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Over the last decade, several hyper-scale data center companies such as Google, Face-
book, and Microsoft have demonstrated the cost-saving capabilities of airside economiza-
tion with direct/indirect heat exchangers by moving to chiller-less air-cooled data

centers. Under pressure from data center owners, information technology equipment
OEMs like Dell and IBM are developing information technology equipment that can with-
stand peak excursion temperature ratings of up to 45°C, clearly outside the recom-
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Mechanical and Aerospace Engineering as these cooling technologies are becoming, airside economization comes with its chal-
Department lenges. There is a risk of premature hardware failures or reliability degradation posed by

uncontrolled fine particulate and gaseous contaminants in presence of temperature and
humidity transients. This paper presents an in-depth review of the particulate and gase-
ous contamination-related challenges faced by the modern-day data center facilities that
use airside economization. This review summarizes specific experimental and computa-
tional studies to characterize the airborne contaminants and associated failure modes
and mechanisms. In addition, standard lab-based and in-situ test methods for measuring
the corrosive effects of the particles and the corrosive gases, as the means of testing the
robustness of the equipment against these contaminants, under different temperature and
relative humidity conditions are also reviewed. It also outlines the cost-sensitive mitiga-
tion techniques like improved filtration strategies and methods that can be utilized for
efficient implementation of airside economization. [DOI: 10.1115/1.4051255]
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and 1.1%—-1.5% globally in 2010 [4,5]. When compressor-based
air-cooling is used in data centers, the cooling power can account
for approximately a third of total power consumption as seen in
Refs. [6] and [7]. There has been, therefore, a constant effort to
resort to cooling technologies that can generate considerable cost
savings by cooling power reduction.

To address this concern of rising cooling power consumption,
ASHRAE TC 9.9 expanded its recommended ranges for temperature
and humidity to increase the number of hours for airside econo-
mization [8]. The recommended envelope in these guidelines
specifies 18 °C-27°C dry bulb temperature, —9 °C to 15°C dew
point temperature, and up to 60% relative humidity as shown in
Fig. 1. The allowable envelopes in these guidelines also allow
brief excursions outside the recommended envelope to the allow-
able envelopes where the datacom equipment can operate at a
higher inlet dry bulb temperature of 45°C and 90% relative

humidity (RH). A reduction in cooling power consumption, thus,
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2021. Assoc. Editor: Baris Dogruoz. favorable conditions [9,10]. An airside economizer is typically

1 Introduction

With increasing demands for cloud computing, high-
performance computing solutions, efficient thermal management
of datacom facilities has become even more challenging [1-3]. A
large fraction of energy and resources are expended for continuous
cooling of the information technology equipment (ITE) to comply
with special environmental requirements of temperature, humid-
ity, and cleanliness for continuous reliable operation. Heat loads
have become the defining characteristic and design criteria of data
centers. This is evident from recent reports that projected 73 bil-
lion kWh of electricity consumption in 2020 [4]. These reports
also estimated that because of the increased demand for informa-
tion technology (IT) services, data centers alone accounted for an
estimated 1.7%-2.2% of the total energy consumption in the U.S.
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defined as “A duct and damper arrangement and automatic control
system that together allows a cooling system to supply outdoor air
to reduce or eliminate the need for mechanical cooling during
mild or cold weather” [11]. Free air cooling is implemented when
the amount of enthalpy in the air is sufficient and no additional
conditioning is required for sufficiently cool and dry [12]. Figure 2
is a schematic showing the working of an airside economizer unit
utilizing direct/indirect evaporative cooling.

The reluctance in the implementation of airside economization
from data center owners is due to the increased risk of exposure of
ITE to particulate and gaseous contaminants. These contaminants
can enter the data center either directly in the economizer mode or
indirectly through media such as low-efficiency filters and
makeup air. A study from Intel concludes that for 10 months in a
free air-cooled data center, the humidity can vary between 4% and
90%. Since there is a minimum control over temperature, humid-
ity, and airborne contaminant introduction in economizer mode,
the ITE reliability can be easily compromised [13]. Among the
airborne contaminants, highly reactive gases, and low deliques-
cence relative humidity (DRH) value particles are of primary con-
cern. Gases like H,S, Cl,, NO,, SO,, and O have been identified
to be most corrosive for electronics in presence of favorable tem-
perature and humidity conditions [14]. Details on underlying fail-
ure modes and mechanisms due to these contaminants will be
provided in the later sections of this paper. In presence of such
contaminants, the surrounding environmental parameters of tem-
perature, RH, and contamination can cause ITE failures via two
main mechanisms. The first is electrical open circuits due to corro-
sion of silver terminals in surface mount resistors in the corrosive
environment of sulfur-rich gases. The second common failure
mode is due to copper creep corrosion causing electrical open cir-
cuits due to electrochemical migration (ECM) or cathodic-anodic
filamentation [15-19]. These corrosion mechanisms and the rate
of corrosion in any given environment can be affected by temper-
ature, humidity, and level, and type of particulate and gaseous
contaminants [20-23]. The above-mentioned failure modes also
led to new specifications for contamination limits accepted by the
industry, which now place a lower limit on the DRH of dust
[24,25].

To better understand these failure modes associated with data
center particulate and gaseous contamination, it is essential to
understand the relationship between environmental RH and settled
the hygroscopic matter on the printed circuit boards (PCBs). Air-
borne particulate matter and hygroscopic gaseous corrosion prod-
ucts are known to become wet and therefore ionically conductive
and corrosive if the humidity in the environment rises above the
DRH of the particulate matter. It is, therefore, necessary and infor-
mational to have a clear understanding of the terms critical rela-
tive humidity (CRH) and DRH. CRH is the value of the relative
humidity at which the settled particulate matter starts adsorbing
enough moisture to become electrically conductive. Whereas the
relative humidity value at which the settled particulate matter
becomes completely aqueous is termed as the DRH for the settled
particle mixture. When the RH inside the data center, locally or
globally, exceeds the DRH value of salts or accumulated particles
on the PCB, the subsequent conductive solution formed leads to
electrical short-circuiting due to a reduction in surface insulation
resistance (SIR) between the closely spaced features on the PCBs
[26].

There is a wide body of experimental literature and review
articles on the mechanism of corrosion and associated failure
modes in electronic packages and materials. Similar work on the
effect of particulate and gaseous contamination in data centers
and electronic failures is not available. The primary motivation
behind this study is to carry out a systematic review of literature
on the effects of particulate and gaseous contaminants on equip-
ment reliability in data centers where airside economization or
free air cooling is the primary mode of cooling. This paper
reviews the experimental and computational literature on failure
modes and mechanisms related to settled hygroscopic matter and
gaseous contaminants. The paper is divided into four main sec-
tions. It begins by reviewing essential literature related to the data
center and airborne contaminants classification and their sources.
An introduction to the related failure modes and the parameters
influencing them is then provided with relevant reviewed litera-
ture. This is followed by a review of experimental and computa-
tional research on both gaseous and particulate contamination. An
outlook on the reviewed literature is also presented to discuss the
gaps in the literature in terms of lack of available data and in-situ
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Fig. 1 ASHRAE 2015 environmental guidelines showing the recommended and allowable
ranges for temperature and humidity for data centers
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Fig.2 A schematic of direct and indirect evaporative cooling unit/airside economizer

studies on the issue of data center contamination. Related topics
of particle behavior and the underlying corrosion chemistry are
beyond the scope of this paper and, therefore, have not been dis-
cussed in detail.

2 Sources of Contamination

The environment surrounding and within a server is defined by
temperature, humidity, and gaseous and particulate contamination
in the air [27,28]. In economizer mode, it is easier for these con-
taminants to enter the data center white space and cause ITE fail-
ures, under favorable conditions and over time. However, there is
not adequate literature and statistics available directly correlating
the impact of outdoor/indoor contaminant concentrations and ITE
failure rates in data centers. To understand the failure mechanisms
associated with data center contamination, it is equally imperative
to identify the contamination sources. The first part of this section
provides an overview of the pervasive gaseous contaminants and
the second about particle contaminants and their sources.

2.1 Sources of Gaseous Contaminants. Gaseous pollution
today is caused primarily by fossil fuel burning, factories, com-
mercial and domestic buildings, and automobiles. Over the years,
three main pollutant gases found are throughout the industrialized
world: sulfur dioxide (SO;), ozone (O3), and nitrogen dioxide
(NO,). Other gaseous contaminants of primary concern include
chlorides (chlorine [Cl,] and hydrogen chloride [HCI]), acetic
acid (CH3COOH), and formaldehyde (HCHO) [29]. The types of
gases that most commonly result in ITE corrosion are acidic gases
such as hydrogen sulfide, sulfur, and nitrous oxides, and hydrogen
fluoride; caustic gases, such as ammonia; and oxidizing gases,
such as ozone. Out of the three, acidic gases are of interest. It
should be pointed out that, sulfur-bearing gases like SO, (sulfur
dioxide) and H,S (hydrogen sulfide), the major gaseous contami-
nants, are not directly responsible for corrosion but, in fact, by
combining with NO, (nitrogen oxide) and O3 (ozone) make the
product with the former two gases more corrosive [29]. ASHRAE
1775-TRP (2015) [30] provides the details about typical values of
the outdoor concentrations of these gaseous contaminants world-
wide as seen in Table 1. These values can vary by location and
time of the year. Similar guidelines and pollutant classification are
provided in ANSI/ISA-71.04-2013 for the most pervasive gaseous
contaminants. These guidelines are classified based on the sever-
ity level affecting the ITE. As seen from Tables 1 and 2, the
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Table 1 ASHRAE RFP 1755-TRP typical outdoor pollutant con-
centrations worldwide

Outdoor concentration in ppb

Pollutant Minimum Maximum
H,S 4 140
NO, 5 80
SO, 4 40

Cl, 1 10

O3 5 60

values suggested by ASHRAE are around the same magnitude as
the ISA guidelines for ITE. Although, these values represent the
absolute impact of the gaseous pollutants on ITE corrosion rates
without considering their synergistic effects. An estimate of the
worldwide surface concentration levels for SO, was presented by
Buchard et al. [31] over 10 months. As seen in Fig. 3, the value of
this concentration lies around the 40 ppb (parts per billion) mark
which is similar to that given by asurag 1775 TRP (2015). It is
also seen that the concentration is higher during the winters,
which also corresponds to the time for maximum economizer
hours.

