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Summer is heating up and to stay in theme, here is the next issue 
hot off  the presses. Enjoy it with a cold beverage of  choice by the 
pool side or in the comfort of  A/C in the house.

Firstly, I'd like to extend a warm welcome to our newest member 
of  the Journal Review Committee, Stephan Meschter, Ph.D. Thank 
you for supporting this publication. We look forward to your 
contributions to improve the quality of  articles published in future 
issues.

As always, we bring you three interesting technical articles 
in this edition.  The first paper explores a novel method to 
improve properties of  flexible hybrid electronics that are additively 
manufactured and incorporating carbon nano tubes. We follow that 
with an application-oriented paper, wherein two different flexible 
hybrid electronics are compared for monitoring temperature 
withing storage containers. The final paper summarizes the effect 
of  intermetallic compounds (IMC) on solder joint reliability from 
various solder compositions.

This Journal is dependent on excellent publications submitted 
by our members. To keep up the high technical standards consider 
sending original papers for review. Remember, the only charge 
associated with publication is your hard work and intellect unlike 
several other journals that levy a per page fee.

Lastly, please don’t forget to register and attend 2024 SMTA 
International Conference & Exposition to be held in Rosemont, IL 
from October 21 to 24.

— Srini Chada, Ph.D.
     The Journal of  SMT Editor/Journal Committee Chair
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Novel Method of Incorporating CNT into Additive Manufacturing 
Electronics Dielectric Material

Daniel Slep, Ph.D. and Fan Yang, Ph.D.
ChemCubed

Stony Brook, NY, USA

ABSTRACT
Flexible Hybrid Electronics (FHE) Parts that are additively 

manufactured give engineers and designers greater flexibility 
in geometry, complexity, and variety or customizability. In this 
work, UV curable dielectric materials for additive electronics and 
incorporated Carbon Nano Tubes (CNTs) within a formulated UV/
LED curable matrix was used. It will be shown that inkjet printing 
CNT mixture in specific manner with a commercial UV curable 
dielectric improves mechanical and thermal properties of  the final 
dielectric compared to the dielectric without the CNT mixture, 
including a significant decrease in the coefficient of  thermal 
expansion, while keeping excellent electrical properties.

Key words: Dielectric, PCB, FHE, AME, CNT

INTRODUCTION
Printing electronics is a new and quickly growing alternative to 

traditionally manufactured electronics wherein an additive method 
is used to produce electronic circuits, passive circuitry, displays, 
sensors, and radio-frequency identification (RFID) tags utilizing 
conductive and sometimes dielectric materials. Numerous advances 
have been made in electronic printing technology in recent years 
bringing it closer to scalable manufacturing.[1-3] New and faster 
printing equipment has been engineered and modified for printing 
electronic traces using conductive inks rather than using copper 
etching on flexible and rigid substrates.[4,5] Flexible PCBs (FPCB) 
provide the same processing capability as a standard PCB, with 
added flexibility, and are better suited for large scale manufacturing 
applications. FPCB’s are more reliable, can bend without breaking/
sustaining damage, can withstand greater stress and harsher 
conditions, and can be adapted to smaller spaces due to thin copper 
and insulating layers.

If  the PCB industry were able to produce complex multilayer 
circuitry quickly and easily without etching copper and without the 
numerous hands-on multi-lamination steps thus required, not only 
would this facilitate the design process, leading to quicker innovation, 
but it would revolutionize and tremendously enhance production, in 

addition to lowering manufacturing costs (especially for low volume 
production). Achieving this goal provides new functionality to 
electronics such as incorporation of  printed passive electronics to 
be printed within the layers, reducing the total components placed 
on a circuit board. Designers could consider these added abilities in 
designs to increase the complexity of  multilayer circuitry utilizing 
less space. This will allow manufacturers the capability to design and 
develop circuitry quickly and efficiently.

Widespread adoption of  additive manufacturing (AM) has the 
potential to disrupt current production and supply chains, simplifying 
these processes, and moving manufacturing capacity closer to the 
consumer. Rather than an extensive network of  storing and shipping 
parts, parts can be produced on site according to demand. Flexible 
Hybrid Electronics (FHE) Parts that are 3D printed give engineers 
and designers greater flexibility in geometry, complexity, and variety 
or customizability. With traditional manufacturing techniques there 
is a direct connection between degree of  complexity and cost 
of  production. Additive manufacturing eliminates the extra cost 
burden of  additional complexity. Printing discontinued parts, across 
all industries, also reduces waste and extends the life of  various 
electronics, tools, and machines. Printing electronics gives the user 
the ability to change designs immediately on the production line, 
and to design and create previously impossible objects. Additive 
manufacturing also has significant associated medical impacts.
[6-8] Implants, prosthetics, hearing aids, and dental devices can 
be custom 3D printed.  The impact of  the technology developed 
and tested within this work is wide-reaching across several target 
gap areas including, but not limited to: improvements in materials 
for multilayer printing, specialized printed components, achieving 
high levels of  performability and robust results.  There is extensive 
overlap in the applicability of  the materials and print systems 
tested in this work and marketability to a solve a variety of  needs 
in the medical, automotive, aerospace, military and commercial 
manufacturing sectors.

One of  the key advances in recent years in AM electronics has 
been in the conductive inks for inkjet printing. This advance is a 
main reason why scalable printed manufacture PCBs is now within 
reach. 
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Advances with reactive, particle-free silver conductive inks 
have proven to have high performance and reliability in inkjet 
applications.

The environmental benefits of  additive manufacturing are even 
greater for printed electronics.[9] This printing method allows for 
more automation and less hands-on cleaning and heat laminating - 
also reducing energy. It will enable new designs of  energy efficient 
smart sensors, IoT, and packaging materials. 

In addition, there are many applications for FHE/PCB’s in the 
aerospace industry, such as wearable electronics, RFID antennas, 
satellite communications, navigation and passive detection systems, 
radio communications, LED lighting systems, temperature sensors, 
power converters, control tower systems, IOT devices, and others. 
Furthermore, lack of  a secure and domestic supply chain for PCBs 
poses a national security risk. Increasing the additive manufacturing 
of  PCB boards domestically is critical to enabling the U.S. to 
manufacture technologically sophisticated devices within our supply 
chains. Because AM allows PCBs to be manufactured sustainably, 
economically, and in an environmentally-friendly manner, AM is the 
conduit for secure and sustainable domestic production.

Despite the technological advances and significant benefits of  
FHE’s, (including, AM PCBs & FPCBs) further R&D is needed to 
develop materials suited to the conditions of  various manufacturing 
environments and needs. The work here further addresses these 
needs by showing a method of  improved printed dielectric materials 
using inkjet as the deposition method.

Carbon nanotubes (CNTs) are tubes made of  carbon with 
diameters typically measured in nanometers. CNTs can be 
chemically modified, and have exceptional tensile strength and 
thermal conductivity because of  their nanostructure and the 
strength of  the bonds between carbon atoms. It has been shown 
that it is possible to improve mechanical and thermal properties of  
a polymer matrix by mixing small fraction 1-3% of  CNTs into the 
formula.[10-12] Current use of  nanotubes has mostly been limited 
to the use of  bulk nanotubes, which is a mass of  unorganized 
fragments of  nanotubes. 

In this work, UV curable dielectric materials for additive 
electronics and incorporating CNTs within a formulated UV/
LED curable matrix was used. CNT within a formulated UV/
LED curable matrix has been used to make a functional printable 
dielectric material to show improved performance. Specialized 
functionalized/dispersed and patented CNT dispersions from 
Molecular Rebar Design LLC were used.

PROCEDURE
Multilayer circuitry is based on depositing a conductive (usually 

inorganic) material and a dielectric or insulating material. Some of  
the challenges in printing multilayer circuitry are that materials (a) 
must stand up to reflow soldering and (b) have a variety of  precise 
mechanical, thermal, and electronic qualities. Inkjet printing is 
emerging as having potential for printing FHEs. Inkjet can print 
digitally-encoded data captured from images and accurately deposit 
a conductive ink for the traces and pads, and dielectric ink for the 
solder mask or other advanced statistical machine translation (SMT) 

systems. Inkjet deposits dielectric ink between layers of  circuitry 
leaving vias between the layers to be filled with conductive ink. 
Inkjet also allows the printing of  unique identifiers, such as text 
or a bar code with a serial number within a single platform. These 
capabilities make inkjet the obvious choice for FHE manufacturing.

For this work, an inkjet system branded ElectroJet which includes 
dielectric materials and printing equipment capable of  printing 
multi-materials in layers was used and shown in Figure 1. 

Figure 1: ElectroUV3D printer used in the ElectroJet printing system 
(a), and it’s 8 channels with an individual cartridge dedicated to each 
channel (b).

Materials
One dielectric material to be used in this work is ChemCubed’s 

Electrojet C3-DI-7 ink with a dielectric constant(εr) of  approximately 
3.5, deformation resistance, has electrical insulating properties, and 
be able to withstand thermal fluctuation from 20oC to 140oC. 
Another dielectric material, which has <1% multi-walled carbon 
nanotubes (MWCNTs) with an average length of  900 nm dispersed 
in compatible UV formulations, is labeled as C3-DI-CNT. The 
viscosity of  C3-DI-7 and C3-DI-CNT is between 5 and 7 cPs. 

Printing
ChemCubed has employed a novel printing technique (U.S. 

Provisional Patent Application Serial No. 63/327,884) to incorporate 
the nanotube solution into the dielectric. Instead of  composing a 
singular solution with CNT’s, ChemCubed prints the dielectric at 
the same time as the CNT solution causing mixing before curing. 
The C3-DI-7 and C3-DI-CNT were loaded in different channels 
within the same printhead of  an inkjet printer. An UV LED light 
was aligned next to the printhead which lighted up while printing. 
For non-CNT dielectric samples, only the channel contained C3-
DI-7 was used. For CNT dielectric samples, C3-DI-7 and C3-DI-
CNT channels were being printed simultaneously, resulting in a 1:1 
mix ratio of  the two materials. The prints were than labelled as C3-
DI-7-CNT. The samples were printed and cured layer by layer until 
a desired thickness was reached. Figure 2 shows a block diagram of  
the setup of  the printhead and how the CNT samples were being 
printed. Examples of  the printed samples can be found in Figure 3.
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Figure 2:  Block diagram of the setup of the printhead.

