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Abstract
Low-temperature co-fired ceramic (LTCC) based system-in-package (SiP) is an emerging
multilayer module technology for wireless communication applications, mainly due to its
excellent high-frequency material properties. LTCC-SiP modules are typically soldered onto an
organic motherboard, but the lifetime of the 2nd-level solder joints is often poor due to the high
stress level of the joints in test/field conditions. Moreover, using lead-free solders in the
interconnections of LTCC modules raised new questions about the feasibility and reliability of the
solder joints in LTCC applications. Therefore, the characteristic features of the 2nd-level solder
joint configuration were determined in this thesis work. 

It was proved that collapsible Sn4Ag0.5Cu spheres are not a feasible option in LTCC/PWB
assemblies with a large global thermal mismatch; a non-collapsible ball grid array (BGA) joint
with a plastic core solder balls (PCSBs) was required to attain an adequate lifetime for such
assemblies. To enhance the thermal fatigue endurance of the non-collapsible lead-free joints, a
novel BGA joint consisting of Sn7In4.1Ag0.5Cu solder and PCSBs was developed. Moreover,
this work proved that there is a relationship between the primary failure mechanisms of various
Sn-based lead-free solders and thermomechanically induced stress level in the present non-
collapsible BGA joint configuration. 

The effect of the plating material of the solder lands on the failure mechanism of the BGA
joints in the LTCC/PWB assemblies was studied. The results showed that the adverse phenomena
related to the sintered Ag-based metallization materials can be avoided using electroless nickel
with immersion gold (ENIG) as a deposit material. On the other hand, this study also demonstrated
that the inadequate adhesion strength of the commercial base metallization in the ENIG-plated
modules resulted in the disadvantageous failure mechanism of the test assemblies. Therefore, the
criteria for material selection and the design aspects of reliable 2nd-level interconnections are
discussed thoroughly in this thesis. 

Keywords: LTCC, creep, lead-free solders, plastic-core solder balls, thermal fatigue
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3D three-dimensional 

BGA Ball Grid Array 

CBGA Ceramic BGA 

CCGA Ceramic Column Grid Array 

CGA Column Grid Array 
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1 Introduction 

Due to its excellent high-frequency material properties (low loss and dispersion) 

and its dense 3D integration and miniaturization capability, multilayer low-

temperature co-fired ceramic (LTCC) is a highly viable substrate platform for 

highly-integrated microwave and millimeter-wave System-in-Packages (SiPs) for 

automotive, wireless communication, and industrial automation applications [1–

3]. These applications are typically mounted and soldered onto a printed wiring 

board (PWB). However, the lifetime of the 2nd-level solder joints (i.e. the joints 

between the platform and the mother board) is often poor due to the high stress 

level of the joints in test/field conditions, since the global thermal mismatch be-

tween most LTCC tape systems and printed wiring boards is usually more than 10 

ppm/°C [4–6]. Also, the flexural strength of LTCC material is low compared with 

high-temperature co-fired ceramic (HTCC) materials [7]. Therefore, thermome-

chanically loaded LTCC packages are more prone to ceramic cracking than are 

HTCC packages. On the basis of the observations reported in literature [5,8–11], 

thermomechanically induced failures in LTCC joint configurations can be classi-

fied as follows: 

– Type I: Cracking within ceramic  

– Type II: Cracking at the ceramic/metallization interface 

– Type III: Cracking within solder 

– Type IV: Cracking within the non-collapsible sphere  

Type I failures are usually caused by excessive reaction between liquid solder and 

solid metallization during the soldering process. In this case, the strength and 

elastic modulus of the solder region next to the ceramic interface is increased by 

dispersion hardening due to the formation of numerous intermetallic compound 

(IMC) particles within the solder joint. This induces cracks to propagate in the 

LTCC ceramic instead of in the solder region [9,12–15]. In type II failures the pad 

metallization detaches from the LTCC substrate during thermal cyclic loading due 

to inadequate adhesion between the metallization and the LTCC, or the crack 

initiates and propagates along the mixed zone (i.e. the narrow zone containing 

both ceramic and metallic particles) [8,13]. Type III represents cracking in the 

solder near the solder lands of the test assembly. This type of failure is considered 

to be the preferred type of failure, since this failure can be detected with DC mea-

surements, and the lifetime of the joint may be estimated with reasonable accura-

cy, which is not possible with the other failure types [5,15]. A type IV failure 
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exists in anon-collapsible BGA joint. It is related to the high shear stress distribu-

tion in the middle of the non-collapsible sphere [16].  

Generally, the occurrence of failure types I, II, and IV may be avoided by re-

ducing the global thermal mismatch between the LTCC and PWB base materials. 

This is also an effective way to enhance the lifetime duration of LTCC/PWB as-

semblies [17]. However, PWB materials with low coefficient of thermal expan-

sion (CTE) values are more expensive than standard FR-4. On the other hand, 

increasing the CTE of the LTCC material may induce a larger thermal strain into 

the possible first-level interconnections of LTCC applications. The number of 

suppliers of LTCC materials with high CTE values is also limited. Thus, design-

ing a robust and reliable 2nd-level solder joint configuration seems to be reasona-

ble, since it enables fabrication of assemblies consisting of LTCC tapes with typi-

cal CTE values and common PWB materials. 