2.2 Sources of Particulate Contaminants. Particulate matter
or dust is primarily classified into two groups: fine particles and
coarse particles. Fine particles are defined as particles with a
diameter less than or equal to 2.5 um such as those found in diesel

Table 2 Contaminant concentrations versus severity levels
(ANSI/ISA-71.04-2013)

G1 (Mild) G2 (moderate) G3 (harsh) GX (severe)
Gas Concentration (ppb)
H,S <3 <10 <50 50
SO,, SO3 <10 <100 <300 3000
Cl, <1 <2 <10 10
NO, <50 <125 <1250 1250
HF <1 <2 <10 10
NH; <500 <10,000 <25,000 25,000
O3 <2 <25 <100 100
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Fig. 3 Goddard earth observing system version 53GEOS-5/
GOCART monthly mean of SO, surface-level (revised run) for
January and July 2010 [31]

particulate matter, motor vehicle exhaust, and smog. These fine
particles are further classified into primary and secondary particles
[32,33] where primary particles are those that are directly emitted
from a specific source, such as volcanoes, forest fires, and con-
struction sites. Secondary fine particles are formed because of
photochemical reactions that take place in the atmosphere and
make up most of the fine particulate pollution. These photochemi-
cal reactions occur due to the presence of oxides of sulfur and
nitrogen that are emitted from automobiles and various industries.
Carbonaceous material with a size of fewer than 0.1 um interacts
with nitrogen dioxide and sulfur dioxide in a multistep photo-
chemical process to result in the formation of nitric and sulfuric
acids. Fertilizers generally containing ammonia, decayed biologi-
cal matter, and other sources neutralize these acids thereby form-
ing ammonium sulfate, ammonium nitrate, and ammonium
hydrogen sulfate [34-38].

Coarse particles are typically related to a particle diameter
range of 2.5-15 um. They include particulate matter such as sea
salts, natural and artificial fibers, and plant pollen. Their major
sources mainly include erosion of soil, flaking of biological mate-
rials, and minerals which are accelerated by winds [39]. The sea
salt particles get airborne due to a mechanism known as sea spray,
where the salts become airborne as aerosol particles. These par-
ticles are also capable of reacting with other pollutant molecules
to form new salts and dissociate into free ions. Within the data
center, coarse particles can also be found in the form of zinc
whiskers from the undersides of the floor tiles or metallic ducts
electroplates with zinc. This form of particles is, although, consid-
ered to be rare. Another such rare source of indoor particles can
be the salts entering the airstream from humidifiers. The reason
behind this can be the high salt content in feedwater, especially
the salts with low DRH values. It can be concluded from these
studies that most of the contaminants, both gaseous and particu-
late, originate outdoors from either manmade or natural causes. A
particle pollution report by Environmental Protection Agency ana-
lyzed and reported PM, s and PM;, levels for 4 years [40]. The
major findings of the report suggest that the majority of PM, s is
attributed to regional pollution due to sulfate, volatile organic
compounds, and nitrate emissions from power plants and high-
ways. This airborne particulate matter can be transported hun-
dreds of miles away from the sources. This is consistent with the
findings of one of the studies reviewed later in this paper which
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characterizes the dust found in a modular data center located in a
polluted industrial area of Dallas, Texas. A summary of the parti-
cle origin found at this data center is shown in Table 3 [41]. The
table summarizes the contaminants and their sources that might
not be necessarily present in all economizer-based or free air-
cooled data centers. It does, however, provides a good method of
root causing and mitigating the particle origin sources, if particles
of similar chemistry are found in a data center. Also, most of the
particle sources summarized here are due to natural sources and
can be mitigated if proper air filtration strategies are implemented.
Section 3 will review the studies describing the most common
failure modes and their mechanisms due to corrosive airborne or
settled hygroscopic contaminants.

3 Contamination Failure Modes

This section discusses the literature on primary failure mecha-
nisms associated with reliability degradation in free air-cooled
data centers due to particulate and gaseous contaminants. Based
on the reviewed literature, the failure modes were identified to be
ECM, corrosion of silver terminals on PCBs and copper creep cor-
rosion. These failure modes are particularly due to the contami-
nants discussed in the above section as concluded from the
reviewed literature. The review of these failure modes is based on
the data center cooling point of view and does not address the
microscopic level mechanisms or morphological behavior of the
discussed failure modes.

3.1 Electrochemical Migration. Electrochemical migration
is a phenomenon that creates an electrical bridge between two
conducting routes on the PCBs in the presence of certain contami-
nants under well-known environmental and electrical field condi-
tions. This phenomenon causes the formation of dendrites
between the energized wiring routes, thus, reducing SIR between
them causing high leakage currents and PCB electrical failures.
SIR is generally used to depict the reduction of resistance between
closely spaced electrodes due to the presence of contaminants
[42]. The resistance referred to in the SIR definition is the resist-
ance of the insulating material between the electrodes. A reduc-
tion in this resistance, in presence of hygroscopic ionic
contaminants, causes a leakage current between two adjacent elec-
trodes, leading to failure in electronics. The factors influencing
ECM are temperature, RH, wire spacing, materials, electric field,
and type of contamination [43]. The threat of ECM is more in the
electronic components that are not conformally coated to seal
them against contamination. In such a case, the dust particles
deposited on PCBs may lead to electrical short circuits via ECM.

The ECM process consists of four steps: (1) electrolyte layer
formation, (2) ion accumulation, (3) ion transport, and (4) ion dep-
osition or dendrite growth [43]. The typical mechanism of ECM
and dendrite formation is shown in Fig. 4 [44] for an Sn solder
alloy joint. The study describes that the electrolyte layer formation
is further dependent on RH, contaminant presence, and

Table 3 Sources of some typical airborne contaminants [41]

Contaminant Source

Zinc-whisker
Tin-whisker

Zinc coated ICT, steel building studs
Components and products with
electroplated tin
Magnetic media
Paper, cardboard, etc.
Chemical reaction

Oxide flake off
Natural and artificial fibers
Water-soluble ionic salts

Sulfates, nitrates, and sea salts Wind

Lime dust with water Concrete material

Dust Farms (especially during plowing)
Toner dust Toner

Smoke Cigarette, wind

Cellulose fragments Traditional ceiling tiles and space
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Fig. 4 The schematics of Sn solder alloy joints (a) ECM sample, and ECM process, (b) electro-
lyte layer formation, (c) dissolution of metal, and (d) ion transport and deposition of metal ions

(dendrites growth)

temperature. It is also pointed out that these parameters can affect
the ECM process independently of other parameters. For example,
given a constant value of RH, with an increase in temperature, the
absolute water content in the air increases, the adsorbed moisture
on PCB surfaces will be higher, accelerating the dendrite forma-
tion and ECM. Similarly, with increasing RH, the thickness of the
aqueous layer adsorbed on the PCB increases and so does the
water absorption at the internal interfaces. Under the same bias
voltage, the narrower the wire spacing, the shorter will be the ion
migration path to be bridged by ECM-generated dendrites [44].

There is a voltage threshold that needs to be exceeded for ECM
to occur and the total time to failure of PCBs by ECM is a power
function of the electric field [45]. This means that potential bias
has more contribution to ECM than wire or electrode spacing. Sil-
ver has amongst the highest propensity for ECM followed by Pb,
Cu, Ni, and Au. This is due to low activation energy to initiate the
ECM and higher anodic solubility of silver. An in-depth review
has been conducted on ECM of metals such as Ag [46-50], Sn
and Sn solder alloys [51-55], Cu [56-61], and other metals used
in electronics [62—-64]. These studies not only discuss the failure
modes and dependence of ECM on the accelerating parameters
but also provide insights into the associated transport mechanisms
and reliability analysis using analytical models [60]. Another
important finding from these studies, especially from the data cen-
ter operating conditions point of view, is the acceleration of ECM
due to the presence of chloride ions. For chloride-containing
hygroscopic particulate matter, an RH of even 40% is sufficient to
form various electrolyte monolayers [65,66]. This can be particu-
larly detrimental from the ITE reliability point of view as this RH
value lies within the AsHRAE recommended cooling envelope as
discussed earlier.

3.2 Corrosion of Silver. Silver is sometimes used as a plat-
ing for electrical contacts on PCBs and is often used as a termina-
tion metal for surface mount resistors. Corrosion of resistor
terminals can cause resistor failure by increasing the resistance
due to the removal of corroded conductive material. The use of
silver in electronic components has always been a source of con-
cern due to its high propensity for ECM [67-69]. Additional test
requirements are prudent if silver is used in electronics or it can
be alloyed with noble metals to reduce its tendency for ECM
[70,71]. Corrosion of silver, also known as silver tarnishing, is a
well-studied subject by museums [72-74]. As per the reviewed
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literature, silver readily reacts with sulfur to form a nonconducting
film of silver sulfide that causes an open circuit [75]. The initia-
tion of sulfidation is through the reduction of H,S or CoS to HS™.
In an aqueous solution, HS™ can then either react directly with sil-
ver ions that have oxidized, or they can be absorbed by surfaces,
subsequently reacting to form the sulfide salt. The presence of oxi-
dizing species, such as Cl, has been shown to increase the corro-
sion rate. A white paper from ASHRAE recommends that data center
environmental corrosivity levels be such that copper and silver
will corrode at rates less than 300 and 200 A/month, respectively,
to minimize the corrosion impact on ITE reliability [76]. These
values were chosen based on the findings from an unpublished
worldwide survey by AsHRAE which concluded that data centers
with copper and silver corrosion rates <200 A/month had a lower
probability of ITE failures [77]. The gaseous environment classifi-
cation system for users and manufacturers of electronic equipment
has been classified by the ANSI/ISA-71.04 standard and is shown
in Fig. 5 [78]. This standard is an effective and convenient way to
quantify the indoor gaseous corrosivity level using reactivity mon-
itoring that will be discussed in the latter part of this paper.