Figure 3: Examples of printed materials (D = 36 mm). Left: C3-DI-7. 
Right: C3-DI-7-CNT (mix of C3-DI-7 and C3-DI-CNT).

Testing
Samples has been printed for testing different properties according 

to corresponding ASTM standards, if  possible. Type IV samples in 
ASTM D638 were used for obtaining Young’s modulus, elongation, 
and tensile strength. The dielectric constant was measured using 
disk electrodes referenced from ASTM D150 with an electrode 
diameter of  25 mm. The dielectric strength was measured using 
a withstand voltage tester with the samples printed in sheets. The 
glass transition temperature (Tg) and melting point (Tm) were 
obtained by Differential Scanning Calorimetry (DSC). The thermal 
conductivity was measured using ASTM E1530 standard by a 
thermal conductivity meter. The coefficient of  thermal expansion 
(CTE) was obtained by Dynamic Mechanical Analysis (DMA).

RESULTS AND DISCUSSION
Mechanical Properties

The mechanical properties of  the electric material were 
dramatically increased after CNT has been incorporated into the 
system. As shown in Table 1, both Young’s modulus and tensile 
strength of  the CNT dielectric material, C3-DI-CNT, increased by 
more than 100% compared to the non-CNT one, to be specific, 
123.3% and 112.4%, respectively. The results indicate that the CNTs 
has been successfully well distributed in the dielectric material which 
reinforced the system with their strong mechanical properties. It 
also reveals a high bonding strength between the CNT and the 
dielectric material.

Table 1: Mechanical properties of C3-DI-7 and C3-DI-7-CNT.

C3-DI-7 C3-DI-7-CNT
Young’s modulus (MPa) 300 670
Tensile strength (MPa) 25.8 54.8

Thermal Properties
Table 2 summarizes the thermal properties of  the dielectric 

materials which includes glass transition temperature (Tg), 
coefficient of  thermal expansion (CTE), melting point (Tm), and 
thermal conductivity. From the table we can find that C3-DI-7 has 
two separate Tg values, which are around the Tg of  its two main 
components, indicating a separation of  polymer blocks. On the 
contrary, only one Tg was found on C3-DI-7-CNT. This is exciting 
since CNT not only increased the mechanical properties of  the 
material, but also made it more uniform. Moreover, there was a 
dramatic decrease in CTE resulting in an over 2.5-fold difference. 
This is very important since large CTE leads to delamination either 
when printed on top of  other materials or used as substrates. CNT, 
in this case, “stitched” the dielectric material and prevented it from 
having a large deformation when heated up. Nevertheless, a 10.3% 
increase in Tm and a 11.8% increase in thermal conductivity were 
observed indicating a better thermal stability.

Table 2: Thermal properties of C3-DI-7 and C3-DI-7-CNT.

C3-DI-7 C3-DI-7-CNT
Glass transition temperature (°C) 69, 121 112.7
Coefficient of thermal expansion (1/K) 232 90
Tm, melting point (°C) 268.5 296.2
Thermal conductivity (W/mK) 0.17 0.19

Electrical Properties
As dielectric materials, both C3-DI-7 and C3-DI-7-CNT exhibited 

good electrical properties with dielectric constants of  3.5 and 4.1, 
respectively. An excellent dielectric strength greater than 50 MV/m 
was measured on both materials as well.

To have a clearer view of  the comparison, a bar graph was plotted 
in Figure 4 with the property values of  C3-DI-7-CNT normalized 
to the values of  C3-DI-7. 
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Figure 4: Comparison of different properties with C3-DI-7-CNT values 
normalized to that of C3-DI-7. *The lower glass transition temperature 
of C3-DI-7 was used here when compared to C3-DI-7-CNT.

CONCLUSION
In conclusion, we have successfully developed a method for 

adding CNTs to our dielectric material. The result CNT dielectric 
material, compared to the original one, showed a great improvement 
in mechanical and thermal properties while keeping excellent 
electrical properties.

The proposed mechanism is such that, by laying down a thin film, 
the nanotubes align themselves in the x-y plane. This causes a strong 
layering structure. There will be a few nanotubes on surfaces of  each 
layer that would help with the interfaces in the z- direction, almost 
like stitching the layers. The tubes must be singular, maximizing 
surface area to have the desired effect. If  they agglomerate or bunch 
up, they will have the opposite effect, and make the material weaker. 
This new revolutionary printable nanocomposite that will change 
the way circuits will be designed and manufactured. 
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Condition Monitoring System: A Flexible Hybrid Electronics 
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Kalamazoo, MI, USA
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ABSTRACT
A comparative study is presented between two advanced flexible 

hybrid electronics (FHE) monitoring systems designed for accurately 
measuring temperature within storage containers across various 
industries, including food, pharmaceuticals, agriculture, automotive, 
and defense. Flexible hybrid electronics involve the combination of  
novel printing processes and traditional electronic manufacturing 
processes, resulting in flexible devices with improved performance. 
The first system, a copper-flex system (CFS), employs an 88.9 µm 
polyimide substrate with 35 µm thick copper traces, coated with a 
12.5 µm polyimide solder mask. The second system, a printed-flex 
system (PFS), utilizes a 127 µm polyimide substrate and screen-
printed conductive silver ink. Both FHE systems use a 32-pin very 
thin quad flat no-lead (VQFN) package attached on a thin polyimide 
flexible substrate with high-temperature resistance and high-tensile 
strength. In both CFS and PFS, the VQFN is attached using 
Sn96.5/Ag3.0/Cu0.5 and Sn42/Bi57.6/Ag0.4 solders, respectively, 
from Chip Quik® (Ancaster, Ontario, Canada). After assembly, 
reliability and durability tests were conducted to validate the 
performance of  the temperature sensor and the interconnections 
of  the CFS and PFS prototypes. Further, environmental and 
mechanical characterizations including, moisture and insulation 
resistance, corrosion, elongation, bending, terminal bond strength, 
and peel tests were performed based on IPC-TM-650 and ASTM 
standards. Moisture and insulation resistance test on the PFS test 
coupons without a coating layer indicated stable resistance of  
approximately 18 MΩ, while permanent color change indicated 
oxidation of  copper on uncoated CFS test coupons. After 72 
hours of  corrosion test, both the CFS and PFS “meander line” 
test coupons covered with polyimide showed negligible weight and 
resistance change of  approximately 0.35%, and 0%, respectively. 
A Young’s modulus of  7.17 GPa and 2.6 GPa was calculated from 
the elongation test for the CFS and PFS, respectively. Bending 

tests on PFS revealed negligible average resistance change (0.1%) 
during 180° bending cycles, while no impact was recorded on the 
CFS system. During the terminal bond strength test, soldered wires 
detached from the CFS test coupons at an average force of  43 N, 
while it was 3.8 N on the PFS test coupons. Both systems with 
polyimide coating layer demonstrate robustness and reliability for 
diverse applications in various industries.

Key words: Temperature sensor; asset monitoring system; copper 
flexible system; printed flexible system; flexible hybrid electronics. 

INTRODUCTION
Condition monitoring of  tangible assets often entails the utilization 

of  a hardware and software system that records, transmits, stores, 
and processes information on ambient conditions by using various 
sensors, data communication technologies, and software algorithms. 
Condition monitoring systems have found widespread applications 
across various industries, including automotive, defense, food, and 
medical industries, for several decades [1-5]. However, the full 
potential of  such systems remains largely untapped in applications 
that necessitate miniaturized and conformal structures with flexible 
and thin form factors. 

For instance, in agricultural storage applications, there is a 
need for flexible and lightweight condition monitoring systems 
to monitor the moisture, temperature, and other environmental 
conditions of  seeds and plants [6]. One other example of  a 
condition monitoring application is in healthcare and logistics. Asset 
monitoring systems can track the location and condition of  vaccine 
storage containers during transportation. This helps pharmaceutical 
industries optimize logistics operations and prevent damage or loss 
of  vaccines. For example, during the COVID-19 pandemic, Pfizer-
BioNTech produced large quantities of  vaccines that had to be 
transported and stored worldwide at temperatures between 2 °C to 
8 °C for up to a month [7]. 
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In addition to vaccines and perishable food items like meat 
and fruit [8], the US Department of  Defense (DoD) emphasizes 
the importance of  condition monitoring for ammunition in a 
thin and flexible form factor [9]. Precise temperature monitoring 
during transportation and storage, either long or short-term, is 
vital to maintain the effectiveness of  sensitive items. Temperature 
changes can result in vaccine wastage, food spoilage, ammunition 
degradation, or even fatalities, underscoring the need for continuous 
and accurate condition monitoring. Traditional monitoring systems 
are often rigid and made using electronic fabrication techniques. 
However, the market needs lightweight, compact, thin, affordable, 
and flexible monitoring systems tailored to various applications, 
especially for monitoring conditions inside containers. Therefore, 
developing such systems is crucial for the global economy and 
public health, as they ensure the safe condition of  assets in different 
types of  containers.

Flexible hybrid electronics involve the combination of  novel 
printing processes and traditional electronic manufacturing processes, 
resulting in flexible devices with improved performance [10-22]. In 
this work, two advanced FHE based condition monitoring systems 
are designed and fabricated for monitoring temperature inside a 
DoD-relevant ammunition container (M2A2). A comparative study 
is performed between a CFS and PFS prototype, which are both 
based on popular manufacturing processes in FHE. The systems 
were designed to meet the DoD accepted requirements, in terms of  
performance and dimension [9]. The capability of  the CFS and PFS 
were tested to monitor temperature from - 20°C to +60°C with an 
accuracy of  ±1°C, while maintaining a battery life of  over 3 years. 
In addition, the capability of  the sensor-readout circuit interconnect 
was examined to withstand a bending radius of  0.8 mm and 30 
opening and closing cycles of  the container lid. Additionally, the PFS 
and CFS test coupons were tested and compared for performance 
and reliability under varying environmental and mechanical effects 
based on IPC-TM-650 and ASTM standards.