Besides the reliability problems due to the large global thermal mismatch be-

tween LTCC and PWB materials, the application of lead-free solders in the inter-

connections of LTCC modules raises new problems. First, it has been predicted 

that the use of lead-free solder causes more severe dissolution of thick-film metal-

lizations during soldering due to the higher temperatures required in soldering and 

the higher tin content of the lead-free solders [18]. Furthermore, the thermal fati-

gue endurance of lead-free solders varies in different component packages and 

thermal cycling conditions compared with SnPb(Ag) solders, resulting in an in-

adequate lifetime in thermomechanically loaded lead-free solder joints in some 

cases [19–23]. 

1.1 Solder joint configurations in LTCC/PWB assemblies 

1.1.1 Joint types 

Considering that surface mount technology (SMT) is the main fabrication method 

of LTCC/PWB assemblies, LTCC-SiP modules can be soldered to a PWB using 

ball grid array (BGA), land grid array (LGA), or column grid array (CGA) joints.  

Two different BGA joint types are used in SMT. In a non-collapsible BGA 

joint, a sphere, which does not melt during soldering, is used to guarantee a suffi-

cient BGA joint stand-off height. Two practical options are available as choices of 

non-collapsible spheres, namely 90Pb10Sn spheres and plastic-core solder balls 

(PCSBs). However, it has been shown that the reliability of non-collapsible 
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90Pb10Sn/lead-free solder joints in a RoHS-compatible LTCC/PWB assembly is 

insufficient due to excessive dissolution of lead into the liquid solder during ref-

low soldering [24].  

Okinaga et al. [16] have introduced plastic-core solder balls (PCSBs) as an 

alternative to 90Pb10Sn spheres. The plastic core with a low Young’s modulus is 

intended to relax thermally induced stresses in BGA solder joints. PCSBs can also 

provide predictable RF characteristics, since they maintain their stand-off height 

during board-level assembly. Furthermore, in-house as well as externally con-

ducted full-wave electromagnetic simulations have clearly shown that the poly-

mer core has no significant degrading effect on the RF/microwave performance of 

the BGA package [8, 25]. Changes in the thermal performance of PCSBs are also 

small compared with eutectic BGA solder joints [26]. However, the number of 

commercial manufacturers of PCSBs is limited at the present moment.  

A collapsible lead-free solder sphere is one possible choice for the second-

level joints of ceramic BGA packages. Farooq et al. [27] used a thermal cycling 

test over the temperature range of 0–100 °C to investigate the thermal fatigue of 

single-melt SAC spheres and 90Pb10Sn/63Sn37Pb non-collapsible solder joints 

in ceramic BGA/FR-4 assemblies. The results showed that the SnAgCu spheres 

had almost twice the fatigue life of the lead-containing composite joints, despite 

the noticeably smaller (1:2) stand-off height of the SAC spheres. Thus, collapsible 

lead-free solder spheres might be a feasible solution also in LTCC technology.  

LGA solder joints have advantages compared with BGA joints, which can be 

listed as follows: 1) lack of solder ball attachment, 2) lower stand-off height, 3) 

capability of finer pitch design, and 4) cost-effectiveness due to a smaller amount 

of solder [28]. In the case of LTCC applications, it has been shown that the cha-

racteristic lifetime of thermomechanically loaded LTCC/PWB assemblies with a 

high global thermal mismatch (> 10 °C/ppm) remains at an inadequate level [29]. 

This limits the feasibility of LGA joints in LTCC applications. 

In order to enhance the reliability of the 2nd-level solder joints in ceramic 

packages, a column grid array (CGA) interconnection method can be used. An 

extensive study on thermomechanically loaded ceramic CGA (CCGA) packages 

tested in harsh test conditions was published earlier [30]. The column materials 

used in CCGA packages are either 90Pb10Sn alloy or copper. High-lead 

90Pb10Sn columns are currently exempted from RoHS legislation and, therefore, 

they can be used in lead-free assemblies [31]. However, severe Pb dissolution 

from solid 90Pb10Sn solder to liquid lead-free Sn-based solder occurs during the 

soldering process. The Pb dissolution may significantly decrease the lifetime 
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duration of these solder joints [32], like it does in the case of non-collapsible 

90Pb10Sn/SnAgCu non-collapsible solder joints in LTCC/PWB assemblies [24]. 

In lead-free applications the columns are either 90Pb10Sn alloy wrapped with 

copper or thin (250 μm) Cu columns [30,32–34]. Unfortunately, the thin columns 

are difficult to process, since they bend easily and require special tooling [25]. 

1.1.2 Solder lands and solders  

The thick-film printed solder lands of a LTCC module are often fabricated using 

Ag or Ag-based metallization emulsions. It has been shown that Ag-based metal-

lizations (AgPd and AgPt) react with tin faster than pure Ag ones [35]. In particu-

lar, it has been suggested recently that AgPd metallization may be used in lead-

free 1st-level interconnections between silicon chips and the LTCC substrate [36], 

but it must be noted that, due to its tendency to dissolve into molten solder, this 

metallization material is not feasible for 2nd-level solder joints between the sub-

strate and the organic motherboard (PWB) [9,11–15,37]. The formation of the 

Ag3Sn and AgPd4 causes dispersion strengthening in the solder matrix, which, in 

turn, induces ceramic cracking in the thermomechanically loaded LTCC substrate, 

as mentioned before.  