The robustness of thick film resistors which typically use silver
termination can be improved by making the passivation layers
covering the resistor elements more impervious to sulfur gases.
This can be done by either using alternatives to silver such as
silver alloys or noble metals to decrease the susceptibility to
sulfur-induced corrosion. Several authors have documented the
mechanism for silver sulfide corrosion of thick film resistors [79],
as well as techniques for performing accelerated laboratory test-
ing. These laboratory techniques include mixed flowing gas
(MFG), hydrogen sulfide (H,S) gas, sulfur oil, and flowers of sul-
fur exposures. Work remains to correlate the test results to the
actual contamination levels in the field. Appropriate test methods
could also assess well the mitigation techniques affect resistor
reliability in a sulfur environment.

3.3 Copper Creep Corrosion. Copper creep corrosion is the
corrosion of copper plating to copper sulfide on printed circuit
boards and the creep of copper sulfide over the printed circuit
boards, electrically shorting adjacent circuit-board features.
Figure 6 shows an example of copper corrosion caused by dust
settled on a printed circuit board [76]. In 2006, because the Euro-
pean Union’s restricted hazardous substance (RoHS), the PCB
failure rates due to creep corrosion increased dramatically for
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ISA STANDARD S71.04-1985 WITH REVISED CHANGES

CLASS | ARQUALITY CLASSIFICATION COPPER CORROSION SILVER CORROSION
G1 MILD-Corrosion is not a factor <300 A /30 DAYS <200 A /30 DAYS
G2 MODERATE-Corrosion is measurable <1000 A/ 30 DAYS <1000 A/ 30 DAYS
G3 mﬂ%ﬁ:ﬂmw hat conosen <1000 A/ 30 DAYS <2000 A/ 30 DAYS
GX %&ﬁf’ S’:S\e: PSR, >2000 A/ 30 DAYS >2000 A/ 30 DAYS

Fig. 5 Gaseous corrosivity levels as per ANSI/ISA-71.04 guidelines (ISA 2013)

Fig. 6 Corrosion of a plated through-hole because of wetted
ionic dust high in magnesium chloride

PCBs made from lead-free materials [80]. The typical Pb-Sn sol-
ders were replaced by Sn-Ag-Cu solder, also known as SAC. The
SAC solder is shown to have poor copper metallization wettability
as compared to Pb-Sn solder on PCB. The atmospheric corrosion
mechanism of electronic materials and other cases of atmospheric
corrosion are similar, as they are all affected by synergies between
relative humidity [81-84], temperature [85,86], contaminants
(C17, H;S, SO, and NOy) [87-93] among others. The increase in
creep corrosion due to the electronic industry moving away from
Pb-free solders has been reported by several authors [94-96].
These studies mainly addressed that a move to ImAg and organic
solderability preservatives (OSP) board finishes would dramati-
cally increase early life failure in computer PCBs due to copper
creep corrosion, especially in high sulfur environments. The creep
corrosion on such surfaces is generally enhanced in presence of
high humidity and temperature. It might be easier to control these
environmental parameters in a data center where vapor
compression-based cooling is used. But these finishes might suffer
accelerated corrosion in free air-cooled conditions, where there
are uncontrolled temperature and humidity transients.

There are various studies published which demonstrate the cor-
rosion of copper in a laboratory environment using MFG tests
[97-100]. These studies conclude that RH, sulfur dioxide, and
hydrogen sulfide are the most influencing factors on the rate of
copper corrosion [101]. Various other studies also demonstrate
that apart from several atmospheric factors, relative humidity
plays a major role in the corrosion of copper. Sulfur gases are the
dominant reactive pollutants [102]; however, some reference is
given to humidity and chlorine-containing gases as accelerators of
corrosion [103]. The formation of tarnish films on a copper sur-
face exposed to environments containing atmospheric pollutants
and high humidity involves the movement of metallic ions over

030801-6 / Vol. 144, SEPTEMBER 2022

the surface, away from the metal, generating a creeping process
that increases the contact resistance, leading to electric failures of
the electronic devices [104]. Copper sulfidation is a fast process
occurring on the metal-gas phase interface impairing the copper
corrosion resistance [105,106].

4 Experimental Studies on Gaseous Contamination

To thoroughly understand the effects and mechanism of corro-
sion due to gaseous contamination, several laboratory experimen-
tal procedures have been developed. These accelerated procedures
aim at simulating near similar environmental conditions in labora-
tory facilities, which help researchers and data center administra-
tors to understand the root causes of field failures and prevent
such future field failures. Mixed flowing gas and flowers of sulfur
(FoS) are the two most popular testing methods to determine elec-
tronic equipment reliability in harsh environments. These tests are
mainly used to quantify the PCB reliability with various surface
finishes for Pb-free solders. Based on the reviewed literature,
immersion silver (ImAg), immersion tin (ImSn), OSP, electroless
nickel immersion gold (ENIG), and hot air solder leveling have
been studied widely in harsh laboratory and field environments.
The subsections in Sec. 4 summarize these methods and review
some of the earliest and latest works utilizing these methods. The
popular and most widely used in-situ method of reactivity moni-
toring or corrosion classification coupon testing for gaseous con-
taminants is also discussed.

4.1 Mixed Flowing Gas. A mixed flowing gas test is used to
simulate the corrosion phenomenon due to atmospheric exposure.
Development of the industry-standard MFG test started in the
1980s at Battelle Labs, which carried out tests on the use of MFG
to accelerate atmospheric corrosion and its effect on electronic
components [107-109]. In the 1990s, professional organizations,
including the American Society for Testing and Material
(ASTM), Electronic Industries Association (EIA), International
Electrotechnical Commission (IEC), and Telcordia, began to
standardize these test methods and published procedures and
guidelines. The operational environments for electronic equip-
ment in the atmosphere were divided into four classes, from the
least corrosive (class I) to the most corrosive (class IV) as shown in
Table 4. This table provides the overall summary of the dominant
corrosion products and dominant corrosion mechanisms that can be
expected in each of these environmental classifications from field
data. class-I depicts a well-controlled office environment with con-
tinuous adjustment. Whereas, class-II shows a light industrial envi-
ronment, such as business offices without effective or continuous
environment control. Class-III is a moderate industrial environ-
ment, such as storage areas with poor environmental control, and
class-1V is heavy industrial environments, such as locations adja-
cent to primary sources of atmospheric pollutant gases.

The primary challenge, as discussed by Abbott, regarding the
development of the MFG test was difficulty in comparing and
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Table 4 Definition of environmental classes by dominant
mechanism(s) and chemistries on control coupons [109]

Au/Ni/Cu (Porous) Copper
Class Mechanism Highest to lowest Chemistry
1 None - Cu,O
I Pore Ni, Cu, Cl, O, (S) Cu,0, Cu,0,Cl,
111 Pore and creep Cu, S,Ni, CL, O Cu,S, Cu,0, (2)*
v Creep Cu, S,Ni, O, Cl Cu,S, (Cu0), (7)°
42 and

2 indicate unknowns, () indicates minor amounts (<10%).

lack of availability of indoor environmental data. The problem
was partially resolved by reactivity monitoring in the late 1970s
[110]. His study presented the significance of this technique,
showing reactivity distributions for copper as shown in Fig. 7 and
the following important principles:

(1) Real indoor environments for electronics may differ by at
least four to five orders of magnitude in chemical severity
[111,112].

(2) The degree of exposure/risk of severe versus benign appli-
cations differed widely among manufacturers, even within
the same industry.

(3) At least four fundamentally different classes of field envi-
ronments may be demonstrated.

The study concluded that in all the cases considered, relative
humidity, reactive chloride concentration, and reactive sulfide
concentration were consistently identified as the most detrimental
factors attributing to corrosion. The impact of temperature, gas
velocity, and NO, concentration was concluded to be far less

critical. SO, was also shown to be relatively unimportant for
indoor, field, and/or laboratory mixtures. It was concluded that
three-component mixtures based upon low levels of H,S,NO,,
and Cl; could be used to satisfy the simulation of all reactive envi-
ronmental classes.

Zhang et al. [113] studied the corrosion of immersion silver
(ImAg) finished copper land patterns on PCBs due to SO, expo-
sure in a mixed flow gas chamber. Six test conditions were exam-
ined with varying concentrations, temperatures, relative humidity,
and exposure times. The test samples were suspended in the MFG
test chamber using insulated wires. Visual inspections were con-
ducted during the exposure using an environmental scanning elec-
tron microscope (ESEM), and after removal from the
experimental chamber the elemental composition of each speci-
men was measured by energy dispersive spectrometry (EDS). The
results show that there were two mechanisms of corrosion for
ImAg-finished PCBs in an SO, gas environment: direct chemical
corrosion and electrode reaction. There was no evidence that
Ag,S and Cu,S or CuS were produced in the corrosion products.
Under high humidity, chemical and electrode reactions both
existed, and the corrosion products could include Ag,O, AgCl,
Ag,S0O3, CuO, CuCl,, and CuCl. With low humidity, the chemical
corrosion was predominant, and the corrosion products could
include Ag,O, CuO. Passive films of the corrosion products were
formed on ImAg finished surface under long exposure time. These
passive films also prevented further corrosion on the ImAg surface
in the MFG chamber. Additionally, the temperatures within the
range of 30°C—40°C did not have any obvious influence on the
ImAg-finished PCBs.