EXPERIMENTAL
A. Design and Fabrication

The CFS and PFS circuits were designed with Altium® Designer 
software (a registered trademark of  Altium Limited, San Diego, 
California, USA). The overall dimensions of  the CFS and PFS 
prototypes are shown in Fig. 1(a). The main components of  the 
CFS and PFS include microcontroller unit (MCU), temperature 
and humidity sensor, quartz crystal, voltage regulator, joint test 
action group (JTAG) port, microSDTM (a trademark of  SD-3C, 
LLC, Redmond, Washington, USA) card port, battery, and battery 
header connector (Fig. 1(b)). The microSDTM card was positioned 
at the bottom of  the substrate and stiffeners were used to handle 
any associated stress. The JTAG port is on the top left and can 
be removed after programming to reduce the overall height. 
The HDC2022 sensor from Texas Instruments (Dallas, Texas, 
USA) offers high-accuracy temperature and relative humidity (RH) 
measurement, with ratings of  ±0.2°C and ±2% RH, respectively. 
Additionally, the sensor is IP67-rated [23] for water and dust 
protection and features low power consumption. The sensor was 
positioned at the end of  an interconnect, separated from the 

circuit. This allows the sensor to be placed inside a sealed container 
while keeping other components outside, making data collection 
easier and without affecting the container's internal environment. 
The quartz crystal ECS-33B is placed next to the MCU in the 
middle of  the circuit, to provide the clock signal. A 32-pin VQFN 
microcontroller unit (CC2640R2FRSMT) from Texas Instruments 
reads sensor responses, monitors battery levels, and activates 
visual indicators. In addition, it writes data to the microSDTM card, 
and uses real-time clock to sleep/wake up. Low-dropout voltage 
regulator (TPS70612DBVT from Texas Instruments) controls the 
microSDTM card voltage to minimize any potential data loss. A 
flexible and thin lithium battery (CP142828, 1.4×29×29 mm) with 
150 mAh capacity from GMBPOW® (a registered trademark of  
Guangzhou Markyn Battery Co., Ltd., China) was used to power 
the CFS and PFS. A Molex Pico-Ezmate crimp/header connector 
(Lisle, Illinois, USA) was used for battery connection due to its 
reliability and ease of  use. The key materials employed in the 
fabrication of  CFS and PFS prototype are summarized in Table S1 
(Supporting Information).

Figure 1: (a) CFS and PFS layout dimensions, (b) fabricated CFS 
prototype with soldered component, (c) flexible CFS prototype, (d) 
wireless CFS with AndroidTM app, (e) printed PFS, and (f) fabricated 
PFS prototype.

The CFS prototype PCBs were fabricated by depositing copper 
traces with a thickness of  35 µm onto a 88.9 µm thick polyimide 
flex substrate. These copper traces were deposited through the wet 
etching method. The polyimide substrate was then covered with a 
yellow overlay solder mask with a thickness of  12.5 µm. The surface 
finish used was Electroless Nickel/Immersion Gold (ENIG). The 
photograph of  the flexible CFS prototype is shown in Fig. 1(c). The 
maximum thickness of  the CFS at the microSDTM card port location 
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was approximately 1.95 mm. Figure 1(d) shows the CFS prototype 
equipped with a thin-film battery and connected wirelessly via 
Bluetooth® (a registered trademark of  Bluetooth Special Interest 
Group, Kirkland, Washington, USA) to an AndroidTM (a trademark 
of  Google LLC, Mountain View, California, USA) application 
interface. However, this prototype remained unused as it did not 
comply with DoD requirements, which mandated data recording 
solely on a microSDTM card.

For the fabrication of  the PFS, a stainless-steel screen with a mesh 
count of  325 threads per inch (TPI), emulsion thickness (MS-22) of  
15 μm, ultra-thin wire diameter of  22.8 μm, and deflection angle of  
22.5° was obtained from Microscreen LLC (South Bend, Indiana, 
USA). Conductive silver ink (DuPontTM 5025) from DuPontTM (a 
trademark of  DuPont de Nemours, Inc. Wilmington, Delaware, 
USA) was then deposited on a Kapton® 500 HN substrate 
(Kapton® is a registerd trademark of  DuPont de Nemours, Inc., 
Wilmington, Delaware, USA). This was accomplished using an 
HMI MSP 485 screen printer (Lebanon, New Jersey, USA) with an 
offset height of  1 mm. Following this, the printed samples were 
cured in an Accutemp 09S vacuum oven from Across International 
(Livingston, New Jersey, USA) at 120 °C for 8 minutes to evaporate 
the solvent. The photographs of  the PFS prototype are shown 
in Fig. 1(e) and (f). It is clearly visible that the conductive traces 
have been successfully deposited without any overlap. The printed 
PFS prototypes were then accurately cut out using a Graphtec 
FC8600 plotter (Yokohama, Kanagawa, Japan) as shown in Fig. 
S1. Following this, solder paste (Chip Quik® Solder Sn42/Bi57.6/
Ag0.4) was applied to the PFS and components were attached prior 
to heating in the advanced Puhui T-937 reflow oven (from Taian 
Puhui Electric Technology Co., Ltd, Taian, Shandong, China) as 
shown in Fig. S2. 

Figure 2: Snap-in enclosure: (i) illustration: (a) schematic, and (b) 
exploded view; (ii) fabricated prototype: (c) fabricated CFS with 
designed enclosure, (d) installation of enclosure on the container, and 
(e) installation the sensor inside the container.

The soldering challenges encountered with PFS components are 
detailed and illustrated in the supporting information and Fig. S3. In 
addition, CTFC-12 Konform® Flexcoat Conformal Coating from 
Chemtronics® (a registered trademark of  Chemtronics, Kennesaw, 
Georgia, USA) and polyimide tape from Bertech® (a registered 
trademark of  Bertech Corporation, Torrance, California, USA) 
company were used as a coating layer on the PFS samples. 

The enclosure was designed based on several critical specifications, 
including the overall thickness of  the device, the capacity to resist 
water ingress in accordance with the IP64 specification [24]. In 
addition, the design provides access to a microSDTM card through 
an open/close tab while being protected from water ingress. Figures 
2(i) and 2(ii) illustrate the snap-in enclosure design and fabricated 
prototype, respectively. The top cover snaps into place inside the 
outer ring when pressed down, and can be easily removed by 
lifting an included tab. The enclosure was attached to the container 
using a double-sided 3M® VHB 5907 adhesive tape (3M® is a 
registered trademark of  3M Company headquartered in St. Paul, 
Minnesota, USA). As depicted in Fig. 2(i)(a) and (b), the flex circuits 
(PFS or CFS) were attached to a plastic mask (Kapton® 500 HN 
substrate) and enclosed inside the snap ring of  the enclosure using 
3M® VHB 5907 adhesive tape. A top cover was 3D printed using 
an acrylonitrile butadiene styrene (ABS) filament and features a 
foam gasket (ethylene propylene diene monomer (EPDM) closed-
cell foam) which seals against water ingress when compressed. 
Acrylonitrile butadiene styrene provides a good balance of  strength, 
flexibility, and necessary resistance to water, humidity, salt spray, 
and withstands -20°C to 60°C temperatures. A polycarbonate 
transparent plastic was 3D printed on the top cover to facilitate 
visual access to the LED indicators. Finally, a die-cut thin plastic 
sheet provides masking around the edge to give the foam gasket 
a non-adhesive surface to seal. The system was designed to meet 
the requirements for performance in the temperature range of  
-20 °C to 60 °C and have these dimensions: The interior portion 
(electronic readout module and battery) has a thickness of  < 3.175 
mm and an area of  < 645.16 mm2. The exterior portion (sensor 
and interconnect) has a thickness of  <3.175 mm and an area of  
< 2580.64 mm2. Table S2, summarizes the materials employed in 
the fabrication of  the enclosure prototype, and Table S3 outlines 
potential materials for utilization in large-scale production.

To meet the IPC-TM-650 standards for environmental and 
mechanical characterizations, three test coupons (“dogbone” [Fig. 
3(i)(a)], “comb pattern” [Fig. 3(i)(b)], and “meander line” [Fig. 
3(i)(c)] were designed using AutoCAD® software (a registered 
trademark of  Autodesk, Inc., San Francisco, California, USA). 
The designs and dimensions of  the test coupons are shown in Fig. 
3(i), and photographs of  the fabricated CFS and PFS coupons are 
shown in Fig. 3(ii). 
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Figure 3: Test coupons: (i) CAD designs: (a) dogbone, (b) comb 
pattern, and (c) meander line; (ii) fabricated test coupons: (d) CFS 
dogbone, (e) CFS comb pattern, (f) CFS meander line, and (g) PFS 
test coupons.

B. Test Methods

Surface Morphology
Surface topology and the material composition of  the printed 

samples were characterized using Bruker Contour GT-K white light 
interferometer (Billerica, Massachusetts, USA) and JEOL (Tokyo, 
Japan) scanning electron microscope (SEM).

Environmental Tests 
The initial test involved the functional test to evaluate the 

temperature sensor’s performance. Subsequently, the effects 
of  moisture and insulation, and corrosion were investigated in 
accordance with IPC-TM-650-2.6.3 - Class H and ASTM E-595 
test standards, respectively. The equipment utilized in these tests 
included a Traceable® 6511 data logging thermometer certified 
by the National Institute of  Standards and Technology (NIST) 
(Traceable® is a registered trademark of  Control Company, 
Friendswood, Texas, USA), and the Thermotron® SE-3000 
environmental chamber (Thermotron® is a registered trademark 
of  Thermotron Industries, Holland, Michigan, USA). In addition, 
a Fluke® 101 digital multimeter (Fluke® is a registered trademark 
of  Fluke Corporation, Everett, Washington, USA), and a Citizen® 
CY204 laboratory balance scale (Citizen® is a registered trademark 
of  Citizen Holdings Co., Ltd., Nishi-Tokyo, Tokyo, Japan) were 
used for measuring the resistance and weight of  the test coupons. 
Furthermore, a Keithley 6517A Electrometer (Solon, Ohio, USA) 
was used for measuring the high resistances of  the “comb pattern” 

test coupons. 
In functional test, the temperature sensor was characterized for 

various temperatures by placing the CFS and the thermometer 
inside the environmental chamber, as shown in Fig. 4. The sensor 
responses were recorded against the highly accurate Traceable® 
thermometer (±0.1 °C) to calibrate the sensor across different 
relative humidity levels, ranging from 20% RH to 80% RH, in steps 
of  20%.