The quality of the metallization also affects the dissolution rate of the metal-

lized solder lands. The roughness and porosity of the thick film increases the 

effective area between liquid solder and solid LTCC metallization and, conse-

quently, results in faster dissolution of the initial metallization layer during the 

soldering process. This is due to the fact that dissolution at the solid/liquid inter-

face is governed by the surface area of the solid and the volume of the liquid. The 

roughness of fired metallization naturally increases the surface area of the solder 

lands, and in a porous metallization layer liquid solder will flow into the pores 

due to capillary force, resulting in more contact area between liquid solder and 

solid metallization [18,38,39]. This may also result in excessive dissolution of 

Ag-based metallization and degraded reliability, as was the case in LTCC mod-

ules with Ag2.5Pt [40]. Furthermore, sintered Ag-based metallization thick films 

also contain a certain amount of glass phase, which may deteriorate the wettabili-

ty of the solder lands [41]. A post-processed plating layer is a useful solution for 

avoiding the above-mentioned problems. Therefore, an ENIG surface finish has 

been used in LTCC packages [17].  

To avoid type II failures, sufficient adhesion between LTCC and metallization 

is also crucial to the reliability of the solder joints of LTCC modules. It has also 
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been shown earlier that a solder mask is required in LTCC/PWB assemblies with 

a large global thermal mismatch in order to diminish the occurrence of failure 

types I and II [5,15,42]. The size of the solder land area of the LTCC module can 

be increased to enhance the adhesion strength of the interface. This creates more 

beneficial stress distribution at the edge of the solder land. Another point is to 

increase the yield of the LTCC modules by means of wider tolerances in solder 

mask alignment during the printing process. 

Selection of the solder material is obviously one of the key factors in consi-

dering the thermal fatigue endurance of the critical regions of the solder joint (i.e. 

the location of high strain energy density). Hwang has listed the low-cycle fatigue 

life of numerous solder materials, from binary to pentanary and higher-element 

alloys [43]. Although the above-mentioned data are indicative for the material 

selection process, they do not necessarily correlate with the thermal fatigue en-

durance of actual solder joints. Therefore, numerous studies focusing on the shear 

strength and/or creep resistance of different solder joints in isothermal test condi-

tions have been conducted. Unfortunately, since the weakest part of a joint in 

isothermal tests does not necessarily exist in the same location in a thermome-

chanically loaded joint due to the temperature-dependent properties of the mate-

rials and the metallurgical phenomena (recrystallization, solid-state phase trans-

formations, and coarsening of the IMC particles) occurring in the solder joint, the 

results of these tests do not always correspond to the thermal fatigue endurance of 

real solder joints.  

It is also generally known that the creep resistance and the fatigue endurance 

of a solder joint is highly dependent on the actual distribution of thermally in-

duced stresses in the joint, and the other mechanical properties of the joint 

(strength, plasticity, and Young’s modulus) depend on temperature. Consequently, 

solder material that is suitable for one electronic package type in certain condi-

tions might have inadequate thermal fatigue endurance in another package type in 

the same test conditions. Therefore, the solder joint configurations used in other 

electronic packages (e.g. CSP, PBGA, CBGA, etc.) may not necessarily be ap-

plied to LTCC applications. 

 

1.2 Aim of the study 

For the above-mentioned reasons and due to the lack of a fundamental study on 

the reliability of lead-free solder joints in LTCC applications, there is an obvious 
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interest in designing and characterizing a feasible and reliable second-level joint 

configuration for lead-free LTCC/PWB assemblies. Therefore, the aim of this 

study was to characterize the features of a reliable 2nd-level solder joint configura-

tion in order to fabricate assemblies consisting of LTCC tapes with typical CTE 

values, common PWB materials, and commercial solder joint materials. The re-

quirements for such a joint configuration can be listed as follows: 

1. The characteristic lifetime of the joint configuration has to match the standard 

requirements of the typical test conditions of surface mount devices [44]. 

2. The primary failure must be located within the solder matrix and it should be 

preferably related to creep cracking. This enables reasonably accurate estima-

tion of the lifetime of the joint, using either FE modeling or analytical models. 

3. In the perspective of industrial manufacturers, it is essential that the joint 

configuration can be fabricated using common processes of SMT. 

The main focus of this thesis is on the effect of thermal loading on the failure 

mechanism of completely lead-free composite joints in a LTCC/PWB assembly 

with a high (> 10 ppm/°C) global thermal mismatch. The characteristic metallur-

gical features and the effect of thermal loading conditions on the failure mechan-

ism of the joint configurations in various LTCC/PWB assemblies are described. 

Moreover, the relationship between failure mechanisms and characteristic lifetime 

is discussed and the design aspects of a reliable 2nd-level interconnection are giv-

en. 
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2 Experimental procedures 

2.1 Test assemblies 

2.1.1 Modules with non-collapsible BGA joints 

Sn4Ag0.5Cu solder with PCSBs was used on the first lead-free solder joint confi-

gurations in order to clarify the behavior of a common hypereutectic SAC alloy in 

a thermomechanically loaded LTCC/PWB assembly. The behavior of eutectic 

Sn3.8Ag0.7Cu was tested in two test sets with ENIG-plated metallization.  

Considering the improvement in the thermal fatigue durability of the critical 

regions of the composite solder joint (i.e. the edges of the joint on the LTCC side), 

a quaternary Sn7In4.1Ag0.5Cu (SAC-In) alloy was used on the LTCC side of the 

joint in this study. Sn4Ag0.5Cu solder was used on the PWB side of these test 

joints for two reasons. Firstly, its creep/fatigue properties were assumed to be 

sufficient, since the primary failures of the ceramic packages have typically been 

found on the component side of the non-collapsible joint. This configuration also 

enables the use of SAC alloys in the solder joints of the other components to be 

soldered on the PWB in industrial assemblies. Thus, use of more expensive in-

dium-containing alloys can be minimized.  