Cullen [114] reproduced creep corrosion using a condensing
vapor test, that created H,S by adding 1% hydrochloric acid to
0.1 g/l sodium bisulfide. Every finish considered in the study
exhibited creep corrosion in this environment within 24 h. The
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Fig. 8 (Top) ESEM view of creep corrosion over molding compound surface and leading-edge
area on QFN package with Ni/Pd/Au—Ag finish (type 7) after 15 days of MFG exposure. (Bottom)
EDS analysis showing various elements present in the corrosion products formed, the majority

being Cu, S, Cl, and O.

authors also conducted class III MFG testing and found no occur-
rence of creep corrosion until an RH value of over 93% was
reached. Veale [115] conducted MFG testing with (100 ppb H,S;
200 ppb NO,; 200ppb SO,; 20ppb Cl,) with temperature and
humidity values of 29°C and 75%RH. The test duration was 20
days or 480 hours. The objective of the study was to investigate
the corrosion resistance of finishes like OSP, ImAg, ENIG, and
ImSn. The test progress was monitored by analyzing the accumu-
lation of the copper corrosion layer which was 3500 A/day, which
corresponds to ISA G1 (or Battelle class III). The study concluded
that none of the coatings tested were immune to failure in a Bat-
telle class III environment. It was also concluded that the finishes
ImSn and OSP could survive in a Battelle class II environment
[116].

In another study by Xu et al. [117], MFG testing was conducted
on PCBs with OSP, ImAg, ImSn, and ENIG finish. A more severe
environment representing Battelle class IV and ISA class G2 con-
ditions (1700 ppb of H,S, 200 ppb of NO,, 20ppb of Cl,, and
200 ppb SO,) was considered where the temperature was kept at
40°C with an RH value of 69%. These conditions represent the
worst-case outdoor concentrations for these contaminants as dis-
cussed in Sec. 2. After 48 h, it was observed that all the ImAg fin-
ishes had a grayish corrosion product, mostly Cu,S. Out of the
seven ImAg finishes tested, four finishes, after 5 days of exposure
in the MFG chamber, showed fiber-assisted ECM, and another
sample showed the same type of corrosion after 10 days. The
results concluded that the boards with ImAg finish corroded mores

030801-8 / Vol. 144, SEPTEMBER 2022

than the other three types of finishes tested. Another issue that
was associated with ImAg was the peeling of the conductive cor-
rosion products from the surfaces. The flaking or peeling was min-
imal until 10 days after the test but became more prominent after
40 days of exposure in the MFG chamber.

Copper creep corrosion using a noble metal finish was analyzed
by Zhao et al. on preplated lead frame packages [118]. For quality
and reliability assessment of the packages, they were exposed to
various ECM testing using an MFG chamber as seen in Fig. 8.
The testing was done on standalone packages as well as by inte-
grating them on the PCB for analyzing the reflow soldering effect
and were compared with SnPb plated lead frame packages. The
packages were exposed to three different types of conditions. For
the four types of packages subject to three types of extreme condi-
tions with temperature/RH values of 40°C/93% for 168 hours,
65°C/88.5% for 500 hours, and 85°C/88.5% for 168 hours in
accordance to IPC-TM-650 method 2.6.14.1 standard. After the
exposure, no ECM failure was observed from a resistance drop
point of view, but creep corrosion occurred on all test samples in
the Battelle class III environment. Significant corrosion was
observed after 15 days on packages as shown in Fig. 8. Another
observation made was that there was no compelling difference
between the corrosion appearance of the various samples tested.
Lesser corrosion was observed on SnPb plated quad-flat no-leads
(QFEN) than the QFN package with Ni/Pd/Au-Ag finishes. On the
mold surface, creep corrosion occurred within eight days of expo-
sure on the QFN packages with the Ni/Pd/Au—Ag finish. Dendritic

Transactions of the ASME

Zz0z Ae £z uo uowis wojeys uigiA ‘uolbully 1y sexal jo Ausieaiun Aq ypd L080€0° €0 L d9/08529.9/1080€0/E/vY L /4Pd-ajonie/Buibesoedojuonosis/bio-swse uonoajoojenbipawse//:dpy wol papeojumoq



MEMS mucrophone

G

y
/
l ]

AL
Tost h'u..\l_d U.ﬂ.n o]+]

————————— '
Corrosion test cham t

»

Lowudspeaker

————

Crack

T

Nii

Au pad metallization

~——

Fig. 9 (Top) SEM image of a detached wire bond that had experienced 90 days mixed flowing
gas test. (Bottom) A cross section image of a tested wire bond and EDS analysis.

Table 5 Parameters used in the mixed flowing gas test and typical nordic outdoor environments [120]

Environment °C %RH Cl, (ug/m®) H,S (ug/m®) NO, (ug/m®) SO, (ug/m®)
Test chamber 30 70 19 263 188 136
Outdoor (nordic) 5 78 0.9 4.6 28 30

formations of creep corrosion products were observed on the mold
compound which can cause electrical bridging of adjacent traces.
As per the acceleration factor relation by Williams [119], eight
days of testing as per the Battelle class III test conditions corre-
spond to about four years of field operation or storage in an indus-
trial environment.

Jue et al. [120] demonstrated the MEMS reliability of a micro-
phone by conducting accelerated testing using MFG and shock
impact testing as shown in Fig. 9. The gaseous species concentra-
tion in lab experimental chambers is typically 4-40 times higher
than those in typical Nordic outdoor environments as shown in
Table 5. For this study, after 90 days of exposure in the MFG
chamber, corrosion in the wire bond and wire bonds and mem-
brane cracking due to membrane embrittlement was observed.
This was attributed to the fact that the diffusion of Ni through the
pad’s metallization could have caused an increase in the corrosion
products in the wire bonds and subsequent detaching. A possible

Journal of Electronic Packaging

way of mitigating such an issue could be using Ni/Pd/Au deposit
which can prevent the Ni diffusion into Au instead of using just
Ni/Au metallization. The embrittlement of the membrane was
associated with the growth of a thin film of silicon dioxide on the
surface and interaction with the gaseous species involved in the
reaction which is different from fatigue-based failures in polycrys-
talline Si thin films. This failure mechanism is different from the
normal fatigue failure of polycrystalline silicon thin film. The
authors also suggested that further investigation is required to
study the membrane embrittlement mechanism.

Hannigan et al. [121] investigated the studied corrosion prod-
ucts of four lead-free PWB finishes, OSP, ENIG, ImSn, and
ImAg, generated in an MFG environment as shown in Fig. 10.
The results showed severe corrosion on OSP, ENIG, and ImAg
surface finishes, and minor corrosion, mainly due to oxidation, on
ImSn surface finish. Similar corrosion products were observed on
the OSP samples when compared to bare copper and their
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Fig. 10 (Top) cross section images of thin OSP and thick OSP after 15 days of MFG exposure
and (bottom) stereomicrographs of adjacent leads of thin OSP and thick OSP after 15 days of

MFG exposure

formation was mainly attributed due to the direct interaction of
copper traces and corrosive gases. For the ENIG surface finish,
the corrosion occurred mainly through the film porosity. The cor-
rosion was found to be aggravated by the galvanic potential
between gold and copper similar to the observations from ImAg
[122-124]. Finally, excellent corrosion resistance was observed in
the ImSn surface finish because of its inherent corrosion resistance
in the MFG environment as well as the opposite galvanic potential
between tin and copper compared with gold or silver and copper.

An important conclusion drawn from these studies is that tem-
perature has a significant impact on ImAg surface finish than RH.
Also, out of all the surface finishes and gaseous contaminants dis-
cussed ImAg appears to be more severely and easily corroded in
presence of H,S even for low RH values between 30 and 40 °C.
Therefore, surface finishes such as ENIG, OSP, and ImSn should
be preferred for data centers that are located in polluted geogra-
phies with high annual RH and temperature values and utilize air-
side economization or free-air cooling.

4.2 Flowers of Sulfur (FoS). The flowers of the sulfur test
(ASTM-B809) is a corrosion test method published by the Ameri-
can Society for Testing and Materials (ASTM) to be used in pass/
fail porosity testing of metallic coatings that are susceptible to
corrosion in a sulfur environment [125]. The testing involves plac-
ing the test samples in a sealed glass chamber in a suspended man-
ner with elemental sulfur and a potassium nitrate salt solution
saturated with de-ionized water below the samples [126] as shown
in the schematic in Fig. 11. This setup is then kept in an oven
heated to a temperature of 50°C causing solid sulfur to release
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vapors within the chamber. The saturated salt solution reaches a
calculated amount of humidity in the chamber as it is heated at a
fixed temperature for 24h as narrated in the ASTM-B809
standard.

The literature points to the increasing use of FoS testing for sur-
face finishes. This test method has also expanded for the evalua-
tion of conformal coatings [127,128]. While the MFG test can
sufficiently replicate surface finish failure rates, it has failed to do
so in distinguishing the corrosion resistance level of surface
mount thick chip resistors. The FoS technology, thus, has gained a

Oven (Able to reach 50°C) (ng'EdDi:itT;z)

/ N

Samples Temp 1\‘}‘ Sensor
25 mm \d \ﬁ7 6
G R an d
Salt 10 mm
solution I?S mm
(KNO;
in H,0)
Sulfur (Sublimated)

Fig. 11 A schematic of flowers of the sulfur test setup
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Fig. 12 Results of exposure of the PCBAs with the three fin-
ishes exposed to five days of MFG environment followed by
exposure to FoS environment without Clorox™ for ten days
and then to FoS environment with Clorox™ for 12 days

significant interest to establish the susceptibility chip resistors to
corrosion due to attack from atmospheric sulfur in inner electrodes
leading to failure [129].