Figure 4: Experiment setup for the sensor calibration.

In order to test the moisture and insulation resistance, the CFS 
and PFS “comb pattern” test coupons with and without encapsulant 
coating were initially crimped with connecting wires. Following 
this, the test coupons were placed inside the chamber, and a bias 
voltage of  10 VDC was applied to the test coupons. The chamber 
temperature was then varied from 25 °C to 65 °C while maintaining 
a relative humidity of  90% RH for 20 cycles. Each temperature 
ramp (increased from 25 °C to 65 °C and decreased from 65 °C to 
25 °C) was programmed to run for time duration of  2.5 hours while 
the temperature of  65 °C was maintained for 3 hours. Hence, the 
completion of  20 cycles of  moisture and insulation resistance tests 
required a total duration of  160 hours.

To investigate the corrosion effect, the CFS and PFS “comb 
pattern” and “meander line” test coupons were placed inside a pail 
and exposed to a corrosion material under a controlled temperature 
and humidity environment, as depicted in Fig. 5. Sulfur (S) powder 
and saturated potassium nitrate (KNO3) solution were used to 
provide the corrosion exposure and constant relative humidity, 
respectively. A 40 mm × 10 mm blower fan from Anvision® 
(a registered trademark of  Anvision Technology (Beijing) Co., 
Ltd. Beijing, China) was used to circulate air inside the pail. The 
pail setup was placed inside the environmental chamber and its 
temperature and relative humidity were set to 60 °C and 80% RH, 
respectively. 
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Figure 5: Experiment setup for the corrosion test.

Mechanical Tests
The mechanical testing sequence commenced with a durability 

test. Elongation, bending, terminal bond strength, and peel 
resistance were subsequently investigated as per the IPC-TM-650 
2.4.18.1; IPC-TM-650, 2431-1; IPC-TM-650, 2.4.20; and ASTM 
D1876 standards, respectively. Mechanical tests were performed by 
using an Instron® 4301 tester and a Mark-10® ESM301 motorized 
test stand integrated with a force gauge machine (Instron® and 
Mark-10® are registered trademarks of  Instron Corporation, based 
in Norwood, Massachusetts, and Mark-10 Corporation, located in 
Copiague, New York, respectively). A GW Instek   6100 precision 
LCR meter (New Taipei City, Taiwan) and a C# custom-developed 
software were used for recording the resistance variations. 

In durability test, the effect of  opening and closing the container 
lid on the interconnect of  the CFS and PFS prototypes was 
examined. This investigation aimed to comprehend the durability of  
the copper and silver traces within the interconnect. The CFS and 
PFS prototypes with and without encapsulant coating was attached 
to the M2A2 container and connected to a GW Instek   6100 
precision LCR meter (Fig. 6(a)). The CFS and PFS systems were on 
the front side/exterior of  the container and the interconnect was 
bent over the lip of  the container and attached to the interior wall 
of  the container (Fig. 6(b)). After that, the lid of  the container was 
opened and closed 30 times and the effect of  the stress/damage 
that occurs on the interconnect was investigated by recording the 
resistance across the interconnect (Fig. 6(c)).

Figure 6: Durability test: (a) experiment setup, (b) inside and outside 
view of the container with PFS test coupon, (c) opening and closing 
the container lid.

Elongation test was performed using CFS and PFS “dogbone” 
test coupons, as per the IPC-TM-650 2.4.18.1, shown in Fig. 7(i)
(a) and (b). The specimen was loaded between the clamps of  an 
Instron® 4301 tensile tester, and the clamps were programmed to 
elongate the coupon at a speed rate of  0.5 mm/min [Fig. 7(i)(a)]. 
As the clamp elongated the test coupon, the copper or silver traces 
along with polyimide film were subjected to strain, which in turn 
created fracture leading to the tearing of  the coupon [Fig. 7(i)(b)]. 
Elongation test was employed to extract the Young’s modulus (E), 
which quantifies a material’s stiffness, and is expressed as the ratio 
of  stress (σ) to strain (ε). Young’s modulus can be computed using 
Eq. (1):

Where, stress is the force (F) applied per unit area (A) and can be 
calculated using Eq. (2):

The area (A) is determined by multiplying the thickness and width 
of  the specimen, measured in square meters (m²). Stress is typically 
measured in Newtons per square meter (N/m²), also known as 
Pascals (Pa). Strain is a measure of  deformation, representing the 
displacement between particles in the material. Strain is calculated 
as the change in length (ΔL) divided by the original length (L0) using 
Eq. (3):
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In bending test, the “meander line” test coupon was mounted 
between the moving and stationary clamps of  a Mark-10® test 
stand and the force gauge as shown in Fig. 7(ii)(c). The bonded 
wires of  the test coupon were connected to a GW Instek 6100 
precision LCR meter and a custom developed software was used 
for recording the resistance variations across the conductive traces 
during the 100-cycle bend tests [Fig. 7(ii)(d)]. The “meander line” 
test coupon was then subjected to a cyclic bend test, where copper 
and conductive printed silver traces on the specimen were bonded 
to wires (using crimp connectors) and subjected to a 180° bend test 
which is repeated for 100 cycles. 

Figure 7: (i) Elongation test: (a) dogbone test coupon placed between 
the tensile tester clamps, and (b) fracture on test coupon; (ii) bend 
test: (c) meander line test coupon subjected to bending, and (d) 
experiment setup for bending test.

In terminal bond strength test, the terminal pad on the PCB 
was bonded to a wire with length of  5 cm using a traditional 60W 
soldering device and an Alpha Fry rosin core solder wire (tin/lead 
-60/40) (Elizabeth, New Jersey, USA) [Fig. 8(i)(a)]. The sample was 
placed on the Mark-10® test stand and the free end of  the bonded 
wire was attached to the vertically movable clamp. The bonded wire 
was pulled at a rate of  50 mm/min with the movable clamp and the 
force required to remove/detach the wire was recorded using the 
force gauge of  the Mark-10® test stand [Fig. 8(i)(b)]. 

Peel test was performed to investigate the adhesion strength of  
the double-sided adhesive tape used for attaching the CFS/PFS to 
the enclosure and subsequently to the container, as shown in Fig. 
8(ii)(c) and (d). This was completed in accordance with the ASTM 
D1876 standard, by attaching a 127 mm long 3M® VHB 5907 
adhesive tape to the ammunition container. The container was cut 
into small strips, enabling the uniform attachment/detachment of  
the adhesive to/from the container. The ammunition container 

strips were held between two static clamps; while the adhesive 
attached to the container was held between two vertically movable 
clamps of  the Instron® 4301 tester via a polyimide film, as shown 
in Fig. 8(ii)(c). The clamps holding the Kapton® film attached to 
the adhesive were programmed to move vertically at a rate of  254 
mm/min and the corresponding forces required to peel off  the 
adhesive were recorded by the tester. A similar test was repeated by 
replacing the polyimide film with the ABS pieces (Note: ABS was 
used to make the enclosure) [Fig. 8(ii)(d)]. 

Figure 8: (i) Terminal bond strength test: (a) soldering on terminal 
pad, and (b) soldered wire attached to the movable clamp; (ii) peel 
test: ammunition container strips with adhesive and (c) Kapton®, and 
(d) ABS placed between the Instron® 4301 tester clamps and peeling 
off the adhesive from the container.

RESULTS AND DISCUSSION
Surface Morphology

In this characterization, a thickness of  10.50 ± 0.10 µm and 
roughness of  1.48 ± 0.03 µm was measured for the printed samples, 
as shown in Fig. 9(a) and (b), respectively. From the SEM image 
shown in Fig. 9(c), it is evident that the silver film is homogeneously 
printed, and the silver flakes are uniformly spread without any 
cracks. The cross-sectional view of  the printed film with encapsulant 
clearly shows the uniform deposition of  encapsulant (with thickness 
of  48.60 ± 0.30 µm) on the printed film (Fig. 9(d)). 
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Figure 9: Surface morphological characterization of PFS: (a) 
thickness, and (b) roughness, (c) high magnification SEM image of 
printed silver and (d) cross-sectional SEM image of encapsulant on 
printed traces of Kapton®.

Environmental Tests
During the functional test to evaluate the performance of  the 

sensor, the temperature of  the chamber was continuously increased 
stepwise from -20 °C to 60 °C (in steps of  2 °C and step time of  
15 minutes) and responses of  the thermometer and the sensor 
response were recorded. As shown in Fig. 10, the sensor response 
was matched with the thermometer and is linear from -20 °C to 
60 °C, with a correlation factor of  almost unity. This calibration 
graphs and its equations were used in the programming code of  the 
MCU to calibrate the response read by the temperature sensor for 
different humidity ranges to increase the accuracy.

Figure 10: Calibration curve and equations in different RH%.

The effect of  humidity on the sensor performance was 
investigated by varying RH levels from 20% RH to 80% RH, in 
steps of  20%. Initially, at 20% RH step, the temperature of  the 
chamber was increased from -20 °C to 60 °C, and then decreased 
to -20 °C, in steps of  2 °C, with a step time of  15 minutes (Fig. 
S4). The responses of  the temperature and humidity sensor (ST), 

thermometer (TT) and chamber (CT) were recorded. This same 
temperature sweep was repeated at different relative humidity 
levels (40% RH, 60% RH, and 80% RH), and the temperature 
and humidity responses were recorded. It was observed that 
temperature and humidity sensor clearly follow the temperature and 
humidity variations in the chamber.

