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Spontaneous metal whisker growth phenomenon has been studied for ~70 years, but still resists in-
terpretations, which has haunted the electronics-rich systems from the birth of the industry since
whiskers may lead to short circuits and hence other disasters. In addition to reliability problems, threat of
Pb whiskers to human health is also significant due to the toxicity of the element and its geometry as
well as its nanometer size. This issue becomes more attention drawing and urgent due to the restrictions
on Pb use in EU, Japan etc., which phases out the Pb-addition practice to mitigate Sn whiskers. This paper
reviews the origin of the whiskering phenomenon and whisker-induced problems, ranging from early in
the World War II to the present; details the development of this issue in the electronics-rich systems
including the phenomenon, problems and remedies; pictures the long history of the developments of the
growth mechanisms and models which are full of hardship and contradictions. New aspects on the
spontaneous whisker growth in some different substrates, such as in brasses and MAX phase materials
are reviewed in more details. The latter was found to be a promising system to understand the whisker
growth phenomenon, with new growth models proposed that may shed new light to the intricate battle
field of the metal whisker research in general.
Copyright © 2015, The editorial office of Journal of Materials Science & Technology. Published by Elsevier

Limited. All rights reserved.
1. Introduction

The whisker growth phenomenon generally refers to the fila-
mentary growths of single crystal, on the surfaces of solids[1e12].
Whiskers can spontaneously grow from pure metals, alloys, and
other solids in a normal environment (room temperature/humidi-
ty), and they usually are tens to hundreds of microns long and
several to tens of microns thick, with random cross section con-
tours. They are usually found on relatively thin (0.5e50 mm) metal
films that have been deposited onto some kind of substrate mate-
rial. Fig. 1 shows the typical tin whiskers on some components[13].
More generally, other types of eruptions of metals from metallic
deposits have also been evidenced, such as flowers, hillocks, ex-
trusions, volcanoes, etc., even though variants have not been of as
much general interest as the much longer whiskers[7,14]. In addition
to the pure metal whiskers, the PbeSn composite whiskers are also
2091086;

ist.go.jp (Z. Sun).

ournal of Materials Science & Tech
confirmed, albeit the reports on the composite whiskers are
limited[15,16].

This phenomenon was found centuries ago, and it is presently
still under intensive research in both academic circle and industrial
sectors. As far back the 16th century, Ercker watched hair sil-
ver[8,17,18], but the phenomenon had not brought troubles until the
advent of the electronics industry early in the 20th century. In the
early inception of the electronics industry (tube era), tin whiskers
were noticed and documented in equipment which used pure, or
almost pure, tin solder in their production. The whiskering phe-
nomenon had immediately been frequently reported and received
high volume of attentions as the whisker-induced failures accu-
mulated. Unfortunately, the whiskering phenomenon has been
resisting interpretation till now, and it has become a very pesky
problem giving rise to failures and troubles in many fields.

Tin whisker is probably the most frequently reported and
studied one, although the earliest report on whiskers which
brought troubles and loss was documented as Cd whiskers[19]. In
reality, a great many metals are found to share the same whisker
growth phenomenon, such as Cd, Sn, Bi, Zn[1,19e26], and, to a lesser
extent, Ag, Au, Al, Sb, Mg, Ta, Mo, W, Fe, Ni, Pd, Pt, Pb, Au and so
nology. Published by Elsevier Limited. All rights reserved.
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Fig. 1. (A) Sn whiskers on a capacitor; (B) Sn whiskers growing on a matte tin-plated
copper leadframe[13].
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on[17,27e29], and the list seems going longer. Fig. 2 shows dense zinc
whiskers and super long bismuth wires, for examples. Cu whiskers
are surprisingly found to belong to the list[30,31]. According to the
authors' experience, the cornucopia of the list may not stop
largening, and it is particularly true when the substrates extend
beyond metals and alloys. In other words, some new metal whis-
kers appear on the substrates other than metals/alloys. For
Fig. 2. (A) Zinc whiskers on hot dip galvanized steel pipe[32], and (B) very high aspect ratio b
of Bi and chrome-nitride[33].
instance, whiskers have been found onMAX phase materials, which
are a family of structurally related ternary nitrides and carbides
newly developed in these decades. In 1999, Barsoum et al. pub-
lished in science, reporting the room-temperature self-extrusion of
Ga whiskers from Cr2GaN MAX phase[11].

Involved in engineering, the whiskering phenomenon inevi-
tably gives rise to troubles. Since World War II, spontaneous
whisker growth has been plaguing many systems, such as on-orbit
commercial satellites, military equipment, medical equipment, in-
dustrial/power systems[19,26,34e37]. A number of observations of
whiskers, whisker-induced failures, and some whisker anecdotes
were well documented by the NASA Goddard Space Flight Cen-
ter[13,38,39], and this is probably the most comprehensive docu-
mentation on the metal whiskers and the related problems and
challenges. Among the metal whiskers, Pb whisker may pose
problems to human health in addition to engineering, because Pb is
well known as occupational toxin. The Pb whiskers were not
identified as a highly possible way of the Pb invasion of human
body until 2005 when we reported the room temperature spon-
taneous growth of Pb whiskers and hillocks on the surface of a
commercial leaded brass which was lightly abraded[27].

To understand the mechanism(s) of the whiskering phenome-
non, across more than half century of the long march, dozens of
models and theories have been proposed, for instance, the
dislocation-based theories[3,40,41] and recrystallization theory[4,42],
developed in 1950s, compressive stresses (whichmay be originated
by a number of factors, e.g. oxidation, formation of intermetallic
compounds[6,43]), surface energy effects and many others[44].
However, until now, the growth mechanism(s) behind this well-
established phenomenon still remains elusive. Along with the ef-
forts to understand the mechanism by which whiskers grow,
various remedies to mitigate the whisker-induced problems have
been developed, and by the introduction of Pb, a “magic” element,
triumphs over the whiskering phenomenonwere achieved in 1959
by SnePb alloy[26,34,36,45e47]. The addition of Pb has been one of the
best andmost reliable practice to mitigate/eliminate Snwhiskers in
the electronics industry ever since. Consequently, the interest in
searching the growth mechanisms and the mitigation remedies
waned. However, the lead-free movement and the legislation,
especially active in Japan and the European Union, have changed
the status quo of the leaded solutions, and made the troublesome
and long time interpretation-resisting problem reappear.

For a topic, to which it has been paid attention for centuries, the
summarizing work is impossible to cover all the bases in rich
ismuth wire grown on the surfaces of freshly fabricated composite thin films consisting
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details, and the authors from the beginning did not aim at an all-
embracing review article. The authors are trying the best to mini-
mize bias in this review article. Based on the authors' research
experiences, in addition to summarizing the development of the
mechanism/mitigation-seeking researches, some specific aspects
on the whiskering problem will be mostly elaborated, such as Pb
whiskers and their potential harms to human health, whiskering
problems with MAX phase materials. The well-established whis-
kering phenomenon with metal/alloy substrates will not be the
leitmotiv of this article even though it will be included to give a
complete picture of this topic. On the other hand, it does not lack
for excellent review articles for the general metal whiskers with
metal/alloy substrates in the long march people have beenworking
on[7,23,48,49]. Basically, the road map of this review paper is as fol-
lows. After a brief introduction to the whole picture of the spon-
taneous growth of metal whiskers (this part), the origin of the
whiskering phenomenon and the problems associated with the
whiskers are dated back; the whiskering phenomenon, the
whisker-induced problems in microelectronics, and the mitigation
strategies are focused since this is the most concerned in the cur-
rent research in this filed; themechanisms proposed by researchers
are sorted out along discussions to give a picture of the
interpretation-seeking efforts; the Pb whiskers are particularly
discussed in a separate section because of the specific potential
threat to human health; considering the promising potential ap-
plications of the newly developed MAX phase materials, the fact
that it is relatively less addressed in other literature, and the sim-
ilarity of the whiskering problem the MAX phase materials bear
with metals, this review gives more weight to the whisker phe-
nomenon with MAX phase materials.

2. Origin of the Whiskering Phenomenon and Whisker-
induced Problems

2.1. “Hair silver” found in the 16th century

The metal whiskering phenomenon had not become well
established until late 1940s, when the electronics industry started
and developed ahead vigorously, but its past is quite deep. As early
as in the 16th century, Ercker recorded that it was very amusing and
pretty to watch hair silver growing out of the silver objects or coins
just as it grows in the mineral after slightly cutting or scratching
with a knife and holding them over a gentle charcoal fire until they
got hot[17,18]. Probably, because the silver, one of seven metals upon
which civilization was based, was deeply associated with man-
kind's life in ancient time, and in the 19th century Robert Boyle also
observed that protuberances of silver on certain materials
increased in length from one day to another[8]. With the develop-
ment of human civilization, more metals were discovered, and they
serve people in more aspects far beyond medium of exchange as
the original role of silver and gold. Especially, after the birth of
electronics industry, as more metals were selected to function in
some systems, the tip of an iceberg of metal whisker phenomenon
surfaced.

2.2. Whisker-induced failures in World War II, the start of the
problem

During World War II, investigations on random failures of
electrical systems led to a discovery that the random failures were
frequently attributed to shorting circuit by Cd whiskers. Back to
those days, the electroplated material for electrical components
was cadmium (Cd), and it was found that cadmium whiskers
spontaneously grew on the surfaces of electrical components. The
Cd whiskers and the related failures in radio equipment during
World War II were summarized by Cobb in an article “Cadmium
Whiskers”[19] in 1946, whichmany people considered to be the first
public publication addressing how metal whisker spontaneous
growth affected the proper functioning of electronic systems. Soon
later, the similar random failures happened to Bell Telephone on
channel filters used for multi-channel transmission lines. To cope
with Cd whisker-induced failures, Bell Labs immediately switched
to pure tin electroplating, but quickly found that the second choice
of material was not the solution, because pure tin had whiskering
phenomenon quite close to those experienced with Cd platings. In
1951, Compton et al.[1] reported the findings on tin platings. At the
same time, Bell Lab realized the seriousness of the whiskering
phenomenon, and a long-term tin whisker study project was
immediately launched, as did other research groups and organi-
zations worldwide, such as ITRI (the International Tin Research
Institute), ESA (the European Space Agency), the L.M. Ericsson
Telephone Company (Sweden), among others. With more organi-
zations deployed the researches on the metal whiskering phe-
nomenon, the two decades of 1940 and 1950 saw the generality of
the whiskering phenomenon with different metals, especially the
low-melting point ones. At the same time, the research activities on
this phenomenon shifted from the amusement like that in Ercker's
record to the mechanism-seeking and engineering solution-
developing activities.