Several studies by IBM (Armonk, NY) on modified FoS for
creep corrosion measurement were reviewed. A 105°C FoS test
was successful for the qualification of miniature surface-mount
resistors. An FoS test was also developed by an iNEMI subcom-
mittee to test for creep corrosion on PCBs [130-134]. The low
cost and the ease of control of the test variables were the main
motivation for developing the FoS-based creep corrosion qualifi-
cation test. The test conditions were:

(1) The test PCBs are baked in flowing nitrogen gas at 100°C
for 24 h.

(2) The relative humidity is maintained in the chamber using
two 80 mm diameter Petri dishes filled with KCI saturated
solution.

(3) The sulfur concentration is maintained using flowers of sul-
fur bed in two 100mm diameter Petri dishes or in a
300 x 300 mm tray and by maintaining the chamber tem-
perature at 50 °C.

(4) Chlorine is provided using 40 ml household bleach contain-
ing 6.25% sodium hypochlorite in a 100 ml beaker.

(5) Eight test PCBs can be mounted on the paddlewheel setup
that is rotated at 20 RPM to circulate the air in the chamber
and have some airflow over the test PCBs.

(6) The test duration of ten days is adequate. Susceptible PCBs
suffer creep corrosion within five days.

(7) Any spread of the corrosion product over the test PCBs is
an indication of creep corrosion.

A comparison between MFG and FoS study [135] was con-
ducted for testing various PCB finishes like OSP, ImAg, and
ENIG. The exposure times were 5-20 days in the MFG test and
12 days in the FoS test. The time for each test was chosen based
on the acceleration factor sufficient to replicate the exposure of
the PCBs for a time of one year in the field environment. The
results for both experiments are shown in Fig. 12 and Table 6. In
the MFG test, the ENIG PCBs suffered the most creep corrosion
followed by the ImAg PCBs, with the OSP PCBs suffering the
least amount of creep corrosion. In the FoS testing, the ENIG
PCBs were the only ones that suffered significant creep corrosion,
with the only slight extent of creep corrosion observed on the
ImAg finished PCBs. In the FoS test, chlorine gas was confirmed
to be necessary for creep corrosion. The morphology of the creep
corrosion on the ENIG PCBs tested in the FoS chamber more
closely resembled that observed in the field, compared to the creep
corrosion morphology generated in the MFG chamber.

A study [136] to validate the iNEMI FoS technique was used to
measure the corrosion rate of seven fully populated PCBs of vari-
ous technologies and vintages of known field reliability histories.
The silver corrosion rates during the FoS testing were measured
by exposing a silver foil mounted on a rotating paddle wheel and
measuring the thickness of the corrosion product using the coulo-
metric reduction method. The silver corrosion rate was also meas-
ured using the electrical resistivity method on stationary silver
thin films. Following were the results obtained from the study:

(1) Seven fully populated PCBs, from seven-part numbers, that
were not baked were subjected to the iNEMI creep corrosion FoS
test described above. The test duration was five days. Of the seven
PCBs tested, only two PCBs (# 5 and #9) suffered minor creep
corrosion; the rest did not suffer any creep corrosion. (2) The FoS
test was repeated on seven fully populated PCBs from the same
seven PCB part numbers, but this time the PCBs were prebaked at
100 °C in flowing nitrogen gas for 24 h to flush out the volatiles
from the PCBs.

The test duration was 6 days. Of the seven PCBs tested, five
suffered moderate to heavy creep corrosion in agreement with the
field experience on these families of PCBs. The study demon-
strated the validity of the iNEMI FoS technique and confirmed the
necessity of prebaking the test PCBs in flowing nitrogen gas at
100°C for 24h. The creep corrosion occurrences on the PCBs
agreed with field experience on PCBs from the same group as
those tested and the results of the creep corrosion tests are as tabu-
lated in Table 7.

4.3 Corrosion Classification Coupon and Reactivity Moni-
toring. Reactivity monitoring is a convenient and quantitative
method to determine the corrosive potential of an environment by
measuring the total corrosion film thickness on specially prepared
copper coupons. Some studies [137,138] using “laboratory and
field—exposed coupons have shown that using copper coupons
alone can significantly under or overstate this corrosive potential”.
This method exposes coupons to the environment for 30 days and
the resulting corrosion product thickness is evaluated by using
coulometric reduction and chemistry. Using copper coupons alone
has its limitation because of its inability to determine accurately

Table 6 Performance of the PCBAs in the MFG test [135]

Sn Material Days  Test results Sn Material Days  Test results Sn Material ~Days  Test results
FG00 6AV9 OSsp 5 PASS FOCO 85FA ENIG 5 ISSUE FOCO 85FS ImAg 5 PASS
FG006 AM4 OSP 10 PASS FOCO 85FB ENIG 10 PASS FOCO 85FM ImAg 10 PASS
FG006 AZW Osp 15 ISSUE FOCO 85FH ENIG 15 ISSUE FOCO 85FW ImAg 15 ISSUE
FG00 6AQ3 OSP 20 ISSUE FOCO 85FE ENIG 20 ISSUE FOCO 85FX ImAg 20 ISSUE
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Table 7 Summary of the FoS creep corrosion test with and without prebaking (x-, y-, and z-represent hidden part number) [136]

Test PCB # ID PCB part number Prebake Corrosion results

1 2.5DVI1_10 xxxxx SPF No No creep corrosion

2 25DVI1_11 xxxxx SPF Yes No creep corrosion

3 2.5DVI1_20 xxxxx OSP Rosin No No creep corrosion

4 2.5DVI1_21 xxxxx OSP Rosin Yes No or minor creep corrosion
5 2.5DV2_01 xxxxx SCI No Minor creep corrosion
6 2.5DV2_02 xxxxx SCI Yes Heavy creep corrosion
7 3.5DV1_01 yyyyy SCI No No creep corrosion

8 3.5DV1_02 yyyyy SCI Yes Moderate creep corrosion
9 3.5DV2_01 72727 SCI No Minor creep corrosion
10 3.5DV2_02 72777 SCI Yes Heavy creep corrosion
11 3.5DV3_10 xyxyx SPF No No creep corrosion

12 3.5DV3_11 xyxyx SPF Yes Low creep corrosion
13 3.5DV3_20 xyxyx OM No No creep corrosion

14 3.5DV3_21 xyxyx OM Yes Heavy creep corrosion

the presence or absence of chlorine. On the other hand, using Sil-
ver alone also has its limitation when used alone because it is
more sensitive to Chlorine. Therefore, it is important to use corro-
sion classification coupons using both copper and silver for accu-
rate results for environmental classifications [138]. The use of
Combination Corrosion Classification (CCC) coupons as adopted
in these experiments using both Copper and Silver was then
proposed as the most accurate classification of an environment.
Sections 4.3.1 and 4.3.2 describe a set of laboratory-based and in-
situ studies to classify a data center using CCC testing.

4.3.1 Laboratory Test. In this study corrosion classification
coupons and corrosion sensors were both exposed to the same
environment to compare results under the same conditions. To
evaluate the predictive corrosion rate, an experimental set-up is
developed with a corrosion classification coupon and sets of mea-
surement and management technologies (MMT) corrosion sen-
sors. MMT [139,140] is an integrated sensor for monitoring and
capturing environmental data in data centers. To create an envi-
ronment with a known contaminant (i.e., sulfur dioxide), a sulfur
vapor concentration was created using FoS with the use of two
reactants. The first reactant was pure sulfur flakes, and the second
reactant was potassium nitrate, diluted in distilled water. The
vapor cloud was continuously maintained within the test chamber
that placed inside an environmental chamber while maintaining
the temperature via the heater and the environmental chamber.
After 72 h of exposure and readings were taken every 30 minutes,
the result from the MMT sensors for corrosion, temperature, and
relative humidity, results were obtained in the form of voltages
which were converted to their respective values by using IBMs
patented conversion table. Throughout the exposure time, a total
of 648 A and 502A for silver and copper corrosion products,
respectively, were estimated to have been deposited. This was
deposited from a gradual temperature increase from room temper-
ature 28 °C to a maximum of about 45 °C from the heater main-
tained at about 50°C. From the copper and silver coupon, the
corrosion products formed were copper oxides (CuO and Cu,O),
copper sulfide (Cu,S), and silver sulfides (Ag,S). The total corro-
sion film thickness measured for copper corrosion was 658 A and
for silver corrosion is 648 A. These are above the G1 severity
level and fall in the G2 severity level. The coulometric for both
corrosion products were in solutions of potassium chloride (KCI)
and none on the silver film. These results show the sensitivity of
copper to oxygen as compared to silver. The result plots for both
copper and silver coupons are shown in Fig. 13.

4.3.2  Combination Corrosion Classification in a Data Center.
As an extension of the preceding study, a similar investigation
was conducted at a real data center located in the more polluted
geography of the Dallas industrial area. The data center consid-
ered in this study utilized a direct and indirect evaporative cooling
unit. The location of the corrosion coupons was chosen as per
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ASHRAE requirements at /4 and 3/4 heights in front of the rack. The
motivation behind the investigation was to provide a basis for ITE
manufacturers to provide a warranty for their products in a G2
environment. The modular data center shown in Fig. 14 shows
various sections of the research data center used for the field study
of reactivity monitoring using the corrosion classification coupon
technique [140]. The facility comprises a cooling unit, cold air
supply ducts, hot air exhaust/return duct, IT pod, and I/DEC cool-
ing unit. The 10ft x 12 ft x 28 ft IT pod consists of eight racks
with 120 servers, PDUs, UPSs, 120 storage devices.

The data center was equipped with MERV 11 to filter continu-
ously particulates from the outside air. To classify the environ-
mental condition of the location of the experimental data center
coupons were placed at height locations !/4 and 3/4 of the rack
height as specified in asHRAE guidelines to conduct such tests. For
this testing, the coupons were placed facing the incoming air into
the rack. At the locations shown in Fig. 15 below the coupons
were left for 30 days after which the coupons were removed for
coulometric/cathodic evaluation.