In moisture and insulation resistance test, the resistance of  the 
PFS and CFS samples with and without encapsulant coating was 
measured every 24 hours and was found to be stable at ≈ 18 MΩ 
for coated CFS (Fig. 11(a)), coated and uncoated PFS test coupons 
(Fig. 11(b)) which is also reported in our previous work [21]. On 
the other hand, CFS test coupons without solder mask experienced 
resistance shift (Fig. 11(a)) and permanent change in color that can 
be attributed to the oxidation of  copper [Fig. 11(c) and (d)]. This 
clearly shows that coating layer plays a significant role to protect 
the copper from oxidation while printed silver layer has not been 
affected by the moisture and temperature variations.

Figure 11: Moisture and insulation resistance test: (a) CFS resistance 
response, (b) PFS resistance response, (c) CFS comb pattern test 
coupons with and without solder mask, and (d) color change of CFS 
after IPA cleaning.

After the completion of  the corrosion test, the “meander line” 
test coupons’ weight change was measured as 0.35 ± 0.03% after 
72 hours for both coated CFS and uncoated CFS samples (Fig. 
12(a)). Similarly, the PFS samples covered with a polyimide tape 
(from Bertech® company) exhibited a maximum weight change 
of  0.33 ±IPC 0.02% whereas PFS samples uncoated and coated 
with Chemtronics® CTFC-12 exhibited a weight change of  0.95 
+ 0.27% (Fig. 12(b)). The maximum relative resistance changes of  
“meander line” test coupons’ was measured as ≈ 0% for coated 
CFS, uncoated CFS, and coated PFS with a polyimide tape, while it 
was measured as 367.75 ± 32.35% for uncoated PFS. The maximum 
relative weight change of  the CFS “comb pattern” test coupons’ 
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after 144 hours was measured as 0.26 ± 0.03% and 0.34 ± 0.07% 
for coated and uncoated samples, respectively. Similarly, the weight 
change was measured as 0.37 ± 0.10% and 0.83 ± 0.04% for the 
samples coated with Chemtronics® CTFC-12 and uncoated PFS 
“comb pattern” test coupons, respectively. This clearly indicates 
that the CFS samples (both coated and uncoated) and coated PFS 
samples were not affected by sulfur vapors or high humidity and 
temperature, and resisted against corrosion unlike uncoated PFS 
samples. The microscopic images of  the CFS and PFS samples 
are shown in Fig. S5. No visible corrosion was observed on the 
copper traces of  both coated and uncoated samples ((Fig. S5(a) 
and (b)). Although the uncoated PFS samples exhibited corrosion 
(as depicted in Fig. S5(c)), those coated with polyimide remained 
unaffected by corrosion [illustrated in Figure S5(d) and (e)]. In 
addition, pictures show that polyimide has provided a better 
protection against corrosion when compared to Chemtronics® 
CTFC-12 spray coat (Fig. S5(e)).

Figure 12: Corrosion test, meander line test coupons’ weight change: 
(a) CFS, and (b) PFS.

Mechanical Tests
In durability test, the lid of  the container was opened and closed 

30 times (Fig. 13(a)) resulted in an average resistance change of  
0.16 ± 0.08% and 0.13 ± 0.05% for the coated and uncoated CFS 
samples (Fig. 13(b)). This clearly shows a very minimal impact on 
the interconnect lines of  CFS.

Similarly, a PFS resistance change of  3 ± 0.35% and 24 ± 
1.85% was measured for the prototypes that were coated with 
Chemtronics® CTFC-12, as well as for the uncoated samples, 
respectively, when opening and closing the lid after 30 cycles (Fig. 
13(c)). The average resistance change clearly shows that there is 
very minimal impact of  the container lid on the interconnect lines 
coated with encapsulant when compared to uncoated samples. 
Similar results were observed when examining the coated and 
uncoated samples using microscopic and SEM images. As shown in 
Fig. S6(a) and (b), the microscopic images of  coated sample clearly 
show that there was no visible damage to the silver traces under 
the encapsulant and silver nanoflakes were strongly attached to the 
polyimide substrate even after the test. However, the microscopic 
and SEM images of  the uncoated samples clearly indicate the 
damage sustained by the printed traces and detachment of  silver 
nanoflakes from the polyimide substrate [Fig. S6(c) and (d)]. High 
magnification images (Fig. S6(d)) revealed the impressions of  the 
container on the silver nanoflakes of  the areas where the silver 
particles were partially detached.

Figure 13: (a) 30 cycles opening and closing the container lid, 
resistance changes of the (b) CFS, and (c) PFS while opening and 
closing the container lid.

In elongation test, the stress versus strain graphs for CFS and 
elongated samples with encapsulant coating layer are shown in 
[Fig. 14(a) and (b)]. In each test, the test coupon was elongated 
until it breaks, and the force required to break/tear the test coupon 
was recorded. An average stress of  121.10 ± 1.20 MPa and 83.40 
± 2.30 MPa was measured to break/tear the CFS and PFS test 
coupons respectively. Furthermore, a Young’s modulus of  7.17 
GPa and 2.6 GPa was calculated from linear the region of  the 
stress-strain characteristic curves of  CFS and PFS test coupons, 
respectively. In addition, the results of  PFS samples with and 
without Chemtronics® CTFC-12 did not exhibit a meaningful 
difference between the stress-strain curves of  the coated and 
uncoated layers.

Figure 14: Elongation test: stress-strain curves of (a) CFS, and (b) 
PFS.



SMTA Journal Volume 37 Issue 2, 2024

14 Panahi, et al.

In bending test, during each cycle, both CFS and PFS samples 
demonstrated minimal average resistance changes, with CFS 
showing a change of  approximately 0% when transitioning from 
an idle to a bend status, and PFS registering a slight 0.1% change 
under similar conditions. Furthermore, after subjecting the systems 
to 100 cycles, equivalent to 28 minutes for both CFS and PFS, the 
resistance response exhibited different behaviors. As shown in 
Fig. 15(i)(a), CFS maintained a nearly stable response, exhibiting 
an approximate 2.3% drift between the initial and final cycles. In 
contrast, PFS sample showed a noticeable increase in resistance, 
measuring an approximately 6% drift over the same period [Fig. 
15(i)(b)]. In addition, SEM micrographs of  the printed sample 
before and after bend test were obtained and are shown in Fig. 15(ii)
(c) and (d), respectively.

Figure 15: Bend test: (i) resistance response of the test coupon 
subjected to 180° bend: (a) CFS, and (b) PFS; (ii) SEM micrographs 
of printed test coupon (c) before bending, and (d) subjected to 180° 
bend.

In terminal bond strength test, the soldered wire broke/detached 
from the terminal pad when an average force of  43 N and 3.8 N 
was applied to CFS and PFS samples, respectively [Fig. 16(i)(a) and 
(b)]. 

Figure 16: Terminal bond strength test: (i) force required to peel off 
the wire from (a) CFS, and (b) PFS; (ii) peel test: force required to 
peel off (c) Kapton®, and (d) ABS from ammunition container stripes 
with adhesive.

In peel test, shown in Fig. 16(ii)(c), an average force of  25 N 
was required to completely remove the adhesive and polyimide 
from the container. This force corresponds to the peeling-off  of  
the temperature sensor on the polyimide interconnect attached 
to the inside of  the ammunition container. Figure 16(ii)(d) shows 
the direction and average of  force (750 N) that was required to 
completely remove the ABS with adhesive from the ammunition 
container and this force corresponds to peeling off  the enclosure 
attached to the outside of  the container. 

The environmental and mechanical characterizations as well as 
reliability tests on both the CFS and PFS were performed based 
on IPC-TM-650 and ASTM test standards and is summarized in 
Table 1.



SMTA Journal Volume 37 Issue 2, 2024

15Panahi, et al.

CONCLUSION
This paper introduces a novel FHE-based solution for continuous 

monitoring of  temperature inside a sealed storage container. 
Mechanical characterizations, including the durability and terminal 
bond strength tests were conducted, revealing that the CFS version 
exhibits superior reliability compared to the PFS. In addition, the 
elongation tests show a lower Young’s Modulus of  PFS which is 
desirable to obtain higher flexibility when compared to the CFS 
version. Both CFS and PFS with encapsulation layer performed 
similarly in the moisture and insulation resistance test, bending, 
corrosion, and peel tests. This clearly shows that PFS can perform 
similar to the CFS if  the terminal bond strength (which depends 
on the solder paste adhesion with the silver ink on the terminal 
pad) can be improved by identifying the appropriate solder paste. 
Overall, the PFS system provides a cost-effective solution, with 
a total cost of  under $20, for monitoring temperature within a 
DoD-relevant ammunition container. Future work will concentrate 
on characterizing the humidity sensing capability of  the developed 
CFS and PFS across relative humidity changes, ranging from 10% 
RH to 90% RH.
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ABSTRACT
The Intermetallic compounds (IMC) or intermediate phases 

are formed between two or more metallic elements in many metal 
alloy systems. During soldering, an IMC is formed at the soldered 
interface as the molten solder reacts with an element in the substrate. 
IMCs also can form within the bulk solder as the joint solidifies. 
IMCs have critical roles in the solder joint quality and reliability. 
Unlike most metal alloys, an intermetallic compound typically has a 
fixed stoichiometry and is in variance with the conventional phases 
or constituents in the metal system (e.g., alpha and beta). IMCs have 
a different crystal structure than any of  its constituents and some 
but never all the characteristics and properties of  its constituents. 
Ductility is an important solder joint property, and the low intrinsic 
ductility of  IMCs is associated with brittle behavior and reliability 
risk in service. However, a review of  published solder field failures 
shows little evidence that IMC properties or IMC evolution under 
service conditions reduce solder joint reliability. Most IMC-induced 
solder joint failures are found to result from incorrect material 
specification or uncontrolled soldering processes. This paper 
describes the IMCs that occur typically in eutectic, Sn63Pb37 
solder and near-eutectic SAC305 or other tin-based Pb-free solder 
alloys, including how they impact solder joint reliability. The paper 
also describes the potential impact of  IMCs on the solder joint 
reliability for the newest generation of  Pb-free high-performance 
solder alloys. 