2.3. Instances of whisker-induced problems

The problems raised by metal whiskers have infested almost
every field where metals which are prone to growing whiskers are
used, and have run the gamut of devices and manufacturers.
Electrical shorts caused by growth of these tiny whiskers have
knocked out guided missiles and communication satellites, shut
down nuclear power plants, and caused heart pacemakers to fail.
This means most industries are not able to be immune to the tiny-
whisker problems[13,50]. Experts fear that many technological fail-
ures for which causes have not been found are due to undetected
tin whiskers. And even if engineers trace a failure to whiskers, that
finding is rarely publicized. For both competitive and liability rea-
sons, observers note, companies are not eager to reveal that a flaw
is lurking in their products. Instead, companies try to remedy the
flaw with a minimum of fanfare and then quietly get on with
business[50]. NASA has suffered a lot from this whisker-related
issue, especially in electronic-rich systems. Tin (and other metal)
whisker-induced failures were documented by NASA in
detail[39,51,52], which is a useful resource pool to investigate the
whisker-induced failures, although it is not all encompassing. Part
of the failures listed in the web pages by NASA is cited in Tables 1
and 2.

The commercial (non-NASA) satellites listed in Table 1 have
reportedly suffered on-orbit failures of their satellite control pro-
cessors (SCP) due to tin whisker-induced short circuits where the
whiskers grew on pure tin-plated electromagnetic relays. Each
satellite was designed with a primary and one redundant SCP.
Failure of both primary and redundant SCPs results in a complete
loss of the satellite's primary mission[39]. In Table 2, a summary of
metal whisker-related “events” affecting the power industry is
presented. Among these events happened to power plants, on April
17, 2005, Millstone plant drew more attentions since it is the only
power generation site in Connecticut and the only multiunit nu-
clear plant in New England[53]. Millstone plant shut down without
incident when a circuit board monitoring a steam pressure line
short-circuited, which caused the board to malfunction and indi-
cate an unsafe drop in pressure in the reactor's steam system, when
in reality there was no drop in steam pressure. The cause was
attributed to “tin whiskers”. In response to this event, Millstone



Table 1
On-orbit commercial satellite failures[39,51]

Satellite name Launch date First SCP failure Redundant SCP failure

Complete losses e both primary and redundant SCPs failed
GALAXY VII [PanAmSat] 27-Oct-1992 13-Jun-1998 22-Nov-2000
GALAXY IV [PanAmSat] 24-Jun-1993 (not caused by 'tin whiskers') 19-May-1998
SOLIDARIDAD 1 [SatMex] 19-Nov-1993 28-Apr-1999 27-Aug-2000
GALAXY IIIR [PanAmSat] 15-Dec-1995 21-Apr-2001 15-Jan-2006
Partial losseseonly 1 of 2 redundant SCPs failed
OPTUS B1 13-Aug-1992 21-May-2005 Still operational
DBS-1 [DirecTV] 17-Dec-1993 4-Jul-1998 Still operational
PAS-4 [PanAmSat] 3-Aug-1995 3rd quarter 1998 Still operational
DirecTV 3 (DirecTV) 9-Jun-1995 4-May-2002 Still operational
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implemented a procedure to inspect for these whiskers at every
refueling outage, or 18 months[53].

3. Whiskers in Electronic-rich Systems: the Phenomena, the
Problems and Remedies

NASA has been concerning this issue for a long time and keeps
very rich data base for it. The organization runs a web site that
covers metal-whisker researches[13]. The metal whiskers have been
found with most EEE (electrical and electronic equipment) parts,
such as capacitors, circuit breakers, connectors, resistors, trans-
formers, and mechanical hardware and structures, such as bus bars
and rails, conduit, terminal lugs, etc[13]. By affecting these compo-
nents, metal whiskers bring troubles to commercial satellites,
military equipment, medical facilities, data center, etc., and the list
can by no means be complete. Because the metal whiskers are
highly electrically conductive, it is not surprising that the night-
mares created by metal whiskers were most frequently met in the
electronics industry, and the electronics industry is the severely
affected area by the metal whisker perils since it was invented.

3.1. Whisker-related failure models

The most frequently reported failure mode associated with
metal whiskers (mostly tin whiskers) is electrical short circuits, but
metal vapor arc in vacuum and plasma at low-pressure environ-
ment, and debris/contamination interfering with sensitive optics
are also reported[52,54e56]. Fig. 3(AeC) show practical instances for
the three failure modes, respectively.

3.1.1. Conductive bridges to create a short circuit
All metal whiskers are highly conductive filaments, which can

create shorts by bridging two adjacent conductors at different po-
tential, although their full-load current is not big because of the
whiskers' small diameters[57e59]. Whisker bridging short circuits
Table 2
Summary of metal whisker-related “events” affecting the power industry[39]

Location Date Event

Dresden Nuclear 1987 Trip of “B” Channel of RPS
Duane Arnold 1990 Reactor Scram
Duane Arnold 1995 Reactor Scram/Controlled Shutdown
Dresden Nuclear 1997 Reactor Scram
South Texas Project 1999 Reactor Pre-Trip Alarm
Dominion Millstone 2005 Reactor Trip - Tin Whiskers on Diode Termina
Not Specified 1995 Tin Whiskers in Relays
Foreign Plant 1999 Tin Whiskers in Relays Producing Three False
Foreign Plant 2001 Tin Whiskers on IC Leads Producing a Reactor
Not Specified 2002 Whiskers on Potentiometers Producing Powe
Not Specified 2006 Zinc Whiskers in Relays
Not Specified 2006 Tin Whiskers in Relays
can occur either when a long enough whisker synchronously touch
adjacent conductors at the birthplace of the whisker, or when an
entire whisker or a segment of it breaks off and drifts from its
original growth site to conductors, Fig. 3(A). Because of the small
size and light weight, whiskers can be airborne and possibly fall
onto any locations where they can cause short circuits when touch
two sites with different potentials. Depending on the current car-
rying capacity of the whiskers and the applied current, the shorts
produced by whiskers can either be permanent or intermittent. For
typical whiskers, permanent short circuits happen when current
applied is less than 10's of mA, and intermittent ones happenwhen
applied current is greater than 10's of mA[29,54,57].
3.1.2. Plasma of metal ions
When metal whiskers are fused openwith a big current of more

than a few amps and a supply voltage over 12 V in a vacuum or low-
pressure environment, catastrophic failure might happen[34,60], and
an instance is shown in Fig. 3(B). Under some electrical/atmo-
spheric conditions, whiskers might be vaporized into conductive
plasma of metal ions. The vaporized tin, under this kind of condi-
tion, might initiate a plasma discharge that can carry currents of
hundreds of amps and may continue until all the available exposed
tin is consumed or the supply current is interrupted[35,51,61]. Fail-
ures by this mode might bring huge cost, including jeopardizing
people's life.
3.1.3. Random debris of whiskers
The third failure mode is shown in Fig. 3(C), where debris of a

broken whisker blurs an optical surface[52]. Broken whiskers have
good mobility in a system, thus they are a source of concern. They
might interfere with the operation of micro-electro-mechanical
structures (MEMS), clog fine channels, or contaminate optical sur-
faces[51]. In addition to the three modes, there might exist other
ways for whiskers to intervene in some systems, since some “no-
Source

U.S. Nuclear Regulatory Commission, Sept. 2007
U.S. Nuclear Regulatory Commission, Sept. 2007
U.S. Nuclear Regulatory Commission, Sept. 2007
U.S. Nuclear Regulatory Commission, Sept. 2007
U.S. Nuclear Regulatory Commission, Sept. 2007

ls The Day (New London, CT July 4, 05)
Private Communication

Alarms/Plant Shutdowns Foxboro-tech paper
Trip Anonymous Anecdote

r Supply Failures Westinghouse Nuclear Bulletin
Private Communication
Private Communication



Fig. 3. Typical failure modes induced by whiskers: (A) electrical short circuits, (B) metal vapor arc, and (C) debris/contamination[52].
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fault-found and intermittent” failures in electronic-rich systems
have been frequently reported all the time[62e65].

3.2. Typical failure experiences in electronic fields

By the failure modes stated in the previous section, most
frequently by short circuit, numerous failures associatedwithmetal
whiskers (primarily tin whiskers) have happened in electronic
field. The “whisker failure” draws attentions from not only the
circle of academia and engineering, but also press circles thanks to
the big caliber of the failures and their ubiquity[66e70]. The failures
brought complete loss of costly electronic systems, or intermittent
malfunction to systems[52]. By disabling electronic components, the
whiskers broadly spread their destructive power, and they have
ruined missiles, silenced communications satellites[66,71], forced
nuclear power plants to shut down[67], and other catastrophic
losses[72]. Unfortunately, so far the growth of the whisker is by no
means divinable, because the true mechanism(s) behind this
whiskering phenomenon is still elusive. When the tiny “devils”
sprout without warning from solder and finishes deep inside
electronics, an unpredicted event which might imperil electronic
system is approaching, and finally pacemakers, consumer gadgets,
even some military equipment and critical part of a space shuttle
would fall victim to the whiskers[29,37,73]. Fig. 4 displays several
whisker cases on electrical components, for examples.

In 1940s,Western Electric and Bell Labs impressed on people the
troubles from tin whiskers. Since then the troubles and resultant
damages have lasted for almost 70 years[52]. NASA filed the 60-
years history of documented metal whisker failures (from 1946 to
2006)[32,52]. The documented failures by NASA involves a wide
spectrum of industrial sectors, such as astronautic, military, avi-
onics, nuclear power plant, telecommunication, medical, and con-
sumer electronics applications[13,29,39]. Impressively, there are a
number of big failures as a result of metal whiskers. In 1990s, at
least four satellites had been completely damaged, and four satel-
lites had been partially disabled by the whisker-induced failures.
There are also multiple records of astronautic and military failures
resulted from tin whiskers, such as the failures from military air-
planes, patriot missile, radar for F-15[39]. Whiskers with lengths of
8.0 mm were found growing from Sn-plated card guides in an in-
strument box on the space shuttle, Fig. 5, which was long enough
and ready to cause short circuit in the system[71]. Zinc whiskers
were found to be the culprits for the failures happed to the medical
equipment, such as the heart peacemaker[74]. From 1987 to 2005, a
bunch ofmetal whisker-related events affecting the power industry
(GE, Westinghouse, Dominion, etc.) was documented, at least six of
which were attributed to tin whiskers or zinc whiskers[39,75e77]. A
presentation by the U.S. Department of Energy Office of Environ-
ment, Safety and Health Evaluations says metal whiskers caused a
nuclear power reactor to shut down in April 2005[77,78].

With a much greater impact, in 2010, Toyota recalled 1.33
million vehicles due to reliability issues in the engine control unit
that could cause a vehicle to fail to start or stall while driving.
Although whiskers were not the only culprit that held re-
sponsibility for the acceleration problem, they are undoubtedly
undermining the reliability and safety of electric-rich systems[56,71].
A 2011 NASA report on the unintended acceleration problem in
Toyota cars found numerous whiskers on pedal assemblies with
lengths up to 1.9 mm, one of which had formed a “resistive partial
short circuit between the pedal signal outputs”, seen in Fig. 6[71,79].
Tin whiskers were actually found on several models of Toyota cars,
such as in the engine control unit (ECU) of a 2008 Toyota Tundra
truck[56].