From copper coupon 1, placed at !/4 of the rack height, copper
oxides (CuO and Cu,0) and copper sulfides (Cu,S) were obtained
as corrosion products. The total film thickness measured for cop-
per corrosion was 102 A at this location which is within the G1
severity level. As shown in Table 8, no copper sulfide (Cu,S) was
formed with the corrosion product for copper coupon 2, placed at
3/s of the rack height, The total film thickness measured for copper
corrosion was 122 A at this location which was within the G1
severity level.

From the above results and observations, the silver coupons
showed the highest corrosion thickness during the entire exposure
at both locations. In the coulometric/cathodic reduction, the cur-
rent densities used were 0.05 mA for all the coupons. It was also
seen that there was no copper sulfide on the corrosion thickness
for both coupons. In the laboratory experiment with the sulfur
environment, copper sulfide accounted for the highest corrosion
thickness. On the other hand, as seen from the results only silver
sulfide was formed in both locations. In classifying this environ-
ment, the highest values of corrosion thickness were shown found
out to be 373 A at !/4 rack height similarly 273 A at 3/4 rack height
which suggests that the data center could be classified as operating
in a G2 environment.

5 Computational Studies on Gaseous Contamination

Computational fluid dynamics (CFD) proves to be a valuable
tool in reducing the gap between purely analytical and experimen-
tal work using well-established laws of flow and heat transfer.
Provided, accurate numerical setup, CFD is usually fast and well
precise in replicating near similar results as obtained from experi-
ments inexpensively. While there is a large number of studies
related to the thermal evaluation of data centers, CFD has not
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Fig. 13 The plot of coulometric/cathodic reduction for copper (left) and silver coupons (right)

been as widely used for reliability assessment. Sections 5.1 and
5.2, review some of the important research works that utilize CFD
for predicting corrosion rates for electronic equipment due to gas-
eous contamination.

5.1 Gaseous Contamination in Hard Disk Drive. Hard disk
drive (HDD) is the largest data storage device. A hard disk drive
stores digitally encoded data. In 1956 IBM introduced the first
HDD to store digital data [141]. A typical HDD consists of a cas-
ing, an actuator arm, actuator axis, head, spindle, platters, power
connectors, and packages on flexible substrates. The motherboard
is connected to the back of the hard drive through the port of cable
provided at the back end of the HDD. The performance of the
HDD relies on the air pressure from the outside environment for
maintaining a certain flying height while the platter is rotating.
The pressure and contact with the environment are maintained by
a small breather port. The breather port is the only place where
the outside environment can encounter the internal part of the
HDD [142].

When gaseous contaminants meet the platter after destroying
the carbon film, the magnetic layer starts corroding as the co-
based magnetic layer doesn’t have mechanical durability and cor-
rosion resistivity. Air enters the HDD through the breather port
when the HDD is powered on. Contaminants encounter the parts
of HDD using air as a medium [143]. According to the study car-
ried out by Waltman and Khurshudov, by using atomic force
microscopy for a seven-day test, when a slider meets the disk sur-
face, mechanical wear takes place on botp the disk and slider
surfaces. Literature suggests that the 40 A carbon film on the
slider can be worn away within 2 days due to the wear rate
decreasing significantly thereafter and the contact surface of the
slider loses the protective carbon film as well [143]. According to
the study, the number of spots of corrosion is seen less with
increasing the thickness of the lubricant layer. The number of
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spots of corrosion increases when the thickness of carbon film
reduces from ~50 A.

For the computational study on simulating corrosion on HDD, a
simplified three-dimensional model of main components was
developed [144]. The geometry included a rotating disk, and spin-
dle, and an actuator arm mounted on the actuator axis along with
the magnetic head mounted on the actuator arm. For the reviewed
study, the mixture materials were defined along with the proper-
ties of the materials involved in the chemical reaction which was

CoO -+ H2O + SOZ CoS 04 +H2 (1)

For the simulation, H,, H,O, and SO, were defined as the gas-
phase species, CoO was defined as the site species and CoSOy is
defined as a solid species. For determining the rate of deposition
of sulfate on the rotating platter two different cases were
employed, wherein case 1, the relative humidity (RH) was varied,
and in case 2, the rotational speed of the platter was varied to
study the effect of change in humidity and change in rotational
speed of the platter on the deposition rate of sulfate on the platter.
For investigating case 1 the RH was varied from 30%, 40%, 50%,
60%, and 70%. The rotational speed of the platter, in this case,
was kept constant at 7200 RPM. The inlet temperature was held at
301.15 K and the operational temperature was kept constant to
328.15 K. For investigating case 2 the rotational speed of the
platter was varied from 5400 to 14,000 RPM with a constant
RH of 50%. The inlet temperature was kept constant to 301.15 K
and the operational temperature was kept constant to 328.15 K.
The results of the deposition rate with varying RH% and
RPM are given in Fig. 16. The study concludes that increasing
the RH harmed sulfate deposition and there was no significant
effect of increasing RPM on the deposition rate on the HDD
platter.
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Fig. 15 Copper and silver coupons before (left) and after expo-
sure (right) for 30 days in the field data center

5.2 Computational Study of Gas Absorption in Informa-
tion Technology Equipment. To study the effects of contamina-
tion in real-life data centers can be a tedious task, therefore,
computational studies save a lot of time and cost in such scenarios
[145]. As discussed in Sec. 4.2, FoS can provide a simpler and
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cost-effective way of determining the ITE reliability in a corrosive
environment by also considering the impact of air velocity using a
rotating paddle wheel. The subsequent computational study
describes the reaction mechanism of corrosion due to gaseous
contamination, H,S, and SO, with varying RH, using a paddle
wheel test setup. In this investigation, the effect of various gases
has been tested on ITE without using the actual equipment.

The geometry of the experimental setup was modeled in com-
mercially available cap software where the dimensions of the
solid model were the same as that of the actual model. The Petri
dishes, as present in the original test setup, were eliminated by
using four inlets and outlets each on the top and bottom of the
chamber during modeling. Velocity and species concentration
(35 ppm of H,S or SO,) boundary conditions were given at these
inlets with the humidity of inlet air between 10% and 60%, at
steps of 10% increment, and a temperature between 292 K and
298 K at steps of 1 K. A 20 RPM rotating boundary condition was
given to the rotating parts (carousals and foils) within the chamber
about the central shaft.

A total of 54 simulations were conducted by the authors to
monitor the effect of H,S and SO, on the rate of corrosion. The
results showed that there was a regular behavior observed in the
corrosion rate in most of the cases with varying temperature and
humidity for both the gases considered for the simulations.
Although, there were some points in the simulation that did not
follow the same trends as shown in Fig. 17. The overall results
showed that the corrosion rate was less severe at the same
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Table 8

Field results for corrosion coupons [140]

Coupon Copper corrosion product Seconds Thickness of corrosion product A) Exposure days Copper corrosion rate (A/month)
1 Cu,0 98 68 102
CuO 94 34 30
Cu,S 0
2 Cu,0 133 92 122
CuO 83 30 30
Cu,S 0 0
Coupon Silver corrosion product Seconds Thickness of corrosion product (A) Exposure days Silver corrosion rate (A/momh)
1 Ag,S 373 363 30 363
Ag,S 240 233 30 233

thermodynamic conditions for SO, than H,S. Although the results
of this study were not validated against experimental results, the
study proposes a good approach. If a calibrated CFD model can
be developed using experimental results, the CFD model can then
be used to vary different environmental parameters without hav-
ing to run different experimental cases.

6 Experimental Studies on Particulate Contamination

As discussed earlier, data centers use a huge amount of energy
to cool down the computing and power distribution equipment.
Airside economization has been one of the measures that data cen-
ter administrators are choosing to control the rising cooling costs.
A threat that the ITE suffers when the relative humidity and tem-
perature is not mechanically controlled is of introducing particu-
late contaminants in the white space along with the free cold air.
Information and communication companies, including companies
like Google, Microsoft, AWS, and Facebook have adopted airside
economization methods as a means of reducing greenhouse gas
emissions and energy costs [146,147]. Section 6 will review stud-
ies related to reliability issues caused by settled hygroscopic
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Fig. 16 (Top) Rate of deposition of sulfate on the platter with
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matter on ITE, particularly in data centers utilizing free air cool-
ing. These studies also propose possible solutions in estimating
the operating RH of data centers utilizing free air cooling and
characterizing the settled contaminants to expand the ASHRAE
envelope. Section 6 will also provide a brief overview of the Air-
side Economization and the effects of relative humidity on ITE.

The first study reviewed in Sec. 6.1 aims at conducting a quali-
tative analysis of cumulative corrosion damage of ITE for a mod-
ular data center with a measured ISA air corrosivity level of G2.
The second is based on identifying and characterizing the mor-
phology of the particulate contaminants found inside the same
data center. The third study proposes and validates a cost-
effective methodology to determine the DRH of pure salts like
magnesium chloride (MgCl,), ammonium nitrate (NH4;NO3), and
sodium chloride (NaCl) using a well-tested experimental process
for DRH characterization of ionic matter. These values were then
corroborated with existing published literature. Finally, the meth-
odology for DRH characterization of pure salts was used to deter-
mine the DRH of different samples of dust taken from actual
servers in the field.
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Fig. 17 (Top) Surface deposition rate at 300K for H,S with vary-
ing RH (top) and SO, (bottom)
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lar data center site

6.1 Qualitative Analysis of Corrosion. This study addressed
the hardware reliability issues for a research modular data center
located in an environment with corrosive potential severity levels
between G2 as per ANSI/ISA 71.04 [148]. This modular facility
used an Indirect/Direct Evaporative Cooling unit for cooling the
IT hardware. A qualitative assessment of the corrosion damage
was carried out by comparing the physical state of the server and
its components before and after installation in the IT Pod. For a
baseline comparison of the qualitative results, the results of visual
inspections were compared with a visual inspection of the same
servers stored in a laboratory data center. The laboratory data cen-
ter is cooled by a 20-ton CRAH unit with a surrounding environ-
ment assumed to be compliant as per ANSI/ISA 71.04 Gl
corrosion severity potential. The laboratory data center is main-
tained at a constant 18 °C supply temperature. Daily statistical
analysis for the average %RH and temperature values at the mod-
ular data center site were conducted. The results showed that over
two years, the site operated in ASHRAE A1 allowable envelope for
the maximum time of operation. The cold aisle dry bulb tempera-
ture varied between 15 °C and 32 °C. The yearly variation of both
temperature and humidity at this site is shown in Fig. 18.