The test modules of test assemblies A - C were fabricated using the Dupont 

951 material system with co-fired thick-film conductors. The modules of test 

assembly D were fabricated using the Clad CT800/HL2000 material system with 

thick-film conductors. A solder mask (DuPont9615) was screen-printed with a co-

firing process. ENIG plating of test assemblies C and D was done by Atotech 

GmbH. Solder paste was printed onto the pads of the test modules using a 180-

µm-thick stencil, PCSBs were placed on the pads, and the modules were subse-

quently soldered in a reflow oven. After the first reflow route, solder paste was 

printed on the PWBs using a 150-µm-thick stencil and the assemblies were sol-

dered after placement of the module onto them using a Fineplacer 145 flip chip 

bonder.  

A schematic presentation of the non-collapsible interconnection is shown in 

Fig. 1. The main dimension and the materials of the test sets are given in Tables 1 

and 2. Note that the thickness of the ENIG-plated DuPont 951 modules is 1.2 mm 

instead of the 1.0 mm presented in Paper V. 
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Fig. 1. Schematic presentation of the non-collapsible joint configuration. 

Table 1. Dimensions of the test assemblies with non-collapsible joints. 

Assembly a (mm) b (mm) c (μm) d (μm) e (μm) f (mm) Reference 

A 1.0 1.0 800 ± 30 800 650 ± 30 1.6 Papers I and II 

B 1.0 1.0 800 ± 30 1100 650 ± 30 1.6 Paper IV 

C 1.2 1.0 800 ± 30 800 650 ± 30 1.6 Paper V 

D 0.7 1.2 800 ± 30 800 650 ± 30 1.6 Paper V 

Table 2. Materials of the test joints with PCSBs. 

Assembly/Joint LTCC tape 

system 

Solder on the LTCC 

side of the module 

Metallization of LTCC Reference 

A/Sn4Ag0.5Cu DuPont 951 Sn4Ag0.5Cu AgPt (QS 264) Paper I  

A/SAC-In DuPont 951 Sn7In4.1Ag0.5Cu AgPt (QS 264) Paper II 

B/Sn4Ag0.5Cu DuPont 951 Sn4Ag0.5Cu AgPt (QS 264) Paper IV 

B/SAC-In DuPont 951 Sn7In4.1Ag0.5Cu AgPt (QS 264) Paper IV 

C/Sn3.8Ag0.7Cu DuPont 951 Sn3.8Ag0.7Cu Ag (DuPont 6145) + ENIG Paper V 

C/SAC-In DuPont 951 Sn7In4.1Ag0.5Cu Ag (DuPont 6145) + ENIG Paper V 

D/Sn3.8Ag0.7Cu HL2000/CT800 Sn3.8Ag0.7Cu Ag (Heraeus LPA405–067) + ENIG Paper V 

D/SAC-In HL2000/CT800 Sn7In4.1Ag0.5Cu Ag (Heraeus LPA405–067) + ENIG Paper V 

The peak temperatures and the times above liquidus (TAL) of the Sn4Ag0.5Cu, 

Sn3.8Ag0.7Cu, and SAC-In joints are given in Table 3. It must be noted that the 

profile used in the 2nd reflow resulted in 60 seconds above the liquidus tempera-
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ture of SAC-In. The profiles were measured for Dupont 951 modules. It was as-

sumed that the differences in thermal mass and heat conductivity between test 

assemblies were negligible. A SIKAMA Falcon 5C convection/conduction reflow 

oven was used in every case. 

Table 3. Reflow parameters of the test assemblies. 

Solder joint TAL (s) Peak temperature (°C) Fabrication 

Sn4Ag0.5Cu 45 231 LTCC module (1st reflow) 

Sn3.8Ag0.7Cu 51 236 LTCC module (1st reflow) 

SAC-In 70 225 LTCC module (1st reflow) 

Sn4Ag0.5Cu 40 232 LTCC/PWB assembly (2nd reflow) 

2.1.2 Modules with collapsible BGA joints 

The test modules were fabricated using a standard multilayer LTCC process. The 

15 mm x 15 mm LTCC modules had BGA connections in a 9x9 matrix with a 1.5 

mm pitch. The overall thickness of the LTCC substrate was 1.2 mm. The two 

outermost BGA rows were daisy-chained. A solder mask (DuPont9615) was 

screen-printed with a co-firing process. The pad metallization of the LTCC sub-

strate was composed of AgPt (DuPont Qs 264). A water-soluble flux was screen-

printed onto the LTCC pad metallization. Solder balls were attached to the LTCC 

substrate by placing 0.762-mm-diameter 95.5Sn4g0.5Cu solder balls on the BGA 

pads and soldering them at peak temperatures of 240–252 °C. The test modules 

were soldered to four PWBs, each capable of encompassing 9 modules. The aver-

age stand-off height of the joints was 0.45 mm. The area array of a test module 

and a joint configuration are shown in Fig. 2 and the materials of the test assem-

blies and the stencil sizes can be found in Tables 4 and 5.  
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Fig 2. a) Test module after ball attachment and b) schematic presentation of the test 

structure and its dimensions in mm (not to scale) [Paper III, published by kind permis-

sion of Elsevier Ltd.]. 

Table 4. Materials of the test modules with collapsible Sn4Ag0.5Cu spheres [Paper III].  