In addition to the big events, the mysterious “devils” might
attack your devices and have already directly cost you. Consumers
love their electronics, and almost every hour billions of people use
various electronics, from flat-screen TVs, video games, pads, smart
phones to coffee makers and some sport electronics. But over time,



Fig. 4. (A) Tin whiskers on relays, (B) zinc whiskers on computer room flooring, (C) tin whiskers on D-sub connector, (D) tin whiskers on transformer can, (E) cadmiumwhiskers on
connector, and (F) tin whiskers on lugs[32].
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even the best of these devices inexplicably stop working. Usually it
is not worth the time and money to have them repaired, but
replacing the dead ones would cost your money and leave you a
long-lingering question of why stopping working. The culprits of
the inexplicable malfunction happened to your electronics are very
likely the tiny whiskers. The tiny killers to the electronics leave no
evident traces the human eye could easily detect, and unfortu-
nately, if the effective whisker-quenching method cannot be found
in the near future, the unforeseen malfunctions might happen
more frequently to your electronics as more devices would occupy
your life and they have been designedmore andmore compact. In a
word, metal whiskers are not an imaginative, fanciful term far from
your everyday life. They are real and complexly existing, and might
be posing a serious problem to electronics of all types near you,
even though they are hard to be seen by naked eyes.

The prevailing whisker failures have brought huge loss to hu-
man society[71]. By the whisker-induced short circuits, with a rough
estimate, they have leveled over $10 billion in damage since they
were first noticed in the 1940s[68]. Now some electronics makers
worry the destruction will be more widespread, as the European
Union and governments around the world enact laws to eliminate
the best-known defense e lead e from electronic devices.
Fig. 5. Digital image of whiskers growing from card cage on space shuttle[71].
3.3. Strategies and the dilemma to address the whisker problems

The whisker problems happened almost the same time with the
birth of the electronics industry in the 20th century, and as the
whisker-induced problems plaguedwider sectors, resulting in huge
loss, the long march towards the mechanism interpretation and
mitigation strategy search started immediately in both academia
and industrial circle[71].

3.3.1. Dilemma of Pb-solution
The precise growth mechanism(s) since 1940s has been

remaining unknown, although the effort to quench the whiskers in
engineering never stopped. With the belief of an alloy element for
tin to alleviate the tin whiskering phenomenon, Bell Labs worked
through the periodic table in 1950s. Fortunately, a magic element,
lead (Pb), was found to work. Other elements they tried, however,
seem to enhance whiskering[32]. So far, in engineering, the most
famous and successful mitigation strategy is adding 0.5%e1% (by
weight) of lead (Pb) to tin[80], which once made the concern about
and interest inwhiskers fade away. However, as the sales growth in
consumer electronics such as computers, smart phones, pads, goes
Fig. 6. A whisker growing across accelerator pedal position sensor from Toyota
Camry[71].
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exponential, the disposal of the devices when replaced with the
newest generation has been a severe challenge to the environ-
mental security. To prevent the scenario of disaster that countless
Pb-rich circuit boards/parts fromwaste electronics are dumped into
landfills, and the Pb element migrates into municipal water sup-
plies, from happening, responsible administrations and organiza-
tions, especially in Europe and Japan[81], went into action decades
ago, and directives concerning the protection of the environment
from hazardous substances were carried out, for examples, Direc-
tive 2002/95/EC of the European Parliament and of the Council (27
January 2003) on the restriction of the use of certain hazardous
substances in electrical and electronic equipment (RoHS), Directive
2002/96/EC of the European Parliament and of the Council (27
January 2003) on waste electrical and electronic equipment
(WEEE), and Directive 2003/108/EC of the European Parliament and
of the Council (8 December 2003) amending Directive 2002/96/EC
onwaste electrical and electronic equipment (WEEE)[81,82]. In 2006,
Europeans barred the toxic metal from most electronics to prevent
its being incinerated or accumulating in dumps after computers
and other gadgets are tossed out. Similar measures are being
considered or are already in place in other countries, including
Japan, China, South Korea, Argentina, Australia and the United
States[68].

RoHS requires green manufacturing of electronic components
and has again troubled the industry by rousing the half century
dormant problem. The current situation for the whisker-quenching
strategy seeking is regulated by the RoHS. It means that the method
must be lead-free. Removing lead from solder may seem a smart
idea environmentally, but the erratic microscopic growths of metal
whiskers could be just as problematic as before the advent of Pb-
addition because a lead-free mitigation for the whiskering phe-
nomenon as effective as Pb-addition is still the expectation in
electronics industry. After restricting Pb addition, the whisker
failure mode that has been responsible for the loss of billions of
dollars is re-emerging. As a result, the Pb-free regulation incurred
complaints, and put itself into a dilemma. In 2007, Robertson from
Associated Press covered the dilemma, and comments of several
important investigators in this issue were quoted[68]. “The EU's
decision was irresponsible and not based on sound science,” said
Joe Smetana, a principal engineer and tin whisker expert with
French telecommunications equipment maker Alcatel-Lucent SA.
“We're solving a problem that isn't and creating a bunch of new
ones. Without tinelead, we can no longer be confident that we
won't get whiskers and whisker-related problems during the life-
time of the equipment,” he says. The risk of a whisker-related
failure is pretty low in the first five years of a product's life. But
after that, Smetana concedes, “it's all in the ‘we don't know’ range.”
While the scientists and engineers warn that the whiskers have the
potential to destroy missions, some companies say the EU rules
threaten the reliability of their products, exposing them to un-
known risks and possibly threatening people's safety. To get rid of
the dilemma, a lead-free method as effective as Pb-addition is a
must. Although the industry is working fast to come upwith a lead-
free solution, elements that are as effective as lead in preventing tin
whiskers, are still not found[68].

3.3.2. Lead-free solution exploration
Restricted by the RoHS, industry and organizations, such as

iNEMI, NASA and JEITA[83] have beenworking to assess and address
the risks aroused by whiskering problem without lead[84]. Several
whisker risk assessment and mitigation methods were developed
and discussed[85e88]. Essentially, the effectiveness of the mitigation
strategies was usually evaluated in terms of change of whisker
density and the maximum whisker length, incubation time, with
and without applying the strategies[87,89]. The practical mitigation
methods (lead-free) are the following[29,87,90e93]: (1) avoid pure tin
plating, (2) dip tin finished surface in solder, (3) select matte or low-
stress tin as the finishmaterial, (4) select finishwith an under-layer,
(5) select a finish with high tin plating thickness, (6) minimize
compressive loads on plated surfaces, (7) apply heat treatments, (8)
apply conformal coating.

3.3.2.1. Avoid pure tin plating. The surest thing to prevent tin
whisker-induced failures is to avoid using pure tin and high tin
content Pb-free material for plating any electronic component.
Alternatives to lead alloying element, such as silver or bismuth can
reduce the propensity of whisker growth, according to the
reports[94e97], although they are not as effective as lead. Due to the
cost and reliability of the non-Pb alloying elements, this is not a
practical method to get rid of the whisker problems.

3.3.2.2. Dip tin finished surface in solder. Solder dipping is an
alternative mitigation strategy. However, solder dipping may cause
damages to the components, such as package cracking or loss of air
tightness, due to thermal shock, popcorning of plastic packages,
solder bridging between leads on fine pitch packages, and elec-
trostatic discharge. Solder dipping may have limited success
depending on the specific process to coat the entire exposed tin-
plated lead surface. In order to reduce the potential risk from
thermal shock to the package, a stand-off distance to the package
body is required in solder dipping. This stand-off area can be the
Achilles heel to the component[87].

3.3.2.3. Select matte or low-stress tin as the finish material.
Albeit all types of pure tin finishes have been found to have the
potential for whiskering, bright electroplated tin finishes have been
found to grow whiskers with the highest density and longer length
compared to matte tin finishes and this is the reason that matte tin
is recommended to be used instead of bright tin[29,95]. This obser-
vation may stem from the larger grain size and lower-stress of
matte tin plating deposits. Matte and bright tin are characterized by
different grain size and carbon content. Excessive amounts of co-
deposited carbon generally cause a loss of solderability of tin and
tin alloy plating, excessive intermetallic formation, excessive
oxidation and surface contaminants[98,99].

3.3.2.4. Select finish with an under-layer. The beneficial influence of
a nickel under-layer is widely recognized[95,100e104]. A thin under-
layer, such as nickel layer appears to decrease the compressive
stress caused by intermetallic formation between the plating layer
and the base metal. Since the growth rate of nickeletin in-
termetallics (essentially Ni3Sn4 and NiSn3) is lower than that of
copperetin intermetallics, stresses caused by intermetallic forma-
tion within the plating deposit can be reduced[29]. Xu even showed
that a nickel under-layer generates a tensile stress on the tin
plating[5]. However, under-layer cannot eliminate whiskering due
mainly to the fact that under-layer cannot reduce the mismatch of
CTE (coefficient of thermal expansion) between the substrate or the
under-layer and the tin finish[5].

3.3.2.5. Select a finish with high tin plating thickness. Industry data
indicate that thickness of plating also affects tin whisker
growth[95,99,105,106]. Glazunova et al.[107] reported that whiskers do
not grow on very thin (~0.5 mm) tin plating while much higher
whisker density and growth rate were found on thick (2e5 mm)
plating. Interestingly, much thicker tin finishes show a lower pro-
pensity for tin whiskers and/or a greater incubation time before tin
whiskers occur[106]. Though very thin tin plating also retards
whisker growth, in reality very thin tin plating is not applied
because it has poor corrosion resistance and solderability. Thick tin
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plating is required for real product. iNEMI recommended tin
thickness for components without a nickel or silver under-layer be
at least 10 mm nominal or thicker in their interim
recommendation[106].

3.3.2.6. Minimize compressive loads on plated surfaces.
Compressive stress (mechanically or chemically induced) has been
shown to be an accelerating factor for whisker growth by many
investigators[5,29]. Avoiding mechanical loading, such as mechani-
cal bending, turning a nut or screw, is an effective way to reduce tin
whiskering, but this is not always reliable[87]. In iNEMI recom-
mendations on lead-free finishes for components used in high-
reliability products, it states that tin deposits that have tensile
stress as plated and remain tensile with aging are preferred, and tin
deposits that are compressive during service life are not
preferred[106].

3.3.2.7. Apply heat treatments. Heat treatments, including reflow-
ing, fusing and annealing, appear to reduce whisker growth by
relieving internal stresses and increasing grain size. During
reflowing, the parts are heated above 232 �C (the melting point of
tin), which releases stresses in the tin deposit. However, the impact
of the reflow process on both grain size and residual stress was not
well evaluated, and some research results showed that whisker
formation risk may not necessarily be mitigated by the heat
treatment strategy[29].