For qualitative assessment, visual inspections of the parts inter-
nal to the server chassis like flow hoods, chassis cover, mother-
board, and heat sink were conducted as seen in Fig. 19. The
images represented by NH were taken from an idle server located
in the cleaner, laboratory data center. A significant amount of par-
ticles were found on the inside of the chassis cover of the servers
inspected at the modular data center site. Images of the server
motherboard show onset of corrosion on copper parts as seen in
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the top part of Fig. 19 in MH#1 and MH#2 (two different servers).
The implications of these inspections can be an electrical failure if
the DRH value of the dust mixture found in the servers is less
than 80%. The lodging of dust inside the heat sinks can degrade
both the thermal performance and increase server pressure drops
due to increased fan RPM. Dust with thermally insulating proper-
ties can also lead to component overheating. Clogging and dust
deposition on fan blades can deteriorate fan performance and
change system-level acoustics.

6.2 Identification and Characterization of Contaminants.
In this subsequent research, a few servers were randomly removed
from the racks and a qualitative study of cumulative corrosion
damage was carried out [149,150]. The particulate matter was
characterized using scanning electron microscopy (SEM), energy
dispersive spectrometer (EDS), and Fourier transform infrared
spectroscopy (FTIR) as shown in Fig. 20. The figure at the top
depicts the particle sizes measured at random locations using
image analysis in MATLAB. As seen the maximum and minimum
particle sizes of approximately 50nm and 24 nm, respectively,
depict that ultrafine particle matter is capable of escaping through
MERYV 13 filters in the data center white space based on filter
removal efficiency. The data analysis of the obtained particulate
matter showed that Carbon was the most pervasive element found
in the collected sample and an average particle size of
11.03+2.09 nm. It can be inferred that most of the particles are
small enough to pass through the filters used in most of the data
centers.
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Fig. 19 Images taken at the laboratory data center and the modular data center site showing (top) dust accumulated on
PCB and copper (middle) fine dust particles lodged above server flow hood and fan shroud (bottom) dust accumulated

between heat sink fins

6.3 Determining the Operating Relative Humidity for a
Real Data Center. The primary objective of this research study
was to develop a set of experiments that can accurately measure
the DRH value of the particulate matter, cost-effectively, found in
data centers [151]. To accomplish this, the electrical impedance
method was used to first determine the DRH of pure salts and vali-
date the methodology by comparing the results obtained with the
standard DRH value of these salts in the literature. The salts
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considered in this study were sodium chloride (NaCl), ammonium
nitrate (NH4NO;), magnesium chloride (MgCl,). The published
values of the DRH of the salts used in the study are 75.8% for
sodium chloride, 64% for ammonium nitrate, and 32.78% for
magnesium chloride. IPC-B-25A multipurpose test boards were
used for comprehending the effect of moisture and insulation
resistance of solder masks. The Arduino Uno and INA219
[152,153] current sensor arrangement was connected to the test
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Fig. 20 (Top) size of the particulate matter (nm) and (bottom)
the average weight of elements identified in the contaminant
sample in percentage

board which was placed in an isothermal environmental chamber.
To prepare the test sample, 10mg of the salt was dissolved in
10 ml of de-ionized water thus resulting in the 0.1 wt% concentra-
tion. The salts, in the form of a slurry, were carefully dispensed
on the test boards with the help of a sanitized suction syringe as
shown in Fig. 21.

The experimental runs were carried out at a constant tempera-
ture of 25 °C with a 12 h rest period to get rid of the moisture from
the solution. After the completion of the first cycle, a dc voltage
of +1 volt was applied across the test board and the corresponding
leakage current was recorded. After this, a voltage of —1 volt is
passed through the coupon to neutralize the effect of the positive
bias on the ions. The percentage of RH was increased by 10%
until RH% of 90% was reached by repeating the steps for record-
ing the readings. The obtained values of the logarithm of the leak-
age current and RH% are used to obtain the CRH and DRH of
each salt sample as shown in Fig. 22 and the comparison of the
results with the published literature is shown in Table 9. Since the
results obtained from this study closely matched the values in
published literature, it was ascertained that the same methodology
can be used to find the DRH of dust or particulate matter found in
data center ITE.

The subsequent study [152] by the authors was carried out for
determining the operational RH for a real data center by determin-
ing the DRH of accumulated dust in the servers in a research mod-
ular data center. Four dust samples were collected from randomly
picked serve chassis at various heights using de-ionized water.
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Fig. 21 Multipurpose test board used for the experiment with
deposited contaminated salt slurry

Another sample of facility water, which is used in the D/IEC unit
was also collected. After validating the approach for pure salts,
the same procedure was used by the authors for obtaining the
DRH for dust samples from the modular data center and is nar-
rated and the results are shown in Fig. 23.

In both these studies, a cost-effective and precise methodology
to establish the DRH of accumulated particulate matter is
described. The logarithmic plots of the leakage current versus RH
percentage depict the values of the CRH and the DRH of pure
salts as well as dust samples. The authors claim that the entire
setup is cost-effective, fast, reliable, and easy to handle. It is evi-
dent from the linear graphs of dust samples from a real data center
that there is a sudden increase in the value of leakage current at
%RH of 60% for server 1 showing that there is an increase in elec-
trical conductivity on the test boards. For server 2, server 3, and
server 4 and, facility water, the linear plot showed that the leakage
current value increased suddenly at an RH% of 50% but had simi-
lar trends to server 1, so were not shown in the paper. As for the
facility water, the linear graph showed that the experimental value
of DRH is 80%. Based on this series of studies [148—152], it can
be concluded that for the data center site studied in these investi-
gations the DRH value of the particulate matter lies between 70
and 80%. Therefore, the operating relative humidity inside the IT
pod of this site should be maintained below this range. A similar
approach can be used for data centers, that wish to utilize indirect/
direct evaporative cooling, to quantify the failure risk posed to
ITE when operating outside the ASHRAE recommended temperature
and humidity range.

7 Computational Studies on Particulate
Contamination

Experimental studies, especially for system-level particle trans-
port analysis are an expensive venture. High precision equipment
like aerosol generators, particle counters, and high sensitivity
leakage current detectors can ramp up the cost of such a setup to
tens of thousands of dollars. In the past, computational analysis
for particle and pathogen transport has been done for indoor envi-
ronments, especially for commercial buildings and aircraft. These
studies have been able to provide a first-hand idea of possible
issues that can arise due to harmful airborne particle transport and
assist in providing mitigation strategies from corresponding
mechanical design changes. The following research investigations
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Fig. 22 (Top) linear plot of leakage current versus %RH for NaCl (+1 and —1 Volt) and (bottom)
logarithmic plot of leakage current versus %RH for NaCl (+1 and —1 Volt) [151]

Table 9 Comparison of experimental results with the published results by analyzing the linear plots of leakage current versus

%RH [151]

Salt Published values at 25 °C Experimental values (linear plots)
Sodium chloride DRH: 75.8% DRH: 70%
Ammonium nitrate DRH:64% DRH: 60%
Magnesium chloride DRH: 32.78% DRH: 30%

have been conducted in recently published literature, being moti-
vated by particle transport in ventilated environments like medical
operating rooms and confined ventilated spaces, for example, an
aircraft cabin.

Computational fluid dynamics modeling is the process of repre-
senting a fluid flow problem by mathematical equations based on
the fundamental laws of physics and solving those equations to
predict the variation of velocity, pressure and temperature, and
other variables such as turbulence parameters and concentrations
which are discussed by Jones [154]. The study also describes that
it is also possible to predict the spatially and temporally varying
distribution of particulate contamination within the space and
hence, evaluate ITE reliability. Two studies that closely relate to
the type of particle transport model with the reviewed study were
by Chen and Zhang [155] which evaluate the flow using
Reynolds-averaged Navier—Stokes (RANS) and large eddy
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simulation. The other study by Seymour [156] used the Lagran-
gian approach, where the assumption that the volume fraction of
particles is very less than that of total airflow and the particles do
not influence the flow of air. computational fluid dynamics, when
applied to airflow distribution within data centers have the poten-
tial to predict the velocity and temperature distributions. The
research also concludes, that in any contamination control appli-
cations, the particles are of submicron level and at this size, there
is little slip relative to the air in which they are situated. As a
result, the particulates are considered as completely airborne and
treated as if they are gaseous.

By using this as a base assumption, Thirunavakkarasu et al.
[157] used the physical properties of air (molecular weight of
28.9kg/mol and density equal to 1.19kg/m>) for 0.05um and
0.1 um particles. The objective of this study was to deal only with
the effect of the concentration of airborne contaminants on the
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Fig. 23 Linear relation graphs for DRH of dust samples from
server-1 (top) and server 4 (bottom)

wall surface of the servers at different rack heights in a cold aisle.
The study assumed the air conditioning unit (ACU) as the source
of contaminants to simulate free air-cooling during economizer
hours. The contour plots and the streamline plots show the con-
centration of the contaminants in the room at a height of 1 meter
off the raised floor. The number of particles per million (ppm) of
the contaminants is chosen to be 10,000 particles for 0.05 yum and
0.1 um and 900 particles for 1um, for a transient period of
10 minutes. Both the simulation results were run for a transient
time duration of 10 minutes and during this time, the migration of
the particulates is observed either as streamline trajectories or
concentration plots. When examining the streamlined trajectories
of the hot-aisle model, the maximum concentration is found to be
around the first three cabinets on either side of the hot aisle. Simi-
larly, for the cold-aisle model, the concentration plot reveals the
maximum accumulation of particulates at the far end of the ACU,
i.e., the last row in the first aisle of the model.