Element of LTCC module Material 

LTCC green tape system DuPont 951 

Inner conductors  Ag (DuPont 6142) 

Via  Ag (DuPont NO55) 

Solder land AgPt (QS 264) 

Solder mask Post-fired glass (DuPont 9615) 

Solder sphere Sn4Ag0.5Cu 

Table 5. PWB materials of the test assemblies [Paper III]. 

PWB material Thickness (mm) CTE (ppm/°C) Solder land 

FR-4 (PCL-FR-370) 1.6 15 ENIG 

Arlon 55NT 1.6 9 ENIG 

2.2 Thermal cycling tests 

In the thermal cycling tests, the test boards were exposed to 24 thermal cycles per 

day. A fifteen-minute dwell time at the temperature extremes was applied in the 

tests to allow creep/stress relaxation. The complete test program and the number 

of tested modules in certain test conditions are given in Table 6. The TCTs were 

based on the guidelines of JEDEC Standard No. 22-A104C [45]. Resistance 

changes in the daisy-chained test assemblies were monitored using a Fluke 2635A 
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data logger. Since a continuous resistance measurement cannot be made with the 

data logger, a test module was defined as being damaged when its initial resis-

tance of ≈ 1.5 Ω doubled. 

Table 6. Number of modules in the TCTs. 

Assembly/Joint Joint type Number of 

modules 

TCT Reference 

A/Sn4Ag0.5Cu Non-collapsible 9 0–100 °C Paper I 

A/Sn4Ag0.5Cu Non-collapsible 27 −40–125 °C Paper I 

A/SAC-In Non-collapsible 18 0–100 °C Paper II 

A/SAC-In Non-collapsible 18 −40–125 °C Paper II 

B/Sn4Ag0.5Cu Non-collapsible 9 −55–150 °C Paper IV 

B/SAC-In Non-collapsible 9 −55–150 °C Paper IV 

C/Sn3.8Ag0.7Cu Non-collapsible 9 −40–125 °C Paper V 

C/SAC-In Non-collapsible 9 −40–125 °C Paper V 

D/Sn3.8Ag0.7Cu Non-collapsible 9 −40–125 °C Paper V 

D/SAC-In Non-collapsible 9 −40–125 °C Paper V 

Sn4Ag0.5Cu/FR-4 Collapsible 9 0–100 °C Paper III 

Sn4Ag0.5Cu/FR-4 Collapsible 9 −40–125 °C Paper III 

Sn4Ag0.5Cu/Arlon Collapsible 9 0–100 °C Paper III 

Sn4Ag0.5Cu/Arlon Collapsible 9 −40–125 °C Paper III 

2.3 Non-destructive inspection 

A Feinfocus X-ray System FXS-160.23 X-ray microscope was used to investigate 

the quality of the test joints after reflow soldering and when the TCT of the test 

assemblies was completed. 

Scanning acoustic microscopy was used to detect failures in the test modules 

during and/or after the TCT. C-images were produced by using the ‘interface scan’ 

technique [46]. The equipment consisted of a Sonoscan D-9000 C-mode scanning 

acoustic microscope and 50-MHz or 100-MHz focused transducers (F# = 2, pulse-

echo mode). Since scanning acoustic microscopy is not as familiar an inspection 

technique as, for example, X-ray or SEM investigation, a short description of the 

method is given below. 

In scanning acoustic microscopy, a transducer is excited by electrical im-

pulses to generate ultrasonic waves (compression and shear) of a specified fre-

quency into the material. As the ultrasound reaches the interface of dissimilar 

materials, a certain amount of ultrasonic energy is reflected, while the rest is 

transmitted through the interface. Especially an air gap (delamination or crack) 
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within the material causes almost complete reflection of the ultrasound wave, 

since the acoustic impedance of air is practically zero. 

Pulse/receiver transducers over a range of 50 MHz to 230 MHz can typically 

be used to inspect LTCC applications. Selection of the transducer is based on the 

thickness of the laminated structure (depth penetration), the resolution require-

ments to be achieved (features at the layer to be investigated), and the layout of 

the application (attenuation in the material and the reflection coefficient of the 

ceramic/metallization interface). 

The technique of using the same transducer to generate the initial pulse and 

receive the reflected ultrasound pulses is called the pulse-echo technique. The 

received waveform, which is displayed as amplitude data along a time base, is 

called an A-scan. By scanning a sample in a raster pattern and combining all the 

individual A-scans, a C-scan, which is a plane-view image of a specific layer, is 

produced. Semmens and Kessler [46] have presented an imaging method, the 

‘interface scan’ technique, for characterization of flip chip interconnect failures. 

In a C-scan produced with the ‘interface scan’ technique, dark areas indicate 

sound portions of the joints, while a light contrast comes from back-reflection of 

the acoustic signal due to a crack.  

A SAM analysis of a LTCC/PWB assembly is demonstrated in Figs. 3 and 4 

[47]. Cracking of the joints is clearly visible as light areas within the solder joint. 

Moreover, the blue echo related to the crack and the red echo related to the bot-

tom of the LTCC module overlap in Fig. 3a. This proves that the crack exists at 

the interface between ceramic and metallization. In the case of ceramic cracking, 

an irregular black line due to material discontinuity is observed in the C scan and 

the blue echo related to the crack exists before the red echo related to the bottom 

of the LTCC module in A Scan (Fig. 3b). This indicates that the crack is located 

within the ceramic. 
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Fig. 3. A and C scans (230-MHz transducer, F# = 2) related to a) the failures between 

ceramic and metallization and b) within ceramic.  