3.3.2.8. Apply conformal coating. Conformal coatings can confine
whisker growth to within the coat, and prevent whiskers from
shorting exposed conductors. NASA's experiments indicate that
Uralane-5757 conformal coating can delay the growth of whis-
kers[29,108], but it cannot eliminate the growth. Tin whiskers have
been reported to grow and penetrate through the conformal
coating[109]. If the conformal coatings fail to contain whisker
growth within the coat layer, its effectiveness in providing pro-
tection against electrical leakage and corrosion will be compro-
mised. Another concern is the potential for whiskers to produce
minor delamination of the conformal coating from the circuit
board, and in such case, the resulting capillary space could provide
a void for condensation of the water vapor molecules that slowly
diffuse through the coating material, which may result in galvanic
corrosion[29,90,108,110]. The risk is substantially reduced compared to
Fig. 7. A copy of the datasheet packed with an iPhone 6 in China market, indicating Pb
the scenarios without applying a conformal coat, but the conformal
coating is far away a satisfied solution to this problem[93].
3.3.3. A reliable lead-free solution still lacking
A practical method as general, effective and reliable as Pb-

addition practice is still absent in the option list, although there
are several lead-free options existing to mitigate the whisker
growth and contain the whisker-induced problems, as stated in the
previous paragraphs. So the research on this topic and seeking the
substitute of Pb-solution are far from over.

Many companies and manufacturers are not getting rid of the
Pb-addition practice to guarantee the reliability of their products. A
typical manufacturer supplying solder sticks to photovoltaic (PV)
cell manufacturer located in outskirt of Jintan (Yangzi Delta in-
dustrial area, Jiangsu Province, China) was still shipping PbeSn
sticks (manufactured according to the GB/T3131-2001) out in large
scale in the spring 2014. And it seems that the plant had a good
growing trend since it had been financially and in policy supported
by the local government. Besides the small manufacturers, large
companies, such as Apple Inc. do not get rid of Pb, either. Most
components inside iPhone 6, the most updated generation of
iPhone yet, released on September 9, 2014, contain Pb, Fig. 7, where
a toxic substance datasheet packed with iPhone 6 is shown. It
clearly acknowledges that circuit board, display screen, battery,
power adapter and other accessories contain Pb, and the concen-
tration is beyond the level regulated in the GB/T 26572-2011. Apple
sold more than 6.5 million of iPhone 6/6 plus in China just in
November 2014, and its sales volume in the whole year 2014 would
be more than 40 million, reported iSuppli, the leading market
research firm focused on the electronics value chain. The huge
volume of Pb-containing consumer electronics, including iPhones,
which is the tip of the iceberg, would bring tremendous pressure on
the environment. So, the lead-free solution is extremely significant
and urgent for environmental security.
4. Mechanisms of Spontaneous Growth of Metal Whiskers

4.1. Intricate phenomena still hiding the mechanisms

Beginning in early 1940s, catastrophic failures and big losses
which were ascribed to the metallic whiskers happened. To find
effective mitigation of whiskers, an understanding of how and why
exceeds the upper limit in a China National Standard (right, English Translation).



Table 3
Typical attributes of metal whiskers

Geometry Length Typically hundreds of microns; some to a few millimeters
Thickness A few microns to tens of microns
Shape Straight/helical/tangled/kinked filaments/nodules
Texture Striations along the growth direction
Cross section Arbitrary contour

Physical properties Strength Better than the substrate where whiskers grow
Microstructure Crystal structure
Conductive Electrically conductive

Growth behavior Incubation time Arbitrary, from minutes to years
Growth end Whiskers' base underneath the substrates
Growth sites Uncertain
Growth rate 0.1e100 nm/s, depends on the metals, processing method, and environment parameters
Growth mechanism Unconfirmed
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the whiskers form would be helpful. So, the research on this topic
has been active ever since, aiming at understanding the phenom-
enon and seeking the fundamental mechanisms governing whis-
kers' growth. There have been a tremendous amount of study and
innumerous publications related to this subject[44,71,111e120]. In spite
of this, until now, there is still no consensus on the specific growth
mechanism for this kind of metallic whiskers. This is also why the
solution-seeking work to quench the whisker problem is ineffi-
cient, as stated in the previous section 3.3. The difficulty is partially
that multiple materials processes interact to create the whiskers
(e.g. inter-diffusion, phase transformation, stress generation and
relaxation), so it is not easy for investigators to ascribe the growth
to a specific factor, and identify the underlying mechanisms. Even
worse, many processing variables (such as film thickness, grain size,
plating conditions, microstructure and composition)[113,121e123],
have been confirmed to play a role in the whiskering phenomenon,
which makes it difficult to compare the results of different studies
done under different conditions[124e127].

Galyon published an excellent brief history of tinwhisker theory
based on a selected set of papers published from 1946 to 2004[48].
Most researches have been conducted on tin whiskers, but most
researchers agree that similar mechanism operating behind the
whiskering phenomena for the different metals which grow
whiskers because of the similarities between the metal whiskers.
Especially after the scanning electron microscopy (SEM) technique
was employed to characterize the microstructures of the whiskers,
the existence of high degree of similarity across the whiskers from
different substrates (zinc, tin, cadmium etc.) had been confirmed
and accepted. For example, the similarity between zinc and tin
whiskers was compared in 1975 by Lindborg[128]. Typical attributes
the metal whiskers share are summarized in Table 3[23,44].

An integrated theory of the whisker growth is desirable, but the
existence ofmultiplemechanisms behind the general phenomena of
metal whisker growth is well accepted[49]. Considering the rich di-
versity of the substrates, growth behavior, andwhiskermorphology,
it is reasonable for plural mechanisms to exist[14,71,126,127,129]. In re-
ality, some investigator pointed that the growthmode for a whisker
can even change with time[23,42,49,71,129,130], which makes the
mechanism-identifying work much more difficult. And the possible
inter-operating situation between different mechanisms makes the
solution-seeking effort to mitigate/eliminate the whisker-resultant
problems intricate.
4.2. Growth mechanism-seeking researches

The theories developed hitherto essentially fall into these cat-
egories: dislocation theory mechanisms[2,3,40,41,131e133], recrystalli-
zation mechanism[4,42,107,134e136], the compressive stress related
mechanisms[49,137e140]. Among the mechanisms, stress-based ones
draw most interests and disputes, and a bunch of variants have
been developed by varying the origins of the stresses. The variants
include, but not limited to, residual stress, mechanical force[141e143],
coefficients of thermal expansion mismatch, intermetallic com-
pounds (IMC) formation[144], “weak oxide” layer crack[22,141,145],
oxidation of soft metals[6,17,27], corrosion[146e148], “fresh metal
atoms” release[44,149e153], and so on.
4.2.1. Dislocation theory mechanisms
In 1950s, dislocation theory mechanisms were proposed and

developed into two sets according to the different claims of the
growing ends. Peach stated that Sn whiskers grew from Sn atoms
migrating through a screw dislocation at the center of the
whisker[2]. These migrating Sn atoms subsequently deposited
themselves at the whisker tip, which means whiskers grew by
adding Sn atoms on their tops. Linborg developed this mechanism
in 1976 by proposing a two-stage dislocation model for whisker
growth[131]. The dislocation mechanism provided the physical im-
age for the whisker growth, but these mechanisms were firmly
disproved. Actually, in as early as 1953, Koonce and Arnold un-
doubtedly showed whiskers grow from their base, not their tips[25].
And many subsequent reports have confirmed the fact that the
whiskers grow from their bases[128,154]. In the same year the evi-
dences against the first set of dislocation mechanism (grow at the
tip of whiskers) appeared, the alternative dislocation mechanism
for “growth at the whisker base” was suggested by Frank[3]. Frank's
mechanism proposed a rotating edge dislocation pinned to a screw
dislocation at right angles to the surface. Theoretically, the rotating
edge dislocation was assumed to stay in the same plane after each
revolution. Each revolution would add an additional layer of Sn
atoms to the whisker base. Almost at the same time, Eshelby
independently proposed a mechanism for “growth at the whisker
base” based on Frank-Read dislocation[40]. The Frank-Read dislo-
cation at the base of the whisker emitting loops that expanded by
climb to a boundary. The dislocation loops glide to the surface and
deposit a half plane of atoms at the surface. In 1956 and 1958,
Franks published twice to develop a dislocation glide mechanism
for whisker growth[132,133]. In Franks' model, the dislocations that
result in whiskers are pinned due to lattice faults, and thus act as
dislocation sources under the influence of a stress field. These
pinned dislocations were proposed to move by glide to grow
whiskers. However, the dislocation mechanisms were proposed
theoretically and the experimental evidences supporting disloca-
tion mechanisms were not found. Furthermore, there have been
plural publications discussing dislocation mechanisms apparently
conflict. For example, in1957 Baker concluded, based on a study of
distribution of angular bends in whiskers, that the experimental
observation in his study were incompatible with dislocation
mechanisms of whisker growth[155]. In 1958, Smith et al.[156] and
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Ellis et al.[4] also observed evidence against the dislocation mech-
anisms, respectively. All subsequent dislocation proposals are
essentially variants of the above dislocation theories. Albeit the
dislocation mechanism gave detailed model for whisker growth,
there have been not experimental evidences for it. It is sure that the
majority opinion of current theorists is that dislocation mecha-
nisms are not involved in whisker growth.

4.2.2. Recrystallization mechanism
Ellis et al. did more than just casting doubt on the relevance of

dislocation mechanisms for whisker growth. In 1958, Ellis et al. as
mentioned above[42], for the first time, proposed that recrystalli-
zation played a key role in the formation and growth of whiskers.
But Ellis et al. suggested the recrystallization mechanism based on
indirect evidence and they encouraged experimentalists to
consider the proposal and attempt to prove/disprove its validity[42].
Actually, as early as in 1954, Fisher et al. showed that applied forces
would accelerate tin whisker growth[157]. When they applied
clamping forces to tin films electrodeposited onto steel substrates,
they observed that the applied compressive forces significantly
accelerated whisker growth rates, which gave clear information
that whisker growth is driven by compressive stresses within the
base material. This acceleration effect by compressive stresses was
corroborated later by Glazunova in 1962[158] and Pitt et al., in
1964[159], respectively. Considering that a number of recrystalliza-
tion events happen due to the high stored energy level while the
clamping pressure extrudes whisker material from the substrates,
the experimentation adopted by Fisher et al. provided indirect
evidences for the recrystallization mechanism later proposed in
1958 by Ellis et al. Glazunova and Kudryavtsev in 1963 published
some important experimental data, showing the presence of zinc in
copper substrates greatly accelerated the tin whisker growth[107].
At the same time, they reported for the first time that annealing
would mitigate the whisker growth. All the evidences made them
give the commentary: “it may be assumed that the incipiency and
subsequent growth of tin whiskers is a distinct form of recrystal-
lization”. But, a specific model explaining the whisker growth for
recrystallization mechanism has not been provided, and the
recrystallization mechanism was built up by surmising based on
indirect evidences. In addition, theoretically, according to the
recrystallization mechanism, higher temperature would accelerate
the process of recrystallization, thus the whisker growth. However,
experimental evidences against recrystallization mechanism were
found. For example, Tu[141] reported that when temperature was
raised above 100 �C, Sn whisker growth was depressed. Sabbagh
et al. claims that 52 �C is the optimal temperature for whisker
growth[160]. Furthermore, McDowell[61] found that Sn whisker
growth slows considerably above 121 �C and halts completely
above 150 �C. In a word, the recrystallization mechanism can
neither provide the physical image for the whisker growth, nor be
supported by experimental evidence.