Key Words: Intermetallic Compound (IMC), tin/lead solder, Pb-
free solder

INTRODUCTION
In soldering, an IMC is formed by the reaction of  the molten 

solder with the substrate and is a critical element in solder joint 
reliability. The thickness of  this metallurgical bond increases with 

the time the molten solder is in contact with the substrate being 
soldered. Tin based solder alloys form an IMC thickness that is 
typically 1-3 µm for most soldering processes used in the printed 
circuit assembly processes [1]. The IMC thickness increases as the 
solder joint ages in the solder state. The physical properties of  
IMCs are typically quite different than the solder and substrate 
materials. In general IMCs are stronger and have lower ductility (aka 
being more brittle) which can have an effect on the overall solder 
joint reliability. Excessive IMC thickness due to incorrect or out of  
control soldering processes can become a crack initiation region 
during the deformation of  a solder joint. Although solder alloys 
are regarded as ductile materials, they can exhibit brittle physical 
properties under certain conditions. Figure 1 illustrates how a 
variety of  solder alloys all undergo have ductile to brittle behavior 
with decreasing temperature. IMC phases can also be found in the 
solder microstructure matrix where they can affect the solder joint 
microstructure and properties.

Figure 1: Solder Alloy Ductile to Brittle Behavior [2] 
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IMCS IN SNPB SOLDER ALLOYS
Copper is one of  the most widely used substrate surfaces used in 

the formation of  solder joints. The identification of  specific IMC 
phases is accomplished using phase diagrams. In tin-based solder 
alloys, two IMCs are formed - Cu6Sn5 and Cu3Sn (shown in Figure 2 
as η′ phase and γ phase respectively). The Cu6Sn5 IMC forms during 
the initial formation of  the solder joint. The Cu3Sn IMC phase 
forms over time as the Cu6Sn5 IMC phase creates a diffusion barrier 
slowing the movement of  the copper atoms. Figure 3 illustrates 
both the Cu6Sn5 and Cu3Sn IMC phases after solder joint formation 
and thermal cycling. The Cu6Sn5 IMC phase is also commonly 
found in the solder joint microstructure formed during the solder 
joint formation (Figure 4). The IMC thickness formed in most 
soldering processes is between 1and 3 µm [1]. 

Figure 2: Copper Tin Phase Diagram [3, 4]

Figure 3: Copper Tin IMC Phases in SnPb Solder [5] 

Figure 4: Large Cu6Sn5 IMC Phase Needles Observed in a SnPb 
Solder Joint [6]

The use of  nickel as a solderable substrate in Sn based solder 
alloys, primarily found with the use of  electroless nickel/immersion 
gold (ENIG) printed circuit board finishes and in ball grid array 
(BGA) pad surface finishes, results in the formation of  Ni3Sn4 
IMC phase (Figure 5). Figure 6 illustrates the Ni3Sn4 IMC phase at 
the solder joint/substrate interface. 
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Figure 5: Tin Nickel Phase Diagram [3,4]

Figure 6: Ni3Sn4 IMC Phase at the Solder Joint/Substrate Interface 
(Photo courtesy of Terry Munson, Foresite)

IMC PHASES IN SAC SOLDER ALLOYS
The Sn-based SAC alloys form the same copper IMC phases 

(Cu6Sn5, Cu3Sn) as discussed in the SnPb solder alloy section. 
Hodulova et.al. [7], using thermal aging processing post soldering, 
determined that the Cu6Sn5 phase formed during the soldering 

process and the Cu3Sn phase formed during thermal aging. The 
Cu3Sn phase thickness was limited by the Cu6Sn5 phase acting as a 
diffusion inhibitor. The copper IMC phases growth and thicknesses 
are sensitive to the higher copper concentrations found in the Sn-
based SAC alloys. 

In addition to the copper and nickel-based IMC phases discussed, 
the Sn-based, SAC alloys have silver-tin IMC phases too, since they 
utilize Ag as a primary constituent element addition. The tin/silver 
phase diagram (Figure 7) shows solubility of  Ag in Sn of  less than 
0.1 wt. % up to 200°C (Ag3Sn IMC indicated as ζ phase). During 
solidification of  SAC solders, the Ag and Sn react to form networks 
of  Ag3Sn precipitates at the primary Sn dendrite boundaries (Figure 
8). 

Figure 7: Silver/Tin Phase Diagram [3,4]

Figure 8: Backscattered scanning electron micrographs illustrating 
Ag3Sn IMC Phase in SAC305: As Solidified (left), After Thermal 
Cycling [8]
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Gold IMC In SnPb and SAC Solder Alloys
Gold plating is used as a solderable surface finish for both 

components and printed circuit boards in the electronics industry 
for decades. Gold is primarily plated over nickel, to prevent the 
formation of  nickel oxide which has extremely poor solderability 
characteristics. Gold surface finish plating provides three distinct 
attributes: (1) gold is an excellent electrical contact surface due to 
its low electrical resistance and good solderability, (2) gold does 
not form an oxide layer which leads to maintenance of  excellent 
solderability during storage, and therefore is often considered the 
optimal surface finish for printed circuit board and components 
in long-term storage, and (3) gold is used as a sacrificial surface 
finish rather than a primary solder finish, as it dissolves into the 
solder leaving behind a pristine surface of  the underlying nickel 
layer to which the solder wets to and reacts, forming a solder-nickel 
interface in the solder joint. Figure 9 depicts the tin/gold phase 
diagram shows solubility of  Au in Sn of  less than 0.3 wt. % from 
room temperature to 200°C.

Figure 9: Gold/Tin Phase Diagram [3,4]

Bader documented the dissolution rate of  gold into a 60Sn40Pb 
solder alloy recording a dissolution rate of  approximately 1 µm/
second at 200°C [9]. Hillman et al. documented the dissolution 
rate of  gold in SAC305 solder of  approximately 6 µm/second at 
250°C [10]. Figure 10 and Figure 11 show the differences of  gold 
dissolution rate compared with other metals in SnPb and SAC305 
solder alloys. The high solubility and fast dissolution rates of  gold 
in molten solder make it well suited as a sacrificial surface finish for 
both SnPb and Pb-free soldering processes. 

Figure 10: Dissolution Rates of Various Elements in 60Sn40Pb Solder 
[9]

Figure 11: Dissolution Rates of Various Elements in SAC305 Solder 
compared with Cu dissolution into SnPb [10] Note that the vertical 
scale (dissolution rate) is a log scale 

The AuSn4 IMC phase forms as high-aspect ratio platelets in 
solder joints. Figure 12 illustrates the AuSn4 morphology as a platelet 
structure in a SnPb solder joint. When the gold concentration in the 
solder joint exceeds approximately 3-5% by weight, the elongated 
platelets form and influence the solder joint reliability. Figure 13 is a 
scanning electron microscopy image showing AuSn4 IMC platelets. 
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Figure 12: Optical photomicrograph of a solder joint containing AuSn4 
IMC phase (white platelets). Upper left, as polished, Upper right, 
Carapella’s reagent, Lower center - higher magnification of etched 
sample (Photos courtesy of Collins Aerospace).
 

Figure 13: Scanning electron microscopy image of etched Sn-Pb 
solder joint containing AuSn4 IMC platelets (Photo courtesy of Collins 
Aerospace)

The origin of  the 3-5wt% Au limit comes from Bester who 
conducted IZOD impact testing demonstrating the effect of  
the amount of  gold/tin intermetallic phase on the solder joint 
integrity as a function of  the gold content of  the solder joint up 
to 10 wt.% Au [11]. As shown in Figure 14, Bester’s test results 
show a pronounced IZOD test data impact, with compositions 
less than approximately 4 wt.% Au content show a small drop in 
performance but with a pronounced drop in performance at 5wt% 
Au. These results demonstrated that a small fraction of  AuSn4 
platelets in the solder joint microstructures (below 3-4wt% Au) do 
not degrade the solder joint integrity as measured by impact testing. 
Solder joint integrity degrades in the 3- 5wt% Au range. 

Figure 14: Bester’s IZOD impact test data as a function of gold 
concentration [11]

Palladium IMC In SnPb and SAC Solder Alloys
Palladium and tin form a brittle intermetallic phase in both SnPb 

and SAC solder alloys, PdSn4, which causes the degradation of  
solder joint integrity in a similar mode as gold/tin IMC phases. 
The PdSn4 phase forms as platelets in the solder joint when the 
palladium concentration in the solder joint exceeds approximately 
0.3%-1.0% by weight (Figure 15). The primary difference between 
palladium and gold is the diffusion rate into molten solder. As 
shown in Figure 11, the dissolution rate of  palladium is orders 
of  magnitude slower than gold and can potentially result in an 
increased risk of  embrittlement. Industry investigations [12, 13, 14] 
have reported the formation of  the brittle PdSn4 intermetallic phase 
for palladium plating thicknesses in the 20-30 microinch range. 
Palladium finishes with thicknesses less than 20 micro inches have 
been shown not impact solder joint thermal cycle integrity [12, 15].
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Figure 15: Palladium/Tin Phase Diagram [3,4]

IMCS IN GENERATION 3 LEAD-FREE SOLDER ALLOYS

Metallurgical Considerations 
The addition of  Ag strengthens Sn and improves the creep 

resistance of  the SAC solder by precipitation hardening as illustrated 
in Figure 8. The addition of  other alloying elements can improve the 
creep resistance of  the solder by means of  two other well-known 
metallurgical strengthening mechanisms, solid solution hardening 
and dispersion hardening. The introduction of  solute atoms into 
solid solution of  a solvent-atom lattice invariably produces an 
alloy that is stronger than the pure metal [16]. Figure 16 shows 
a simplified schematic illustration of  substitutional solid solution 
strengthening. Substitutional or interstitial solute atoms strain the 
lattice and dislocation movement, or deformation is inhibited by 
interaction between dislocations and solute atoms incorporated into 
the β-Sn lattice. 

Figure 16: A simple schematic illustrating lattice distortion due to 
substitutional solute atoms. 