In Fig. 4, a 230-MHz transducer (F# = 2) was used to ensure the separation of 

echoes at the layer to be investigated. The black echo related to narrow area 1 of 

the joint occurred after the reference signal (red echo) on the time axis of the A-

scan. This observation indicates that the crack was initiated and propagated first 

in the solder. The crack propagated into the ceramic afterwards, as seen from the 

position of the blue echo, which corresponds to area 2 of the joint in the C-scan. 

The black curved line between areas 1 and 2 in the C-scan is due to a material 

discontinuity (crack) on the surface of the LTCC. The reference signal (red echo) 

in Fig. 4 originates from the back surface of the LTCC next to the damaged joint. 
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Fig. 4. A and C scans (230-MHz transducer, F# = 2) related to failures within the solder 

matrix and within ceramic.  

As the thickness of the LTCC module is increased and a solder mask is applied in 

the module, the use of high-frequency (230 MHz) transducers is not practical. 

Therefore, determination of the exact location of a crack is difficult due to the 

wider signal formed in the A-scan produced using a transducer with a lower fre-

quency. Cracks within solder and cracks related to ceramic can still be easily 

detected, since they have different characteristic features, but the difference be-

tween cracking at the ceramic/metallization interface and within ceramic is diffi-

cult to observe, as explained below.  

A SAM analysis of the thick (1.2 mm) LTCC package is demonstrated in Fig. 

5. First of all, separate cracks formed within the solder at the inner and outer 

edges are easily detected in Figs. 5a and 5b. Joints with cracks within solder can 

be distinguished from joints with a crack related to ceramic. But, the black irregu-

lar line due to material discontinuity is related to a crack at the ceram-

ic/metallization interface in this case, as shown in Fig. 5d. Nevertheless, on the 

basis of the information of the SAM analysis, the occurrence and number of 
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cracks related to ceramic is known and the direction of crack propagation can be 

seen by comparing the location of the crack tip in the images taken during the 

TCT. The location of the exact crack paths can be verified afterwards using SEM. 

 

 

Fig. 5. C-scans (50-MHz transducer, F# = 2) of the 1.2-mm-thick LTCC-SiP package after 

a) 100, b) 500, and c) 1400 cycles. d) The origin of the irregular black line of the crack 

related to ceramic in Fig. 5c. 

2.4 Metallography 

To characterize microstructures, compositions, and crack paths within the test 

assemblies, SEM/EDS (Jeol JSM 6400 scanning electron microscope and INCA 
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analyzer software) investigations were carried out. Recrystallization of the test 

joints was investigated using an optical microscope with polarized light. In order 

to examine the fractured surfaces of the test modules using a FE-SEM (Jeol JSM-

6300F), 2–3 modules of each test board were carefully detached from the PWBs.  
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3 Results 

3.1 Non-destructive testing 

3.1.1 X-ray investigation 

A complication related to the ENIG-plated test modules was observed before the 

1st reflow. Cracking existed in a few ceramic solder masks of several test modules. 

The defective solder mask caused solder spreading along the Ag metallization. 

This resulted in an asymmetric solder joint geometry (Fig. 6). However, all the 

crucial daisy-chained joints (i.e. the joints near the corners of the module) in 

every test module were intact. No excessive voiding was observed in the test 

assemblies. 

 

 

Fig. 6. a) Top view X-ray image of a joint with a defective solder mask and b) an obli-

que view X-ray image of test joints with a few damaged solder masks [Paper V, pub-

lished by kind permission of Emerald Group Publishing Limited]. 

3.1.2 Scanning acoustic microscopy  

The SAM analysis of the test assemblies was done as presented in Chapter 2.3. 

The SAM analyses indicated that separate cracks were formed at the outer and 

inner edges of the joint in all the test assemblies, similarly with the joints shown 
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in Fig 5. The observed cracking related to the ceramic at the outer edge of the 

joints in the test assemblies is presented in Table 7. 

Table 7. Ceramic cracking in the test modules after the thermal cycling tests [Papers I 

- V]. 

Assembly/Joint Joint type TCT Ceramic cracking Reference 

A/Sn4Ag0.5Cu Non-collapsible 0–100 °C Not detected Paper I 

A/Sn4Ag0.5Cu Non-collapsible −40–125 °C Occasional Paper I 

A/SAC-In Non-collapsible 0–100 °C Not detected Paper II 

A/SAC-In Non-collapsible −40–125 °C Occasional Paper II 

B/Sn4Ag0.5Cu Non-collapsible −55–150 °C Occasional Paper IV 

B/SAC-In Non-collapsible −55–150 °C Occasional Paper IV 

C/Sn3.8Ag0.7Cu Non-collapsible −40–125 °C Primary Paper V 

C/SAC-In Non-collapsible −40–125 °C Primary Paper V 

D/Sn3.8Ag0.7Cu Non-collapsible −40–125 °C Occasional Paper V 

D/SAC-In Non-collapsible −40–125 °C Occasional Paper V 

Sn4Ag0.5Cu/FR-4 Collapsible 0–100 °C Occasional Paper III 

Sn4Ag0.5Cu/FR-4 Collapsible −40–125 °C Primary Paper III 

Sn4Ag0.5Cu/Arlon Collapsible 0–100 °C Not detected Paper III 

Sn4Ag0.5Cu/Arlon Collapsible −40–125 °C Occasional Paper III 

3.2 Optical microscopy with polarized light 

Microstructural changes in the solder joints are described in Paper V. The initial 

microstructure of SAC-In and Sn3.8Ag0.7Cu after solidification is shown in Fig. 