4.2.3. Stress-related theories
It is a long history for the compressive stress (gradient) related

growth theories[48,161]. Generally, whisker formation is recognized
to be a stress relief mechanism by these stress-based the-
ories[22,162,163]. There are abundant positive experimental obser-
vations for this mechanism, and one of the experimental
cornerstones of the stress theory is the longitudinal striations on
the surfaces of whiskers, which are generally translated into the
extrusion marks when the whiskers are born by compressive
stresses[6,33,44,164]. The models built on the stress theories greatly
vary, depending on the interpretation of the origins for the stresses,
which might be originated thermally, chemically, mechanically, or
electrically[142,165e167]. That is also the reason that the stress related
theories are the most discussed ones and still remain active. The
models recently developed mostly involve stress, although the or-
igins of the stresses are different. The stress-based theories succeed
to win popularity and receive experimental support, but the chal-
lenges and debates on stress never halt. We, trying to be with the
smallest bias, discuss some typical ones.

4.2.3.1. Mechanical deformation and the residual stress. In one of the
early studies[157], it has been found experimentally that the growth
rate of tin whiskers may be accelerated up to 10,000 times the
previously observed spontaneous rate by the application of pres-
sure up to 52 MPa (7500 psi). The whisker growth was induced by
using a clamp to apply pressure on the tin-plated samples. Whisker
growth rate was observed to be mostly a function of clamp pres-
sure. Besides the external stress induced by pressure[157,168,169], the
residual stress introduced by electrolytic deposition process is also
identified as the driving force for whisker growth[22,130].

However, the apparent weak points of this theory are haunting,
such as the low melting point of tin. The low melting point of tin
and the arbitrary (usually incredibly long) incubation time of tin
whisker growth are not consistent. Due to the low melting point of
tin (231.89 �C, room temperature reaches the 60% of it), the residual
stress should be easily relaxed, which means the whiskers would
grow soon if not completely restrained[44]. Another sharp contrary
against the stress-based theory is the experimental findings pub-
lished in 2005 by Chen et al.[170], where they found a spectacularly
rapid and profuse growth of tin whiskers on electrodeposited
tinemanganese alloy coatings and during the whole period of
whisker growth, the tinemanganese electrodeposits were found to
be in a tensile residual stress state. This, if not explicitly rules out
the commonly accepted explanation of a compressive stress as the
driving force for tinwhisker growth, at least casts grave doubt on it.
Actually, this finding by Chen et al. shakes the common base of all
variants of stress-related theory. Experimental observations[44,171]

that fall out of the scope of rational explanation by the stress-
based theories are too many to list completely.

4.2.3.2. Thermal stress. Mismatch in the coefficients of thermal
expansion (CTE) was identified as the origin of the driving force for
whisker growth[145,172e178]. For example, Shin et al. proposed that
strain induced by heating due to the thermal expansion mismatch
between the coatings (tin, 1 mm thickness) and the substrate (Si,
(001)) is responsible for the tin whisker growth[174]. But this model
has critical defect when it comes to whiskers from pure tin with
considerable thickness and other homogeneous alloyswhich do not
have a substrate[90]. Actually, this model also contradicts with the
findings by Chen et al.[170] and our experimental results[179].

4.2.3.3. IMC growth. Lee and Lee[22] firstly showed directly in 1998
that the IMC (intermetallic compound) formation in the tin grain
boundaries leads to stress in the layer. In the study of the sponta-
neous growth of Sn whiskers from tin electrodeposits on phosphor
bronze sheet, they tactfully used wafer curvature to measure Sn
layers over Cu and attributed the stress evolution to the growing
IMC (Cu6Sn5) compressing the Sn grains by growing into the ver-
tical grain boundaries. To release the compressive stress in the tin
film, tin whiskers grow from the grain whose surface oxide is
sheared. The whisker growth is controlled by the expansion of the
prismatic dislocation loop on the slip plane by climb, that is, by
means of the operation of the Bardeen-Herring dislocation source.
The dislocation loop expansion is restricted by the grain boundary.
The loop now glides along its Burgers vector direction. As a result,
tin whisker grows by one atomic step. The continuous operation of
the BardeeneHerring dislocation source gives rise to whisker
growth until the stress is relieved.
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However, very soon this plausible theory was found not to hold
water. IMC effects become more complicated at elevated temper-
atures where a neighboring intermetallic layer of Cu3Sn may also
form, Cu3Sn intermetallic layers have lower molar volumes than
Cu6Sn5, and are not expected to create as much extra stress within
the substrate[6,44,113,180]. Moreover, there is by no means for inter-
metallic to form in pure substrates where it is still not whisker-
immune. In a word, it is not safe to accept IMC as a critical factor
for the whiskering phenomenon.

4.2.3.4. Cracked oxide theory. As more experimental and theoret-
ical calculationwork has been done for stress creationwithin metal
substrates[6,71,128,181], Tu theoretically proposed that a “weak spot”
layer enabled the localized relief of internal stresses by permitting
whisker growth through a crack in the oxide layer[141], which is
more often referred to as the “cracked oxide theory”. Tu et al.[182]

further developed the theory and proposed three indispensable
conditions for tin whisker growth from tin coating: (i) room tem-
perature diffusion in the tin; (ii) a room temperature reaction be-
tween tin and Cu to form Cu6Sn5 and induce compressive stress in
the tin; and (iii) a stable surface oxide on the tin film. This surface
oxide layer on the tin coating is needed in order to produce a stress
gradient for creep. When the top oxide layer is broken, the exposed
surface is stress free, so a compressive stress gradient is developed
for creep or the growth of a whisker to relax the stress. However,
this “cracked oxide theory” could not be directly tested by experi-
ments. Furthermore, Osenbach et al.[23,183,184] designed an experi-
ment where intentional crack points were created, but the points
failed to grow whiskers as expected according to Tu's “cracked
oxide theory”. Other experimental contradiction with the “cracked
oxide theory” was reported by Xian et al. and Liu et al. from Sn-RE
systems[44,149,167,185].

4.2.3.5. Oxidation theory. Barsoum et al. proposed an oxidation-
based process for the growth of soft metal whiskers in
2004[6,27,186]. Based on the experimental data collected from A-
element-rich MAX phase substrates (indium-rich Zr2InC, gallium-
rich Cr2GaN, etc.), the oxidation-based whisker growth process
was developed. Essentially, they showed that the driving force is a
reaction between oxygen and the sprouting metal (Ga/In). The
resulting volume expansion creates a compressive stress that
pushes the whiskers up. As most theories and models in this topic,
this oxidation-based model also well accounts for the authors'
experimental observation, but its limitations are easy to list under
that general background of the whiskering phenomenon. The most
evident observation against the theory was obtained in our recent
experiments where the oxygen casts no effect to the whisker
growth from gallium-rich Cr2GaC system[179,187]. In addition, the
theory cannot easily account for the diversity of the whiskers'
diameter distribution. In essence, “extrusion” under compressive
stress is, like many other variants under this category, the base of
this theory, which had been challenged by many experimental
observations.

4.2.3.6. Fresh Sn-atoms theory. After a series of studies on the
SneRE system, three groups (Xian et al., Chawla et al. and Liu et al.)
proposed the theory[151,167,185,188e190]. They found that tin whiskers
grow from RESn3 compounds (RE ¼ La, Ce, Nd, etc.). Essentially, by
the theory, tin whiskers originate from tin clusters/atoms released
from the selective oxidation of RESn3 compounds at room ambi-
ence. On the whisker surface there exists a thin layer of tin oxide
that protects the whisker and limit its lateral growth. Another
oxidation product of RESn3 is RE(OH)3. The volume expansion
during the oxidation of NdSn3, LaSn3 and CeSn3 is calculated to be
43%, 38% and 43%, respectively[167]. The restriction of the volume
expansion by the compact surface RE(OH)3 layer generates
compressive stress, which is considered to be the driving force for
whisker growth[167,185]. An alternative interpretation of the driving
force was suggested as the chemical potential gradient between the
released Sn atoms and the whiskers[151]. As the authors stated, the
proposed fresh Sn atom theory can explain the growth behavior
and microstructural characteristics of tin whiskers from Sn-rare
earth (SneRE) system very well, but it has evident drawbacks. For
example, Xian et al. observed that the compressive stress is not a
requirement for the tin whisker growth in the SneRE systems by
designing some stress-free powder samples of Sn3Nd[44,191].
Moreover, when it comes to the general whiskering phenomenon,
for instance the tin whiskers from pure tin substrate where there is
no rare earth element, the theory loses the basis.

4.2.4. Loose ends and remarks
Although the battle against whiskering phenomenon has lasted

for multiple decades long, unfortunately there is currently no
general consensus on the underlying mechanism(s) of whisker
incubation and growth. The science of whiskering is still being
worked out, while it is baffling investigators both in scientific and
industrial community. The authors want to discuss some points on
the mechanism-seeking march.

One of the most aggravating complications when studying
metal whiskers is their incubation time. Whiskers have been
observed within minutes in some cases, but may take up to years
and even decades before growing dense and long enough to arouse
failures in some electronics-rich systems. This tremendous uncer-
tainty of the incubation period contributes the mystery of whis-
kering phenomenon, and is particularly frustrating because the
randomly long incubation time might make experimental practices
incomplete. The incubation period is a significant consideration in
the study. Sn-plated electronic systems that may seem sound and is
in good working order for many years carry latent threat of whisker
growth. In 1976, Dunn, working for the European Space Agency,
released a set of publications where surfaces susceptible to whisker
growth (such as tin) were strongly recommended to be excluded
from spacecraft design[8,113,192]. But not all satellite manufacturers
followed this recommendation, and over a decade later, in 1990,
several commercial spacecraft failed due to tin whiskers. These
delayed failures by long incubation time are plural[73,113]. That
means that the absence of whiskering evidence in the short run is
not the evidence of absence of whiskering in the long run. To cope
with this unpredictable incubation time problem, harnessing the
factors, e.g. temperature, humidity, stresses, which would shorten
whiskering incubation time and accelerate growth rate, is of
importance[157,193e197].

Huge diversity of the substrates where whiskers grow, together
with the various treatments of the substrates, is also an aggravating
complication every investigator in this field cannot bypass.
Although the generality of the whiskering phenomenon (such as
tin, zinc, bismuth), has been confirmed, and the inferring that the
mechanisms operating behind the various substrates should be the
same is currently consensual among researchers, differences and
comparison research among different substrates have been
sparsely conducted. Especially, some relatively new substrates were
found to have much stronger influence on the whiskering phe-
nomenon which should be a sally port for uncovering this
mystery[33,116,179,198,199].

Dispute in the stress-based models is also a thorny issue. The
discussion and argument on the role of stress in the whisker
growth have been patterned. As stated in the previous section
4.2.3, although the confirmation of the significant effect of the
stress on the whisker growth has been repeatedly made, the
doubts and even contrary evidences never stop. From a perusal of
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the related literature, it seems the current consensus that whisker
growth is primarily a stress-induced process is reached among
researchers. However, the authors would propose that a thorough
re-evaluation of the effect of stress (gradient) on the whisker
growth should be seriously taken, in particularly under the
experimental findings in our recently published work[179]. But, one
point we have to make clear is that we do not neglect the effect of
the stress on the whisker growth, and what we cast doubt on is
whether the stress is a leading factor (sufficiency) or just an
accelerating factor.