If  solute atoms precipitate from solution during thermal 
excursions in service, the solder alloy may strengthen subsequently 
due to dispersion hardening. Dispersion strengthening occurs when 
insoluble particles are finely dispersed in a metal matrix. Typical 
dispersion strengthened alloys employ an insoluble, incoherent 
second phase that is thermally stable over a large temperature 
range (Figure 17) [17]. For Sn-based solder alloys, the strength 
would be derived from a combination of  increased solid solution 
strengthening at higher temperatures due to increased solubility, and 
dispersion strengthening that would supplement the solid solution 
effect at lower temperatures where solubility has decreased. 

 

Figure 17: A simple schematic illustrating solid solution (left) and 
dispersion strengthening (right). 

The development of  Innolot provides evidence that substitutional 
solid solution strengthening can improve resistance to creep and 
fatigue at higher temperatures in Sn- based, Pb-free solders [18]. 
The current working hypothesis is that solid solution and dispersion 
strengthening not only supplement the Ag3Sn precipitate hardening 
found in SAC solders but continue to be effective once precipitate 
coarsening reduces the effectiveness of  the intermetallic Ag3Sn 
precipitates [19]. 

The elements proposed most for improving elevated temperature 
properties in Sn-based, third generation solders are Bi, Sb and In. 
Bi and In, when used as a major alloying elements, also reduce the 
melting point of  most solder alloy formulations, while the addition 
of  Sb tends to increase the melting point [20]. These modified 
SAC alloys are off-eutectic compositions and are characterized by 
non-equilibrium solidification and often significant melting ranges 
[21-23]. 

Antimony (Sb) Additions to Tin (Sn) 
The binary Sn-Sb phase diagram in Figure 18 shows solubility of  

Sb in Sn of  approximately 0.5 wt. % at room temperature to 1.5 
wt. % at 125°C. Thus, some contribution is expected from solid 
solution strengthening due to Sb dissolved in Sn-based Pb-free 
solders [18]. 
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Figure 18: The Sn-Sb binary phase diagram [3,4]

Alloying with Sb may improve performance through other 
strengthening mechanisms. Studies by Li et al show that Sb slows 
the growth rate of  Cu6Sn5 intermetallic compound (IMC) layers at 
attachment interfaces [24, 25]. Fast interfacial IMC growth on Cu 
surfaces tends to produce irregular and non-uniform IMC layers. 
This can lead to reduced mechanical reliability by inducing fractures 
at IMC interfaces or through the IMC in drop/shock loading [26]. 

Figure 18 also shows that Sb has the potential to form multiple 
different intermediate phases or IMCs with Sn (Sb2Sn3, SbSn, 
Sb4Sn3, Sb5Sn4, and SbSn2) in the bulk solder. Lu et al [27] and 
El-Daly et al [28] identified SnSb intermediate phase precipitates 
<5μm in size and distributed throughout the Sn dendrites. Beyer et 
al show that Sn5Sb and Sn8Sb alloys have increased shear strength 
and ductility compared to conventional SAC solders and maintain 
their shear strength with good ductility after isothermal aging [29]. 
El-Daly suggests Sb also can improve creep performance and 
tensile strength [30]. In this case, the SbSn precipitates form within 
the Sn dendrites, unlike the well-known SAC Ag3Sn mechanism, 
where the precipitates form at the Sn dendrite boundaries. The 
SbSn precipitates work to resist recrystallization by strengthening 
the Sn dendrites [16]. 

Indium (In) Additions to Tin (Sn) 
The binary Sn-In phase diagram in shown in Figure 19. While 

there is disagreement over the solid solubility of  In in Sn, a 
reasonable estimate is ~7 wt. % at room temperature and as much 
as 12 wt. % at 125°C [3,4]. Because of  its range of  solubility in Sn, 
In has been explored as a solid solution strengthening agent in Sn-
based Pb-free solders [31-32]. The equilibrium diagram shows that 

In forms two intermediate phases (β and γ) of  variable composition 
with Sn [3,4] but does not appear to form any true stoichiometric 
compounds with Sn. 

 

Figure 19: The In-Sn binary phase diagram [3,4]

Results from multiple solder alloy studies indicate that In 
additions can improve drop and shock resistance by slowing the 
growth of  interfacial IMC layers. Yu et al report improved drop [33] 
and thermal shock [34] performance by adding as little as 0.4% In, 
and Amagai et al report improved drop performance at or below 
0.5 % In [35]. Hodúlová et al In slows growth of  Cu3Sn and that 
a hybrid IMC phase Cu6(Sn, In)5 forms [36]. Sharif  also observed 
the formation of  the Cu6(Sn, In)5 IMC as well as formation of  (Cu, 
Ni)3(Sn, In)4 on Ni substrates [37], and these IMCs also could be 
found in the bulk as well as the interfaces. In these hybrid IMCs, 
In substitutes for Sn which fundamentally is different than the 
common modified IMCs (Cu, Ni)6Sn5 or the (Ni, Cu)3Sn4 where Cu 
and Ni exchange. 

Other reactions can occur when In is added to SAC-based 
solders, and this complicates the ability to understand the effect of  
In content on solder joint reliability. In a study by Chantaramanee 
et al additions of  0.5% In or Sb in combination with In was found 
to promote formation of  Ag3(Sn, In) and SnSb [38]. They reported 
that small precipitates reduced the Sn dendrite size by 28%, but 
they were unable to determine the relative influence of  In versus 
Sb on this reaction. With alloys containing In of  the order of  10 
%, Sopoušek et al found that some of  the Ag3Sn transforms to 
Ag2(Sn, In) and Ag2Sn [39]. These observations are consistent with 
the Ag-Sn binary phase diagram that shows Ag3In, Ag2In, and AgIn2 
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[17]. Wang et al reported that an addition of  1% In caused larger or 
coarser Ag3Sn precipitates [40]. This is an interesting observation, 
since Ag3Sn precipitate coarsening (larger precipitates at time zero) 
could reduce thermal cycling reliability. In principle there is a large 
solid solubility of  In in Sn, but the effective In content in a SAC-
based solder may be diminished by interactions with other elements 
to form multiple phases. 

It is noteworthy that many of  the studies were conducted using 
laboratory bulk solder samples with microstructures that are likely 
to be atypical of  microelectronic solder joints. Some of  the studies 
also included more than one significant alloy addition [e.g., 38], 
which makes it difficult to isolate effects due to individual alloying 
elements. The work by Wada et al [31,32], while it includes tensile 
testing with comparatively large, bulk samples, also includes thermal 
cycling and drop testing with surface mount components. Their 
microstructural analysis included X-ray diffraction and they found 
InSn4, In4Ag9, Ag3(Sn, In), and possibly αSn in addition to βSn. 
Wada concluded that the optimum ductility and reliability was 
achieved with an In content of  6 wt. %. 

Bismuth (Bi) Additions to Tin (Sn) 
The binary Sn-Bi phase diagram in shown in Figure 20. The 

solubility of  Bi in Sn is approximately 1.5 wt. % at room temperature 
and increases to almost 7 wt. % at 100°C room temperature, and 
as much as 15 wt. % at 125°C [3,4]. There is almost no solubility 
of  Sn in Bi, and no intermediate phases or IMC are found in the 
Sn-Bi system. 

 

Figure 20: The Sn-Bi binary phase diagram [3,4]

Multiple studies have shown that Bi improves the mechanical 
properties of  Sn and SAC solders [41, 18, 19, 42-54]. Vianco [42,43] 
and Witkin [46, 50-52] have done extensive mechanical testing 
and microstructural analysis and discuss the dual strengthening 
mechanisms of  Bi in solid solution and Bi precipitated within Sn 
dendrites and at Sn boundaries. Recently, Delhaise et al [53] reported 
results from their study of  the effects of  thermal preconditioning 
(aging) on microstructure and property improvement in an alloy 
containing 6 wt. % Bi. They suggest that strain from Bi precipitation 
induces recrystallization and an increase in the amount of  Sn grain 
boundaries which in turn, are pinned by the Bi precipitates at those 

boundaries. These microstructural features work in conjunction 
with Bi in solid solution to resist creep deformation. 

The results from the fundamental studies by Vianco [42,43] 
and Witkin [46, 50, 51] leave no doubt that Bi additions can have 
a positive effect on the physical properties of  Sn and Sn-based 
solder alloys. However, those studies used cast, bulk alloy samples 
and it is debatable if  those results can be scaled effectively to 
smaller, microelectronic solder joints. Nishimura et al for example, 
recommend a maximum Bi content of  only 1.5 wt. % (Figure 21a) 
because of  the uncertainly that the alloying effect will be sustained 
as the microstructure evolves in response to the thermal cycling in 
normal service [48]. Delhaise has shown that the Bi distribution and 
microstructure depend on solidification conditions and subsequent 
thermal exposure, which determine the relative contributions of  Bi 
to solid solution and dispersion strengthening (Figure 21b). 

 

Figure 21: Emphasis on the Sn-rich regions of the Sn-Bi binary phase 
diagram showing: a) Factors to consider when for optimizing the 
Bi level, courtesy, K. Sweatman [54], and b) Microstructures shown 
schematically for solid solution (upper) and dispersion strengthening 
(lower) with the 6 wt. % Bi alloy (Violet), from Delhaise [53].
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Furthermore, it is possible that adding enough Bi to take 
advantage of  the Bi solubility limit at higher temperatures may 
have a negative effect because Bi does not always precipitate 
homogeneously. Clustering of  Bi is known to occur [53] and in 
the extreme case, stratification or segregation may induce brittle 
behavior [55,56]. The current experimental test plan offers the 
opportunity to explore the stability of  the Bi content in the 6 wt. 
% Bi alloy (Violet) alloy using thermal cycling at upper temperature 
extremes of  100 °C and 125 °C. 

These intermetallic precipitates are recognized as the primary 
strengthening mechanism in SAC solders [57, 58, 42, 43]. During 
thermal or power cycling and extended elevated temperature 
exposure, the Ag3Sn precipitates coarsen and become less effective in 
inhibiting dislocation movement and slowing damage accumulation. 
This pattern of  microstructural evolution is characteristic of  the 
thermal fatigue failure process in these Sn-based Pb-free alloys 
and was described originally in detail by Dunford et al in 2004 
[20]. Figure 8 shows scanning electron micrographs illustrating 
coarsening of  the Ag3Sn precipitates in SAC305 solder caused by 
thermal cycling.