7. In these images, a few large grains are seen in the cross-section of the soldered 

joint. Furthermore, recrystallization occurred in the test joints near the corners of 

the test modules during the TCT, as demonstrated in Fig. 8. According to the im-

ages, the initial coarse grain structure of the SAC-In joints was completely turned 

into a recrystallized structure, whereas recrystallized areas in the other test joints 

were located near the ceramic/solder interface. The above-mentioned observations 

were made of joints near the corners of the modules, but the region between the 

via and the PCSBs was recrystallized also in joints located in the middle of the 

outer row. This indicates significant inelastic deformation within this region of the 

present non-collapsible joint configuration.  
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Fig. 7. Initial microstructure of a) SAC-In and b) Sn3.8Ag0.7Cu joints [Paper V, pub-

lished by kind permission of Emerald Group Publishing Limited]. 

 

 

Fig. 8. Recrystallized microstructure of a) SAC-In and b) Sn3.8Ag0.7Cu joints in test 

assembly D [Paper V, published by kind permission of Emerald Group Publishing 

Limited]. 

It must be noted, however, that the test boards were exposed to a different number 

of cycles in the TCT. Test assemblies C with Sn3.8Ag0.7Cu and SAC-In joints 

were taken out of the test chamber after approximately 1100 and 1750 cycles, 

respectively. Test assemblies D with Sn3.8Ag0.7Cu and SAC-In joints were taken 
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out of the test chamber after approximately 2000 and 2600 cycles, respectively. 

Thus, the amount of inelastic deformation varied in the different test joints. 

3.3 SEM/EDS analyses 

3.3.1 Metallurgy of the test joints 

The characteristic features of the microstructure of the test solders after reflow 

soldering are presented in Fig 9.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Characteristic features of the as-soldered test joints: a) an IMC layer and b) 

InSn4 phases (white arrows) in the AgPt-metallized SAC-In joint. c) Dispersed IMC 

particles in an SnAgCu alloy. d) The IMC layer of an ENIG-plated test joint [Papers IV 

and V, Figs. 9a - 9c published by kind permission of Springer Science and Business 

Media and Fig. 9d published by kind permission of Emerald Group Publishing Limited]. 

An intermetallic layer consisting of a Ag3(Sn,In) phase was formed between the 

metallization and the solder matrix of the AgPt-metallized SAC-In joints (Fig 9a). 

The average thickness of the layer was 2–3 μm. The average thickness of the 

AgPt metallization of the test modules was approximately 11 μm. A similar layer 
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of Ag3Sn phase was formed in the Sn4Ag0.5Cu joints. The Ag3(Sn,In) particles 

within the solder matrix were globular in the SAC-In solder, whereas the thin, 

elongated Ag3Sn particles were dispersed within the Sn matrix, as shown in Figs 

4b and 4c. Another IMC type existing in the test solder was Cu6Sn5 in the SAC 

solders and Cu6(Sn,In) in the SAC-In solder. In the SAC-In solder, a γ (InSn4) 

phase was detected occasionally, as shown in Fig. 9b. In the ENIG-plated mod-

ules, a (Cu,Ni,Au)6Sn5 layer existed in all the solder lands of the test assemblies 

after reflow soldering.  

Furthermore, the IMC layers did not grow noticeably during the TCTs over 

temperature ranges of 0–100 °C and −40–125 °C. The interface between them and 

the solder matrix was practically free from Kirkendall voids after the TCT. How-

ever, the composition of the IMC layer changed to (Cu,Ni,Au)6(Sn,In)5 in the 

ENIG-plated SAC-In joints during the TCT, but the atomic fraction of indium was 

small (1–3%) in this layer.  

The indium content in Ag3(Sn,In) and Cu6(Sn,In)5 particles within the solder 

matrix was also slightly increased. In the case of the SAC solders, only slight 

coarsening of the IMC particles was observed after the TCT. Phosphorous-rich 

particles were occasionally detected within the IMC layer after the first reflow 

soldering. These particles did not grow during the TCT; their size remained at less 

than a micron. 

 The EDS analysis of the as-soldered microstructure of the SAC-In joints is 

given in Table 8. It must be noted that the amount of tin in the γ (InSn4) phase is 

an overestimation, since the width of the phase is less than 0.5 μm (Fig. 9b) and 

the spatial resolution of the EDS analysis is typically over 1 μm. 

Table 8. Average and standard deviation of elements in the SAC-In solder after the 

first reflow soldering [Paper IV, published by kind permission of Springer Science and 

Business Media]. 

Phase Sn (at%) In (at%) Ag (at%) Cu (at%) 

Sn matrix 96.65 ± 0.98 3.35 ± 1.24 n.d. n.d. 

InSn4 88.01 ± 0.98 11.99 ± 1.29 n.d. n.d. 

Ag3(Sn,In) 18.24 ± 3.04 7.07 ± 3.07 74.69 ± 1.27 n.d. 

Cu6(Sn,In)5 45.75 ± 1.63 2.95 ± 1.07 n.d. 51.30 ± 1.79 

n.d. = not detected 

The EDS analysis of the microstructure of the SAC-In joints after the TCT over a 

temperature range of −55–150 °C is given in Table 9. Firstly, it must be noted that 

the indium content of the Sn matrix was under the reliable detection limit of the 
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EDS analysis. Furthermore, no γ (InSn4) phase could be detected anymore in the 

joints. Another interesting point is the homogenization of the indium content in 

the slightly coarsened globular Ag3(Sn,In) particles. 