Surprisingly, there are never any significant discussions as to
why mitigation practices by addition of Pb worked[113]. There were
occasional mentions that addition of Pb prevented the stress form
building up during IMC (intermetallic metal compound) growth in
PbeSn alloy layers, thus suppressing whisker formation[126].
Thorough investigation on the mechanism of Pb-mitigation should
be paid attention, and this would probably bring new route to seek
the true mechanism behind the whisker growth phenomenon.

5. Pb Whiskers

Pb as an effective mitigation agent for Sn whisker also forms Pb
whiskers. But, compared with other metal whiskers, Pb whiskers
came to scientists' sights later and Pb whiskers draw much lesser
attention than othermetalwhiskers, such as tinwhiskers[144,200e202].
As stated in the previouspart of this reviewpaper, themechanism for
Pb to mitigate Sn whiskers has never been systematically investi-
gated and it has been accepted as an empirical practice in the elec-
tronics industry. Appropriate amount of Pb addition into Sn can
effectively quench the Snwhiskers[32,46], but in the reflowed eutectic
SnePb solder, Pb or SnePb whiskers were observed, Fig. 8[16].
Different from other frequently reported tin/zinc whiskers, in addi-
tion to bringing malfunction to electronic-rich systems, Pb might
imperil human health chronically, which has been widely studied
and well established, such as its neurotoxicity, immunodeficiency,
renal toxicity and promotion of hypertension[203e210].

5.1. Observation of Pb whiskers on brass surfaces

The potential harmful impact on human body from lead was not
fully considered by the element in fibrous form until to 2005, when
we firstly reported that lightly abrading the surface of a commercial
leaded brass (Cue38Zne2Pb, ASTM-C37700) results in the room
Fig. 8. PbeSn whiskers and the small whisker (point
temperature spontaneous growth of Pb whiskers and hillocks[27].
Because of the shape effect[211], Pb whiskers might bring more
harm to human body than the other morphologies they take. Un-
fortunately, Pb whiskers might be more prevailing than people are
aware of them. In addition to the addition of Pb as whisker miti-
gation agent, Pb, usually with 1e2 wt%, is added to some brasses to
improve their machinability and/or corrosion resistance[212,213].
The typical morphologies of Pb whiskers observed in our experi-
ments are shown in Fig. 9[27]. The Pb whiskers wear almost all the
typical characteristics of general metals whiskers such as the di-
ameters, the striations (parallel/vertical to the wire growth direc-
tion), which suggest Pb whiskers also belong to the whiskering
phenomenon which is popular with the low melting point metals.
Whiskers of the size and aspect ratios observed in this study have
been identified as carcinogens that can trigger lung and other
cancers[211]. Moreover, the aspect ratios and submicron diameters
of the Pb whiskers render them easily dispersible in the atmo-
sphere, jeopardizing people's health especially for people that deal
with leaded brass on a daily basis.
5.2. Effect of environment on growth of Pb whiskers from brasses

Due to the easily realized hazards Pb whiskers can bring to
human health and the fact that leaded brass is a widely used ma-
terial in our daily life[17,27], we did a detailed statistics-based study
of the effect of various environments (air, argon, vacuum, oil and
water etc.) on the room temperature spontaneous nucleation and
growth of lead whiskers from hacksaw-cut surfaces of leaded
commercial brasses[17].

In the detailed statistics-based study, three commercial leaded
brasses, C3604, C3771 and C3712, were either cut or polished and
subsequently exposed to various environments for storage, and the
whiskering phenomenon on surfaces were then examined. It
revealed that Pb whiskers with diameters of a few tens to a few
hundreds of nanometers were grown spontaneously at room
temperature from hacksaw-cut or polished surfaces of all the three
leaded commercial brasses, seen in Fig. 10. By a statistical method,
the environment was found to significantly affect the Pb whisker
growth, and such an effect can only occur if, and only if, the at-
mosphere is implicated in the nucleation and growth of the whis-
kers. When the samples were kept under a mechanical vacuum
(~1 Pa), a whisker density exceeding 30000 whiskers cm�2 was
observed after ~400 h. When exposed to other environments, like
ed by the arrow in the left) on the base whisker.



Fig. 9. Typical morphologies of Pb whiskers observed on the surface of a commercial leaded brass about 2 h after being lightly abraded with sandpaper. Striations in both the
longitudinal and transverse directions are observed as shown in inset. The diameters of the whiskers ranged from a few tens to a few hundreds of nanometers. In the top right
micrograph, a Pb hillock at the root of a curved thin Pb whisker was also observed[27].
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air, Ar, oil or water, fewer whiskers were observed. A saturation
time of ~400 h for whisker nucleation and growth was statistically
identified, and in all cases, the final average whisker length fell in
the narrow range of ~12 ± 2 mm. Average whisker growth rates
were found to be in the order of 0.01 nm/s for all the samples except
the one stored in water. Some individual whiskers showed growth
rates that were about an order of magnitude higher. When the
samples were exposed to air after the initial storage of 166 h in
different environments, accelerated nucleation and growth was
confirmed. The sample stored in water did not show any whisker
growth, but rapid growth of a relatively fewwhiskers was observed
when the sample was subsequently exposed to air. This is attrib-
uted to the surface hydrocerussite crystal and possible amorphous
film formation in water, and the subsequent cracking of such sur-
face products upon drying. All the growth behaviors and the
geometrical parameters of the Pbwhiskers grown on brass surfaces
Fig. 10. Pb nanowhiskers observed on the hacks
found in this study are beneficial for the health protection for
people who have to vocationally touch with brasses.

5.3. Driving force for Pb whisker growth

Based on the experimental results in the study, it seems that the
growth mechanism for the whiskers are consistent with a scenario
where oxygen and/or moisture diffusion along the Pb/brass in-
terfaces forms oxides or hydro-oxides and the accompanying vol-
ume expansion provides the driving force for whisker growth. The
results, however, indicate that the situation is more complicated
and involves more than the simple inward diffusion of oxygen and/
or moisture, because there is no direct correlation between the
oxygen and/or moisture concentration in the surroundings and
either the number or the growth or nucleation rates of the whis-
kers. It is only by appreciating that whisker formation is a
aw-cut surfaces of the three leaded brasses.
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competition between their growth and the sealing off of the surface
by a patina that prevents further oxygen and/or moistures that the
results of this work can be better understood. The idea that an oxide
layer on the surface can impede whisker growth is not new and is a
well-established phenomenon[6,22,214]. To better address the health
thread brought by lead, much work would have to be done, espe-
cially on the Pb whiskers. A sound understanding on the growth
behavior of Pb whiskers would largely avoid the potential hazard
for people's life.

6. Whiskers on MAX Phases

As stated in the introduction section, the substrates where
whisker growth is observed are not limited to alloys and metals.
Whiskers have been observed onMAX phase materials, which are a
family of structurally related ternary nitrides and carbides newly
developed in these decades[215e219].

6.1. MAX phases and the whisker problems with MAX phase
materials

The MAX phases are a fascinating class of layered solids that are
relatively young. The term of MAX is an abbreviation of Mnþ1AXn,
where n ¼ 1, 2, or 3, “M” is an early transition-metal, “A” is an A-
group element, and “X” is C and/or N. The labeling of A-group el-
ements in the periodic table came from the old CSA notation. The
transitionmetal,M, elements that formMAX phases are: Sc, Ti, V, Cr,
Zr, Nb, Mo, Hf, Ta, and recently Mn; the A-group elements are Al, Si,
P, S, Ga, Ge, As, In, Sn, Tl and Pb. In an isolated case, Cd is also re-
ported to form MAX phase by taking the position of A. Depending
on the value of n, the M2AX, M3AX2 and M4AX3 phases are usually
referred to 211, 312 and 413 phases, respectively. Experimental or
calculated evidence has also been advanced for the existence of
higher order MAX phases, such as 514, 615, and 716[215]. The MAX
Fig. 11. Layered crystal structure of MAX ph
phases are all layered hexagonal structures with space group D4
6h-P63/mmc (No. 194). In every instance, near-close-packed M
layers are interleaved with layers of pure A-group element with the
X atoms filling the octahedral sites between the former, Fig. 11.
Thermally, elastically, and electrically, the MAX phases share many
of the advantageous attributes of their respective binary metal
carbides or nitrides (MaXb); mechanically, however, they behave
likemetals. This class of materials was firstly discovered in the early
1960s, and extensively developed in the last 15 years or so. Dating
back to 1960s, Nowotny and his group in Vienna published the first
work on MAX phases, which sometimes were labeled as M2BC, and
sometimes as H-phases[220]. From later 1990s, Barsoum and his
group rejuvenated the investigation inMAX phases. A bunch of bulk
MAX phases with high purity was realized, and their excellent
properties were characterized[221].

Since MAX phase materials are shown to have an excellent
combination of merits, i.e. they unusually combine the good
properties of both metals and ceramics, their promising applica-
tions are expected, and the spectrum of their application is greatly
broad[222-227]. In an early review paper[227], Barsoum listed the
potential applications, and they cover plural aspects in industrial
sectors, such as structural material for high temperature applica-
tions, substitute for machinable ceramics, kiln furniture, heat ex-
changers, rotating parts, and so on. After rapid development in
recent 10þ years, the applications for MAX phases have been
becoming more promising, and they extend to electrodes, exhaust
gas filters, free-cutting elements, microelectronics, biomaterials,
damping materials, corrosion resistant materials, surface coatings,
defence equipment, nuclear applications, low dimensional mate-
rials, and substrates for CVD diamond, etc.[215]. However, the phe-
nomenon of spontaneous whisker growth raises doubt about their
stability and reliability. As the stability is the first requirement for
the materials which are employed, the issue is debarring the
progress of the practical application of the MAX phase materials.
ases: (a) 211, (b) 312, and (c) 413[221].
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6.2. A-element whiskers on MAX phases

6.2.1. Introduction to whiskering phenomena in MAX phases
Although MAX phase materials could be dated back to more

than half century ago, it had not come out of abeyance until the
first report by Barsoum et al., in 1997[228]. The whiskering phe-
nomena with MAX phase materials are a concomitant topic with
the researches on MAX phase. Thereby, the research on the
whiskering phenomena with MAX phase materials just surfaced
after the return of the MAX phase happened in Barsoum's group at
Drexel University. Primarily, this topic has been conducted by the
two groups: Barsoum's and Sun's in United States and Japan,
respectively, which are also the major groups which have been
focusing to the researches of MAX phases. We carefully combed
the literature, and to our best knowledge, there is no report on
this topic from a third group. There is an interesting report pub-
lished in 2007 on the tin whiskers from a composite system of Ti,
Si and C by Li et al.[229], but it essentially has nothing about the
MAX phase itself, so we consider this publication to the catalog of
general metal whisker.