As the authors assumed, the particles of size 0.05 yum and 0.1
um followed the same path as air since they have the same physi-
cal properties as air. The streamline plots obtained show the
velocity vectors of the particles emanating from the ACU and
entering the server racks which describes the flow pattern and
path. The concentration plot, which is a plane at 1 m height in the
room, shows the region of the most particle concentration. Figure
24 shows the comparison of the contaminant concentration on a
result plane based on particle size. It can be concluded from the
top part of Fig. 24 that the particle size of 1 micron shows a differ-
ent concentration pattern than the one below where particle size is
0.05 micron at similar time intervals. The sensor plots for contam-
ination percentage were also obtained by placing six sensors at
0.5 m height from the raised floor on three cabinets on either side
of the hot aisle to describe the variation of contamination with
increasing time at that height. It was also observed that the con-
tamination level reduced with increasing height in both cold aisle
containment and hot aisle containment.
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In recent research done by the authors [158], particle transport
was studied using CFD for a simplified model of a raised floor
data center. A commercially available CFD code ANSYS FLUENT
was used to simulate particle transport using a Lagrangian
approach. As shown on top in Fig. 25, a rectangular flow domain
was modeled with the bottom side depicting particle inlet through
a floor tile. One of the other boundaries in the flow domain was
given a low-pressure boundary condition, depicting the side facing
the servers. It was concluded that particle size or particle mass is
the dominant factor that dictates particle dispersion. The lighter or
lower diameter particles in the flow domain showed a rather ran-
dom dispersion pattern. The particle concentration plots, shown in
Fig. 25, showed that particle deposition was more pronounced
around the bottom servers due to low-pressure regions. The parti-
cle escape regions were inferred to be located toward the bottom
of the flow domain, implying that the maximum particle concen-
tration or deposition should be found in the servers located at the
bottom of the flow domain. The results suggested that the total
mass and the number of particles that escaped from the top outlet
were approximately four times greater than the outlet facing the
servers. For high-density particles, the total particle count injected
in the flow domain was nearly 1.9 x 10" and the fraction of par-
ticles escaping toward the servers was an order of magnitude
more than that obtained for lighter particles.

8 Outlook

Based on the literature reviewed, future research needs to quan-
tify the failure rates using in-situ studies for both particulates as
well as gaseous contaminants. Conventional air-cooling technolo-
gies will continue to dominate the data center cooling industry.
Therefore, efficient air-cooling technologies like airside econo-
mization using indirect/direct evaporative cooling will continue to
play an important role in bringing down the power usage effec-
tiveness and carbon footprints of the data centers. This will
require a systematic effort to address the equipment reliability
issues that thwart the data center managers from a successful
implementation of these energy-efficient cooling technologies.
Characterization of failure rates due to particulate and gaseous
contamination for different regions in the ASHRAE recommended
and allowable envelopes will provide a significant boost to this
effort. This will allow the IT equipment manufacturers and data
center administrators to directly co-relate the performance of the
IT equipment with the ambient environment. Quantification in
terms of degradation in the server’s thermal performance, degra-
dation of packaging material mechanical and electrical properties
needs to be conducted. Ionic sensors and chemical gas phase fil-
tration strategies should be mandatory for large-scale enterprise
data centers that use free air cooling as a primary mode of cooling
for a large portion of the year. Ultra-fine and fine particle catego-
ries that include ionic salts and volatile organic compounds are
particularly harmful to data centers located in industrialized geo-
graphic locations. While it is easier to remove coarse particles
from entering the data centers using MERV 8 to MERV 13 filters,
they are not as efficient for ultrafine particles which may require
filters of MERV 16 and above, especially those with low DRH
[159-161]. An otherwise ignored parameter, wind direction can
play a very important role in free air-cooled data center design
and ITE reliability. An optimal design of air inlets per wind direc-
tion and away from backup generators prevented smoke entry into
the data center in a fully free air-cooled open compute data center
owned by Facebook [162]. Another major gap in the reviewed lit-
erature is the lack of data on failure case studies due to ionic dust.
The same is still available in the form of case studies for failures
due to corrosive gases [163]. Research work similar to that of
building and cabin thermal comfort analysis using CFD can be
done at the data center level for assessment of particle flow,
regions of accumulation, and particle terminal velocities. This
will require a synergistic effort from the data center managers, IT
equipment OEMs, and academia.
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Fig. 24 Concentration plots showing particle distribution in a two-dimensional plane in the
data center for the particle size of 1 (top) and 0.05 micron (bottom)

9 Conclusions

A critical review of degradation of ITE reliability in airside
economized data centers due to gaseous and particulate contami-
nants was presented. The effects of airborne contaminants intro-
duction inside the data center on the ITE reliability and associated
failure modes such as creep corrosion, corrosion of silver termina-
tions of surface mount components, and ECM are discussed in
detail. A detailed account of the methods to determine the reliabil-
ity of data center electronics in harsh gaseous environments and
due to settled hygroscopic particulate contaminants is docu-
mented. It was observed that MFG is one of the more researched
and widely used qualification techniques for testing PCBs for
creep corrosion in a gaseous environment. But some recent studies
point out the fact that FoS can be a cost-effective and more

Journal of Electronic Packaging

convenient approach to reproduce creep corrosion in the lab envi-
ronment which more closely represents field results of ITE
corrosion.

It is concluded that significant research needs to be conducted
to develop correlations between the reliability degradation due to
particulate contamination and the surround environment for air-
side economized data centers. As in the case of gaseous contami-
nation, humidity and temperature x-factors also need to be
quantified for particulate contamination as shown in Fig. 26 [164].
The primary challenge in establishing these values is the unpre-
dictability of the failure mechanisms associated with particulate
contamination. Also, it is difficult to produce similar failure rates
using laboratory testing since the synergies between various gase-
ous pollutants and airborne particulates cannot be simulated in a
lab environment. Real-time monitoring of data centers and
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gathering historical environmental data and weather bin analysis
provides an opportunity to maximize free cooling hours through-
out the year. There might be some otherwise ignored and discrete
sources of particle origin like settled dust in the HVAC ducts and
ionic residues in the evaporative cooling media pads which might
reach the IT equipment along with the airflow. For HVAC ducts,
it is concluded that the particle deposition increases with increas-
ing velocity for coarse particles [165]. This deposition reduces
with increasing velocity for fine and submicron particles. This
deposition mainly occurs due to the gravitational setting for heavy
particles and turbulence effects in the subviscous laminar layer for
submicron particles. Boundary layer separation at bends and cor-
ners causing flow circulation is also an important parameter in
particle deposition in ducts and around bluff bodies.

030801-22 / Vol. 144, SEPTEMBER 2022

It can be observed from the reviewed literature that there are
still a lot of potential research opportunities that can lead to a
more reliable computing environment inside the data centers that
implement airside economization. These areas include utilizing
and improving particle and gas-phase filtration systems and revi-
sing the existing cleanliness standards as per current and ever-
increasing computing and reliability needs. Monitoring measures
like gas analyzers can aid in predicting the chemical gaseous com-
position present in the surrounding environment. Greater empha-
sis should be laid upon field test results for multiple data center
sites especially I polluted geographies and regions with high sea-
salt content. In doing so, a good estimate of failure x-factors can
be obtained which can depict an upper limit of operating condi-
tions for the datacom equipment. It is also highly imperative to
classify the data centers using corrosion classification silver or
copper coupons with ISA severity level G2 or G3. Another mea-
sure that can be taken at the manufacturer’s end is utilizing field
data related to the reliability and performance of the components
rather than that in a laboratory simulated environment.
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Nomenclature

ACU = air conditioning unit
Ag = silver
ANSI = American Nation Standards Institute
ASE = airside economization
ASHRAE = American Society of Heating, Refrigerating and Air-
conditioning Engineers
ASTM = American Society for Testing and Material
Au = gold
CAC = cold aisle containment
CFD = computational fluid dynamics
CRAC = computer room air conditioning
CRH = critical relative humidity
Cu = copper
DRH = déliquescent relative humidity
ECM = electrochemical migration
EDS = Electronic Industries Association
EIA = gold on electrodeless nickel
ENIG = environmental scanning electron microscope
EPMA = electron probe microanalysis
E-SEM = environmental scanning electron microscope
FoS = flowers of sulfur
HDD = hard disk drive
I/DEC = indirect/direct evaporative cooling
IEC = International Electrotechnical Commission
ImAg = immersion silver
ImSn = immersion tin
iNEMI = International Electronics Manufacturers Initiative
ISA = International Standards Association
ITE = information technology equipment
mA = milli-ampere
MEMS = microelectronics and microsystems
MERYV = maximum efficiency rating value
MFG = mixed flowing gas
MMT = measurement and management technologies
mV = milli-volt

Ni = nickel
OSP = organic surface preservative
Pb = lead

PCB = printed circuit board
Pd = palladium
PDU = power distribution unit
Ppb = parts per billion
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ppm = parts per million
RANS = Reynolds-averaged Navier—Stokes
RH = relative humidity
RoHS = restriction of hazardous substance
RPM = revolutions per minute
SIR = surface insulation resistance
Sn = tin
TEM = transmission electron microscopy
UPS = universal power supply
XRPD = X-ray powder diffraction
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