DISCUSSION
It would be incorrect to state that the various IMC phases 

described in the paper are not associated with solder joint reliability 
issues. However, the emphasis on the impact of  IMC phases on 
solder joint is clearly overstated in the electronic industry. The 
following five case studies document validated IMC defect root 
cause examples.

Case #1: Literature Investigations
The authors review 1, 549 papers in the Journal of  Electronic 

Materials and 951 papers in the IEEE Xplore publication databases 
looking for publications on product or field failures relating to 
IMC phases are the failure root cause. Only two published papers 
were found: (1) C. Lim et al., “Failure Characterization of  BGA 
Solder Joint Fracture During Field Application” which concluded 
the solder joint failure was due to excessive IMC thickness due to 
multiple reflow cycles [59]; (2) Y. Mo et al., “Failure Analysis on the 
BGA Solder Joint” which concluded that the solder joint failure was 
due to irregular 25.75 um IMC thickness [60]. 

Case #2: Microcracking of Copper/Tin IMC Phases Impact-
ing Specific Product Applications

Hodolova et al found that the Cu6Sn5 IMC phase developed 
micro-cracks at the IMC phase after oven thermal aging from 130C 
- 170C for 2-16 days and thermal cycle conditioning [7]. These 
micro-cracks illustrated brittleness of  the IMC phase, but overall 
degradation of  the solder joint would require significant mechanical 
deformation. Their work also demonstrated that the constituent 
additions of  bismuth and indium impacted the IMC phase growth 
rates and decreased the overall rated of  IMC phase micro-cracking. 
Similarly, K Sweatman et al, investigated the influence of  nickel 
and reflow profile parameters on the microcracking of  the Cu6Sn5 
IMC phase [61,62]. The microcracking observed in the solder joints 
would not be considered a major reliability issue but could pose a 

solder joint cracking risk in certain specific commercial product 
applications.

Case #3: Assembly Failure Due to Improper Maintenance
The introduction of  SAC soldering processes resulted in significant 

changes to wave solder and selective solder equipment due to the 
increased dissolution properties of  SAC solder in comparison to 
SnPb solder. The solder pots containing the molten SAC solder 
alloy required either a protective coating or be constructed of  a 
dissolution resistant metal such as titanium. Solder pots made from 
iron-based metals could be significantly damaged due to dissolution 
of  the iron by the molten solder resulting in the formation of  iron/
tin IMC needle-like structures. A review of  the iron/tin phase 
diagram shows that two intermetallic compounds (IMCs) can be 
formed – FeSn or FeSn2 which are not wettable by solder. D. Barbini 
[63] documented the formation of  FeSn2 IMC structures due to 
the increased dissolution capacity of  lead-free solders. FeSn2 IMC 
structures have a higher density than molten tin/lead or lead-free 
solder; therefore, if  they form, they will sink to the bottom of  a 
wave solder pot, which results in their accumulation and damage 
to the wave solder pot impellers without proper maintenance. 
Figure 22 illustrates a wave solder pot accumulation of  FeSn2 IMC 
structures. Manko [64], Schlessmann [65], and Diepstraten & Trip 
[66] all documented similar formations of  FeSn2 IMC structures 
due to dissolution of  iron from a wave solder pot.

Figure 22: FeSn2 IMC Structure Due To Solder Pot Damage [63]

Cookson Electronics documented an identical analysis of  FeSn2 
IMC due to excessive preventative maintenance of  a tin/lead wave 
solder process [67]. Overly aggressive scrapping of  the wave solder 
pot during dross removal was found to have damaged the wave 
solder pot protective coating, which allowed for the dissolution 
of  iron and the formation of  the FeSn2 IMCs. The FeSn2 IMC 
structures were then transferred by the molten solder forming 
bridged solder joints on printed wiring assemblies (see Figure 23). 
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Figure 23: FeSn2 IMC Phase Solder Defect [67]

Improper maintenance of  SnPb wave solder and selective solder 
equipment is not immune from the possible impact of  FeSn2 IMC 
phase defects. Figure 24 illustrates a similar defect root cause for a 
SnPb wave solder system where the FeSn2 IMC phase formation 
resulted in the shorting of  solder joints [6]. Scanning electron 
microscopy identified the IMC phase as FeSn2 (Figure 25).

Figure 24: FeSn2 IMC Phase Shorting Defect

Figure 25: SEM Identification of the IMC Phase as FeSn2

Case #4:  Tin/Copper IMCs Masquerading as Tin Whiskers 
- Inadequate Tinning Pot Protocols

The implementation of  the Restriction of  Hazardous Substances 
(RoHS) European Union (EU) Directive in 2005 resulted in the 
introduction of  pure tin as an acceptable surface finish for printed 
circuit boards and component terminations. A drawback of  pure 
tin surface finishes is their potential to form tin whiskers. The tin 
whisker metallurgical phenomenon is associated with tin rich/pure 
tin materials and has been a topic of  intense industry interest [68-
73]. Figure 26 illustrates tin whiskers observed on a component lead 
and in an immersion tin surface finished plated through hole that 
was incorrectly plated.

Figure 26: Tin Whiskers Observed on a Component Lead (top) and in 
a Plated Through Hole (bottom) [74]
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As previously discussed, SnPb soldering processes result in 
the formation of  the Cu6Sn5 IMC phase which can be observed 
distributed around the solder joint microstructure as needles. The 
Cu6Sn5 intermetallic needles have a hollow, hexagonal geometry. 
One industry failure analysis documented a case of  mistaken 
identity of  tin whiskers and copper/tin IMCs. The inspection of  a 
printed circuit assembly revealed tin whiskers on a quad flat pack 
(QFP) component (Figure 27). 

Figure 27: Observed Structures on QFP Component

Scanning electron microscopy (SEM) analysis results revealed 
the identity of  the whisker-like anomalies observed on the QFP 
component. The SEM EDX results show a copper/tin element 
ratio of  the anomalies to be approximately six parts copper to five 
parts tin which would correspond to the Cu6Sn5 tin/copper IMC 
phase [75]. The Cu6Sn5 tin/copper IMC phase forms in a needle 
morphology as the copper content of  the solder begins to exceed 
approximately 0.3% [76, 1]. The Cu6Sn5 intermetallic needles often 
form and grow preferentially from component lead and/or printed 
wiring pad edges. Figures 28 and 29 illustrate the QFP defects 
observed during SEM analysis. A review of  the QFP component 
history revealed that QFP component was not placed during 
automated assembly process due to a lack of  QFP component 
availability. The QFP was manually soldered by an operator. 
Further investigation of  the operator’s QFP soldering procedure 
did not reveal any unusual or incorrect soldering technique or 
procedure. It is hypothesized that original QFP tin/lead surface 
finish contained higher than normal copper content and the manual 
soldering operation resulted in the formation of  the Cu6Sn5 tin/
copper intermetallic needles. A solder wick and re-soldered process 
was conducted on QFPs that exhibited the Cu6Sn5 tin/copper 
intermetallic needles and no reoccurrence of  the Cu6Sn5 tin/copper 
intermetallic needles was observed after completion of  the process.

Figure 28: Scanning Electron Microscopy Image of Cu6Sn5 IMC Phase 
As Soldered

Figure 29: Scanning Electron Microscopy Image of Cu6Sn5 IMC Phase 
After Etching
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Case #5:  Improper Rework Processes Impacting Copper/
Tin IMC Phases

Excessive IMC phase formation is typically the result of  
improper soldering or rework/repair processes. Excessive soldering 
temperatures or soldering dwell times allows the formation of  thick 
IMC phase thicknesses at the expense of  the printed circuit board 
component pad. Figure 30 illustrates the impact of  five rework 
operations on a BGA component resulting in the excessive copper/
tin IMC and dissolution of  the BGA pad. Figure 31 illustrates a 
more severe case of  BGA improper rework where the component 
copper pad is nearly eliminated due to dissolution by the SAC solder 
alloy. The severe damage to the component copper pad could result 
in solder joint cracking, pad cracking or pad delamination from the 
printed circuit board laminate under mechanical stress or fatigue 
conditions.

Figure 30: Excessive Copper/Tin IMC Formation At BGA Copper Pad 
After 5 Rework Operations [Photos courtesy of CALCE]

Figure 31:  Excessive BGA Component Rework Resulting In Near 
Complete Pad Dissolution/Excessive IMC [77]

The electronics industry focus on the IMC phases/IMC thicknesses 
results in misinterpretation of  solder joint failures and root cause 
corrective action. The root causes of  the discussed detailed cases 
revealed a wide range of  issues: improper maintenance, excessive 
rework procedures, inadequate tinning pot protocols, specific high 
strain commercial product application and incorrect/inadequate 

soldering processes. The industry emphasis should be on better 
soldering processes, rigidly controlled rework protocols and detailed 
focus failure analysis. The industry data demonstrates that brittle 
IMC phases should not be a primary concern for solder joint 
reliability. Vianco’s summary of  the influence of  the IMC phase 
on solder joint reliability is a perfect summary: “..the propensity 
for failure to occur in the IMC layer depends upon the following 
factors: (1) the strength of  the solder alloy; (2) the rate at which a 
load is applied to the joint (relating to the strain rated sensitivity of  
the solder alloy); (3) the brittleness of  the IMC layer composition; 
(4) the thickness of  the IMC layer.” [1]. Over emphasis of  IMC 
phase as a s primary older joint reliability issue only consumes cost/
time resources with no contribution of  problem resolution.

CONCLUSION
The emphasis on the influence of  IMC phases on solder joint 

reliability in the electronics industry is clearly overstated and often 
excessive. A review of  industry publications/cases clearly shows that 
solder joint reliability is impacted by IMC phases with root causes 
of  incorrect soldering processes or inadequate process procedure. 
The list of  solder joint reliability root cause failures should not 
include IMC phases as a primary solder joint failure mode.
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