This means the writing of this section would intensively
include the major work in this field by the two groups led by
Barsoum and Sun, respectively. In brief, according to the models/
mechanisms they proposed to understand the whisker growth in
MAX phase substrates, the two groups have covered three phases
along the way they address the whiskering phenomena with MAX
phase: (1) de-intercalation of A atoms from basal planes of MAX
phase grains account for the A-metal whisker growth, (2) residual
free A atoms existing in between MAX phase grains and
oxidation-based model produce the whiskers, and (3) wetting-
dewetting behavior of the Ga film existing intergranular makes
the A whisker growth. In the immediate following part, the
typical work from the two groups will be chronologically
introduced.
Fig. 12. A series of SEM images of the surface of a Cr2GaN sample exposed to the atmospher
higher magnification; (C) same as (A), but at a different location, (D) sample after six mon
6.2.2. Primary researches conducted in this area
In 1999, Barsoum and Farber reported in science that bulk

samples of the layered ternary nitride Cr2GaN were observed to
spontaneously grow filaments of pure Ga at room temperature[11].
The bulk MAX phase samples, after fabrication, were lightly pol-
ished and exposed to the ambient environment for 24e48 h, at
which time filaments, visible to the naked eye, appeared on the
surface, Fig. 12. The formation and growth of the Ga filaments were
found only to occur near the surface, and the roots of the filaments
were shallow (2e20 mm). The authors stated that these Ga fila-
ments grew in the sameway hair grows, from the base. The authors
suggested multifold evidences that indicate the filaments were
forced to flow through a channel: (i) no two filaments have the
same cross section or shape; (ii) channel marks, mostly striations,
are visible on all of the filament surfaces, along their growth di-
rection; and (iii) the presence of helical shapes that can most easily
be obtained by extrusion is seen. For example, the simplest expla-
nation for the various shapes taken by the coiled filament (apparent
in the near center of Fig. 12(A) and shown at a higher magnification
in Fig. 12(B)), which originally emerged from the substrate at the
lower left corner as a tight spiral and continued growing from its
base, changing shape as it did, is that the shape of the orifice
through which it was extruded was itself continually changing
shape.

The Ga source for the filaments growth was ascribed to the de-
intercalation of Ga from the basal plane of porous Cr2GaN samples.
The authors firstly proposed a possible source for the Ga element to
form Ga whiskers, and it is the reactions involving Cr2GaN:

Cr2GaN ¼ Cr2Ga1�yNþ yGaðsÞ (1)

Or more likely:

Cr2GaNþ y
x
Xx ¼ Cr2

�
XyGa1�y

�
Nþ yGaðsÞ (2)
e for 50 h: (A) filaments observed are pure single crystalline Ga; (B) same as (A), but at
ths, showing marked increase in density and length of whiskers[11].
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where Xx is a gas in the atmosphere, possibly O2 or N2. At the same
time, the driving force for the whiskers growth was ascribed to the
concomitant positive volume change with the reactions (1), (2),
stated above[11].

Furthermore, the authors in the same paper reported some
other phenomena for the filament growth, which, according to our
experiences, are significant to understanding the filament growth,
although at that time the authors did not realize it. For example, the
authors found that for the filament growth, either a catalyst,
microcracks, or some peculiar geometric arrangement of the pores
is required, and the concentration of the filaments was a function of
sample density, with higher density samples showing less activity.

Immediately later, an alternative interpretation for the Ga fila-
ment growth was proposed by the same group in a successive
second article in science[230]. In the second paper, two sets of
samples were prepared with these materials, porous samples of
Ti2GaN, TiGa3, and FeGa3. One set was quenched in water from the
processing temperature of 800 �C, the other was furnace cooled. By
X-ray diffraction of the samples the authors identified small
(ca. 5 vol.%) amounts of unreacted Ga, presenting at the grain
boundaries[6], and implied that it is unlikely that the crystalline
lattice is the Ga source because the lattice parameters of all samples
tested remained unchanged before and after the growth of the Ga
filaments. Totally different scenarios were found on the two sets of
samples: the surfaces of the furnace-cooled samples were
sporadically covered by nonwetting Ga droplets, which appear to
be connected to the substrates by what can best be described as
liquid Ga stringers or ligaments, increased in size with time, and
conversely, the quenched samples grewwhiskers identical to those
previously observed[11]. Based on the mutual exclusivity of the
whiskers and droplets, the authors inferred that their source is
identical, and further, the authors concluded that the driving force
Fig. 13. Ga whiskers or micropillars spontaneously g
for the growth of the whiskers is the overall reduction in surface
energy and not a reaction with the atmosphere or a phase transi-
tion, which had been proposed in their earlier publication[11]. Based
on the observations in this study, the authors concluded that the
necessary requirements needed to grow whiskers are the right
combination of surface diffusivity, anisotropic growth, and non-
wetting, and if these conditions can be achieved for highermelting-
point metals, such as Bi and Sn, they could be grown as whiskers as
well. However, the growth habit of these filaments and the specific
mechanism for the three requirements, which are essential to give
better understanding of the phenomenon, were mostly left un-
touched in the paper.

A few years after the reports on the spontaneous growth of
metal whiskers with MAX phase materials in science, the similar
phenomena in other MAX phases (Zr2InC, Cr2GaC) were further
investigated by Barsoum, Sun et al.[6,231,232], Fig.13. And the authors
continued to seek the mechanism and driving force for whisker
growth. Essentially, the Barsoum's group developed a model based
on the reaction between oxygen and the sprouting metal[6,232].

In 2004, whisker growth behavior on In(indium)-rich Zr2InC
sample and 50 wt% AleSn alloy sample were investigated by Bar-
soum et al., and the authors proposed a model to explain the ob-
servations on In and Sn whiskers and many past observations with
respect to the metal whiskers[6]. Essentially, the authors show that
the driving force is a reaction between oxygen and the sprouting
metal, which existed in elemental state as intergranular films,
Fig. 14. The resultant volume expansion creates a compressive
stress that pushes the whiskers up, and the scenario is shown
schematically in Fig. 15. Although, in the paper, it was not claimed
that reactionwith the atmosphere is the only reason for the growth
of SM whiskers, it seems that, by the proposed model, continued
whisker growth can be prevented by the provision of an oxygen
rown on the surface of MAX phase Cr2GaC[231].



Fig. 14. SEM micrograph fractured Zr2InC surface showing In at grain boundaries (this
surface is covered with a thin In film)[6].
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diffusion barrier layer, which was confirmed by the nail polish
experiment in the paper. Within the observation in this research,
the oxidation-based process sounds plausible, and the implied so-
lution to the pesky problem form the model is simple: oxygen
should be prevented from accessing any potential active surface.
However, as the authors stated, there are still some questions
remaining unresolved, such as why whiskers much smaller than
1 mm in diameter are not typically observed.

We reported in 2005 the room-temperature spontaneous
growth of Ga freestanding nanoribbons from Cr2GaC surfaces,
Fig. 16, and the freestanding nanoribbons and the ones laying on
the surfaces of the samplewere observed and investigated in detail.
Based on the observations, an oxidation-based model was pro-
posed to explain the growth of the nanostructures[232]. Basically,
we suggested that when, upon fracture, a pre-existing Ga layerdor
one that spreads onto the basal planes as a result of fracturedis
exposed to oxygen, this layer rapidly oxidizes to form an ultrathin
outer oxide skin, which schematically is shown in Fig. 17. This
model went well with the observations in the paper, such as the
driving force of the growth, the orientation of the nanoribbons.

However, in the continued work along this topic, in the next
year 2006, we observed some new morphologies and new clues on
these nanoribbons, Fig. 18, which resulted in an alternative mech-
anism for the spontaneous formation of freestanding Ga nano-
ribbons on Cr2GaC surfaces[233]. The alternative one seems to be
simpler and more natural than the previous one depicted in Fig. 17.
Basically, according to the supplemental observations, we believe
the presence of freestanding Ga nanoribbons on Cr2GaC surfaces
Fig. 15. Oxidation reaction based whisker growth model: (a) periodic hexagonal arrangemen
(white); (b) plane strain finite element mesh for the analysis of the effect of oxide expansi
were the leftover skins of Ga whiskers or spheres that were reab-
sorbed into the Cr2GaC grain boundaries, most likely as a result of
their melting. This proposition is entirely supported by the real-
time SEM images shown in Fig. 18, which are analogous to the
skins of molting snakes. The analogy of a skin-shedding snake
actually answers half of the question, and we still hold the view for
the room-temperature growth of metal whiskers which were
established based on an oxidation reaction model in previous
work[6,27]. However, the reasonswere not entirely clear and thereby
more work was needed to understand the intriguing phenomenon.

As the experiences accumulate, we were conscious of the
importance of the existence of the intergranular A-metal films in
MAX phase for the A-metal whisker growth. So, we reported our
research work on equilibrium Ga intergranular films in Cr2GaC in
2013[234]. In this work, the compelling evidences for the presence of
equilibrium intergranular films were observed, under the aid of
differential scanning calorimetry, in the �60 �C to 70 �C tempera-
ture range, on both sintered bulk Cr2GaC and Cr2GaC powders,
Fig. 19. Intriguingly, we observed that a thick Ga pillar had sprouted
from the Cr2GaC surface, and 2 h later, it was slowly absorbed back
into the sintered bulk, Fig. 20. The sharp endothermic trough,
roughly 50 �C below the melting point of bulk pure Ga, in the
powdered samples was taken to be strong evidence for the pres-
ence of IGFs in the latter; however, the troughs for the sintered
body were much more diffuse, suggesting that in this case, a dis-
tribution of grain boundary thicknesses exists, Fig. 19(a). Based on
these results it is obvious that: (a) on heating, a clear, sharp,
endothermic trough, centered at about�18.4 �C, can be clearly seen
for the powder. For the sintered body, this trough is much smaller;
(b) in both cases, a trough centered at about 28.5 �C is observed. The
center of the trough for pure Ga is about 35.8 �C and (c) on second
heating of the powder, the area of the �18.4 �C trough increases at
the expense of the one at 28.5 �C. Further cycling resulted in a slow
but steady increase of the area of the �18.4 �C trough at the
expense of the one at 28.5 �C, Fig. 20(c). In Fig. 19(b), it compares
the DSC results for the powders to those of the sintered sample and
pure Ga upon cooling. These results show that: (a) for the sintered
compound, an exothermic peak initiates at 16.3 �C and extends to at
least �44 �C; (b) for the powder, the exothermic peaks initiate
around 16.3 �C, but the majority of the heat is released
around �28 �C. On second cooling, outside a few new sharp peaks
at �7.5 �C, �44 �C and �52 �C, the overall shape of the DSC curve
remains the same.

The resorption of the thick Ga pillar with time (Figs. 20(a) and
(b)) implies that the driving force responsible for its growth is
reversible. It follows that the mechanism proposed for the extru-
sion of low melting metals, viz. the diffusion of oxygen along the
GBs[6] cannot be the operative mechanism here since the latter is
t of Al grains (gray) surrounded by a thin oxide layer (not shown in the Figure) and Sn
on; (c) contours of out-of-plane stress in Sn in MPa (SM: soft metal, details in ref.[6]).



