involves tracking of voiding levels over a certain period of
time gr a certain part count. If particular solder joints are selected for the RQA procedure,|some
of the|difficulties of voiding inspection are ayeided: even though it can be impossible to pbtain
absollite values of voiding, relative changes over time/part count can be tracked with a higher
confidence level. An RQA reveals the sensitivity of voiding levels to typical process, materials
and cpmponent variations occurring indmass production. RQA procedures can involve 100 %
inspec¢tion of certain solder joints of.@assemblies (i.e. fixed, selected layout positions) or dan be
acconplished by sampling with afixed or flexible frequency. Depending on the results ob{ained
during the RQA phase, it can-be decided which procedure is most appropriate during
subselquent mass production?

7.3 [X-ray sampling/inspection
7.31 General

When| a prodacthas passed product-validation testing with respect to voiding, and if |X-ray
sampling inspection is required, the manufacturer should implement a documented prpcess
contrql system for characterizing voiding by using X-ray inspection. A documented prpcess
contrql*system should define control and corrective action limits and required periodic sample
testing.

7.3.2 Control limits

The manufacturer should determine control limits for voiding based on results from product-
validation testing and have objective evidence available for review.

7.3.3 Exceeding the control limits
When the control limit, established by the manufacturer, is exceeded:

1) X-ray inspection of voiding should be repeated on the sample of the printed board assembly
that failed the test.

2) If the second test exhibits in-control test results, no manufacturing process action is required,
but the X-ray inspection process should be checked.
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3) If the second test confirms that the control limits have been exceeded, investigation of the
root cause of the failure should be performed immediately. The manufacturer should
document the disposition process and inform the customer to define the subsequent steps.

7.4 Process control without X-ray sampling inspection

For printed board assemblies featuring well characterized PB surfaces as well as solder
materials and components, mass production resulting in stable voiding levels is possible,
provided proper process-control measures are in place and objective evidence for compliance
with the established thresholds is available. This approach should be adopted based on an
agreement between user and manufacturer.

The f¢llowing process-control measures are mandatory:

e Regular verification of reflow profile: a procedure should be in place to verifyperiodically
that the reflow profile remains within tight limits with respect to the profile thatywas used for
soldering the production-validation samples.

e Dgcumentation and quality controls of relevant parameters for incoming materials and
components: relevant parameters (e.g. flux activity) of solder materials'should be spgcified
and regularly monitored. This monitoring can be done at sub-suppliers in the framewjork of
a $upplier quality management system.

In adqition, the following process-control by solder-paste inspection should be consideref:

e Sqlder-paste inspection: solder-paste inspection assures-consistent solder-print quality and
thus consistent solder volumes. A 100 % 3D inspection of all solder-paste deposits ¢n the
agsembly should be performed and the results should be within defined control limifs and
thresholds.
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Types of voids and guidelines for acceptability

Types of voids — Summary

Table A.1 summarizes the different types of voids and provides information on root cause,
occurrence in automotive electronic assemblies, detectability, effect on thermomechanical
reliability, thermal and electrical function, plus an overall assessment.

Taple A.1 — Types of voids with indication of root cause, occurrence in automotive
electronic assemblies, detectability, effect on thermomechanical reliability,
thermal and electrical function and overall assessment?2
Type of Origin / root Occurrence Detectability Reliability Influence on Overall
voids cause in with in-line influence — thermal / assessment
automotive | automated X- thermo- electrical
assemblies ray mechanical function
inspection
Inclugions / Generated by | Common Good No proven No impact Common in
macrg voids | the evolution detectability reliability unless electronjc
(type J): of volatiles impactiunless | excessive assembljes,
typically excessive voiding not a copcern
betwepn voiding occurs unless
50 pynm and oecurs excessije
300 um in voiding
diameter, occurs
somefimes
referrg¢d to as
‘process’
voids
DesigE Generated by | Common for Good No proven No impact Common in
induced gasses via in pad detectability reliability unless electronjc
voids|(type entrapped (microvia) impact unless | excessive assembljes,
11): within the land design excessive voiding not a copcern
typically microvia, i.e. voiding occurs unless
betwen air, water occurs excessije
50 ym and a vapour, flux voiding
300 pm in volatiles occurs
diameter
Skrinkage Caused\by Common Poor No impact No impact Common in
voids the reduction detectability lead-freg
(type fIll): in“solder due to limited electron|c
Elonggted, veolume when size assembljes,
voids with the solder is not a copcern.
rough in the process
“dendfitie” of
edges| solidification
emanating from liquid to
from the solid, related
surface of the | to
solder joint solidification
sequence of
lead-free
alloys

2 Adapted from Aspandiar, R., Voids in Solder Joints, Presentation made at the SMTAI 2006 Conference.
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