Fig. 16. Typical SEM micrographs taken on polished surfaces of Cr2GaC: (AeC) freestanding nanoribbons normal to the surface; (D, E) edge-on observations of the nanoribbons
showing thickness of less than 10 nm; (F, H, I) long nanoribbons laying on the surface of the sample; (G) selected raster from (F) showing the transparency of the nanoribbon. Dark
regions show where grains were pulled out and replaced by diamond suspension used for polishing. Note transparency of nanoribbons[232].
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irreversible. The relatively high linear rate and its rapidity further
preclude diffusion as the operative mechanism. The only plausible
mechanism remaining, therefore, is a wetting/de-wetting transi-
tion. To understand this mechanism for Ga pillar to grow out of the
substrate and retreat again, one needs to invoke the existence of a
temperature-dependent GB segregation, shown in Fig. 20(d). Dur-
ing growth, liquid rejected from the GBs must flow from the inte-
rior to the root of the growing pillar. Once at the root, it solidifies
and pushes the pillar outward. When the temperature is increased,
Fig. 17. Schematic illustration outlining the spontaneous growth of nanoribbons: (a)
upon fracture, the basal planes are covered by a thin Ga film that, in turn, is rapidly
covered by a thin oxide layer; (b) oxidation of the underside of the Ga film results in
nanoribbons that either grow parallel to the surface (left-hand side) or become free-
standing (right-hand side).
the atoms at the root of the pillar premelt and flow back into the
GBs, shrinking the pillar.

So far, by the results obtained in our work[234], it is clear that the
metal whisker growth with MAX phase substrates is highly likely a
surface-related activity, and a process of crystal growth, and the
findings help usmostly exclude the possibility that the stress-based
mechanisms (regardless of the origins of the stresses) for the metal
whisker growth. At the same time, although most researches of the
whiskering phenomenon have been conducted on dense bulk
materials or films, and the researches performed on such loose
powder-prepared composite samples are few[33,229], it seems that it
is more fruitful to work with powders to study this phenomenon.
Hence, we have focused on the MAX phase system and kept on
employing powder-based samples to investigate the whiskering
phenomenon.

Recently, more interesting results have been obtained in the
Cr2GaCeGa system[179]. Essentially, we found that there are three
requisites for Ga whiskers to grow out of Cr2GaCeGa system: (1)
the existence of free Ga (not the Ga atoms at basal planes of
Cr2GaC), (2) the existence of cleavage planes of Cr2GaC grains,
and (3) lower temperature (e.g. e5 �C accelerating the growth). A
growth model was established based on our findings in the
Cr2GaCeGa system. In this model, Ga wires would grow where
free Ga is exposed to the Ga planes of MAX phase crystals, by a
driving force related to the temperature-dependent surface ac-
tivity. The cleavage plane, shown in Fig. 21, would act as the
nucleating sites for Ga whisker initiating. On the cleavage planes,
Ga atoms are exposed in an atomistic arrangement which may
serve as the natural seed crystal for the Ga wire growth. And
schematically shown in Fig. 22, there are several scenarios (A, B,
C, and D) for Ga wire's nucleating. According to the authors'
experiences, the findings and tentative model proposed from our
recent work[179,234] might be the right track to seek the final goal
for the metal whisker growth, at least for the whiskering



Fig. 18. (a) Ga whisker at the root of a nanoribbon; (b) disappeared shortly after it was photographed. The two micrographs (a) and (b) were taken 14 min apart; the Ga whisker was
last seen 6 min before its disappearance was noticed. Micrographs (c) and (d) are magnified views of the roots shown in (a) and (b), respectively[233].
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phenomenon happening with MAX phase based composite, if it
does not apply generally for all the metal whiskering
phenomena.
6.2.3. Significance of the research on the A-element whiskering in
MAX phase materials

Predicted by the model developed in our previous work[179] and
the previously reported Ga/In whiskers[6,11,232,234], it is likely a
general phenomenon for the whiskering phenomenon in A-
element-richMAX phases. Considering the different melting points
Fig. 19. Summary of DSC of powders, sintered compacts and pure Ga upon: (a) heating and
Note: all runs and their designations are color coordinated[234].
of A-elements in different instances of MAX phases, the whiskering
phenomenon might happen at different (elevated) temperature
ranges. The confirmation of the generality of A-element whiskering
phenomenon with MAX phase materials is an ongoing project
within our group, and some preliminary results show Ti2SnCeSn
composite behaves in a similar way as Cr2GaCeGa composites. And
we put Cr2AlCeAl and even Ti3SiC2eSi in our agenda for the
whiskering behavior investigation. This possibly general whisker-
ing behavior is critical for some MAX instances whose industrial
application is about to be mature, such as Ti2SnC[235,236] and
(b) cooling. The first and second heating and cooling runs for the powders are shown.



Fig. 20. Time lapse SEM micrographs of a Ga micro-pillar as it is resorbed into the sintered matrix: (a) initially and (b) after about 2 h; (c) plots the areas of the endothermic troughs
at �18.4 �C and 28 �C as a function of heating/cooling cycles; inset in (b) is schematic of how a thin quasi-liquid layer can be stabilized at a GB; (d) sketches the proposed absorption
versus temperature relationship needed to explain the extrusion/resorption of the micro-pillars[234].

P. Zhang et al. / Journal of Materials Science & Technology 31 (2015) 675e698694
Ti3SiC2[215]. The potential risks for Ti2SnC and Ti3SiC2 are especially
profound, because most potential applications of MAX phase ma-
terials emphasize and harness the electrical conductivity of the
materials, and the A-element whiskers/wires are highly conductive.
Fig. 21. Crystal structure of Cr2GaC (left), and the schematic layers of Cr, Ga and C atoms (rig
nucleate[179].
Criteria on the A-element whiskering phenomenon with MAX
phase materials are urgent, and the corresponding mitigation/
elimination strategies are significant for the commercialization of
this family of new materials.
ht); the dash lines represent the cleavage planes where it is possible for the Ga wire to



Fig. 22. Schematic diagram of different Ga wire nucleating scenarios: Phase I: the
cleavage planes of Cr2GaC grain; Phase II: Ga nuclei/nucleus on the planes; Phase III: Ga
wire growing. (A) A single Ga nuclei completely occupies a cleavage plane; (B) a single
nuclei partially occupies a cleavage plane; (C) plural nucleus (disconnected) scatter on
a cleavage plane and (D) plural cleavage planes in close contact with each other
simultaneously occupied by Ga nucleus[179].
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On the other hand, as elaborated in our previous publication and
others'[6,11,179,232,234], the exploring growth mechanism of whiskers
with MAX phase system might lead to a new standpoint to the
general metal whiskers, and this would redirect researchers out of
the patterned battle with whiskers for almost 70 years.

6.3. Linkage of the whisker growth phenomenon across different
substrates

Albeit the substrate of MAX phases (a ternary carbides/nitrides)
are different from the substrates (metals/alloys) where general
metal whiskers grow, the whiskering phenomenon across the
spectrum of all the substrates share most features, by which the
authors tend to accept the assumption that the same mechanism
operates behind these whiskering phenomenon across the spec-
trum of all the substrates, including theMAX phases. As the authors'
discussion in one piece of our previous work[179], the role of
heterogenous interface on the whisker incubation should be seri-
ously considered. Particularly, there has been a flurry of publica-
tions (majorly by Xian, Liu et al.) on the tin whisker growth from
rare earth intermetallic compounds (RESn3: RE ¼ Nd, La,
Ce)[44,116,148,151,153,167,185,189,199,237e239], where the whiskers were
reported to grown on the interface of RESn3 phase and Sn. Based on
the morphological linkage and some similar process behaviors
(incubation period, temperature-affected growth rate, etc.) be-
tween the wires grown on MAX-A composite system, RESn3, and
metal/alloy substrates, the authors propose an incipient theory that
the heterogenous interface plays a critical role in the nucleating of
whiskers, which thus determines the subsequent growth of whis-
kers. This tentative remark has to be further tested and developed
in the future, but its significancewouldmatter a lot, considering the
current patterned situation of the interpretation-seeking research
in this filed. By grasping more common points between whisker
growth phenomena from different substrates, new light possibly
casts on the mechanism-seeking researches.
7. Perspectives

Whisker growth from solids has been documented as an engi-
neering problem in the public domain for almost 70 years, and its
undermining the reliability of the electronics-rich systems has been
bringing grave loss to a wide spectrum of sectors, and the life of
individuals. Unfortunately, a basic understanding upon the true
physics of the whiskering phenomenon remains elusive, which
makes it impossible for engineers to provide a means for predicting
whisker growth and risk, and ultimately prevention strategies. The
huge demand of coating metals in the electronics industry, and the
trend of Pb-free movement for the sake of sound environment urge
researchers to resolve the long time interpretation-resistant
whisker problem with metals. As the applications of MAX phase
materials progress, the impetus to study the properties/problems of
MAX phase materials also increases.

Thanks to the RoHS, Pb-addition solution to the engineering
problem induced by Sn whiskers is phasing out, which makes the
whisker-induced risks appear again. Considering the current situa-
tion of the lead-free strategies stated in section 3.3.2, foreseeably,
before a lead-free solutionaseffective asPb-addition is found, thePb-
additionwould have to be put in a dilemma constructed by the hard
choices between sound environment and reliability of electronics.

The current growth mechanisms/theories in public domain
should be re-evaluated, especially the role of stress in whisker
nucleation and growth. More attentions and researches should be
directed to the whisker growth in composite systems, such as the
MAX phase systems, Sn-RE systems, where the researches are
relatively new and insufficient. In our opinion, it would be mean-
ingful for researchers to study the whisker growth phenomenon to
divide the whiskering phenomenon into two phases: nucleating
and growing. In reality, the whiskering phenomenon is an aniso-
tropic growth of crystals. To realize the anisotropic growth of a
crystal, a seed with preferred growth direction is required. For this
viewpoint, we preliminarily proposed a catalyst-based model
based on the experimental data from the Cr2GaCeGa system[179],
which is probably a promising direction to address the mechanism
interpretation.

Researches on Ga/In whiskers/wires with MAX phase substrates
would be potentially fruitful for the mechanism-seeking purpose.
Considering the high level of similarity between the whiskers from
MAX phase system and general metal whiskers, the similar nucle-
ation and growth mechanism(s) would be rationally expected.
According to our previous work[179,187,232e234], the Ga wires grown
from Cr2GaCeGa system have a controllable incubation period by
environmental parameters, and the very fast growth rate
(~200 nm/s) is easily realized. In addition, the wires were found to
grow from very loose substrate (where it is stress-free)[179,231]. All
the new characteristics of Ga wires from Cr2GaCeGa system,
together with the low melting point of Ga, are facilitating the ob-
servations of the whiskering behaviors. The near temperature
melting point of Ga is of a big convenience to evaluate the role of
crystallization in the whisker formation. The controllable and short
incubation period and the rapid growth of Ga wires would enable
real-time investigations into the nucleation and growth processes
which were not practical in the past with other metals such as tin,
zinc.
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