Table 9. Average and standard deviation of elements in the IMCs of the SAC-In solder 

after the TCT over a temperature range of −55–150°C [Paper IV, published by kind 

permission of Springer Science and Business Media]. 

IMC Sn (at%) In (at%) Ag (at%) Cu (at%) 

Ag3(Sn,In) 19.30 ± 1.33 5.77 ± 1.83 74.93 ± 1.10 n.d. 

Cu6(Sn,In)5 45.05 ± 1.22 2.01 ± 0.08 n.d. 52.94 ± 0.31 

n.d. = not detected 

3.3.2 Crack paths of collapsible Sn4Ag0.5Cu joints 

In the case of the Sn4Ag0.5Cu/FR-4 assembly, tested under harsh test condition, 

(−40–125 °C), ceramic cracking typically occurred, as shown in Fig. 10a. Occa-

sionally, the failure was located completely within the solder joint. In such cases a 

crack formed at the inner edge of the joint was located between the Ag3Sn layer 

and the Sn solder matrix, whereas a crack formed at the outer edge of the joint 

propagated within the solder matrix. Moreover, the crack that formed between the 

Ag3Sn layer and the solder at the inner edge of the joint was a typical feature of 

all the test assemblies. In the case of the Sn4Ag0.5Cu/Arlon assemblies, both 

crack paths were located within the solder (Fig. 10b). 

Considering the failure at the outer edge of the joints, severe intergranular 

cracking could often be observed in the region at the outer edge of the collapsible 

joint after the TCT over a temperature range of 0–100°C. This indicates that creep 

was the dominant failure mechanism of the crack formed at the low temperature 

extreme in both assemblies tested over a temperature range of 0–100°C. The de-

tected cracks that formed in the joints of Sn4Ag0.5Cu/Arlon assembly at the low 

temperature extreme of the harsh test propagated within the solder matrix, but 

their exact failure mode could not be determined. 
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Fig. 10. a) Characteristic crack paths in the collapsible joints of the Sn4Ag0.5Cu/FR-4 

assembly after the TCT over a temperature range of −40–125 °C. b) Characteristic 

crack paths in the collapsible joints of the Sn4Ag0.5Cu/FR-4 assembly after the TCT 

over a temperature rangeof 0–100°C and the Sn4Ag0.5Cu/Arlon assemblies after the 

TCT over temperature ranges of 0–100°C and −40–125 °C [Paper III, published by kind 

permission of Elsevier Ltd.]. 

A summary of the crack paths observed in the collapsible test joints is given in 

Table 10. 

Table 10. Location of the primary crack paths after the thermal cycling tests [Paper III]. 

Assembly/Joint TCT Outer edge Inner edge 

Sn4Ag0.5Cu/FR-4 0–100 °C Within solder matrix At IMC/solder interface + within solder 

matrix 

Sn4Ag0.5Cu/FR-4 −40–125 °C In ceramic At IMC/solder interface + within solder 

matrix 

Sn4Ag0.5Cu/Arlon 0–100 °C Within solder matrix At IMC/solder interface + within solder 

matrix 

Sn4Ag0.5Cu/Arlon −40–125 °C Within solder matrix At IMC/solder interface + within solder 

matrix 

3.3.3 Crack paths of non-collapsible Sn4Ag0.5Cu and Sn3.8Ag0.7Cu 
joints 

The SAM investigation indicated that separate cracks existed at the outer and 

inner edges of the joints and that they propagated towards the center area of the 

Sn4Ag0.5Cu joints. These two cracks in the joints tested in a temperature range 
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of 0–100 °C are shown in Fig. 11a. A few different features can be observed from 

the cross-sectional specimens compared with the joints tested in a temperature 

range of −40–125 °C (Fig. 11b). Firstly, the crack that propagated away from the 

neutral point was not located strictly at the IMC/solder interface, but more solder 

cracking was observed. Secondly, there were more secondary cracks on the PWB 

side of the joint. These observations indicate that the milder test conditions 

changed the creep/fatigue behavior of the test joints. The crack paths were located 

similarly in the Sn4Ag0.5Cu joints tested in a temperature range of −55–150 °C, 

except that severe intergranular cracking often occurred on the inner side of these 

joints, as shown in Fig. 11c. 

 

 

Fig. 11. Characteristic crack paths of the Sn4Ag0.5Cu joints of test assembly A after 

the thermal cycling test over temperature ranges of a) 0–100°C, b) −40–125 °C. c) Se-

vere intergranular cracking on the inner side of the Sn4Ag0.5Cu joint after the TCT 

over a temperature range of −55–150 °C [Papers I and IV, published by kind permis-

sion of Springer Science and Business Media]. 
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The characteristic crack paths in the solder matrix of the Sn3.8Ag0.7Cu joints on 

the LTCC side after the TCT are shown in Fig. 12. Cracking within solder de-

tected in these joints was comparable with the primary failure of the test joints of 

assembly A (see Fig. 11b). Furthermore, the SEM analysis revealed that a separate 

intergranular fracture could form in the middle of the joint during the TCT, as 

shown in Fig. 12b. However, the SAM analysis indicated that the joints of assem-

bly C suffered primarily from cracking at the ceramic/metallization interface (see 

Table 7). 

 

 

Fig. 12. a) Characteristic crack paths of the Sn3.8Ag0.7Cu joints of test assemblies C 

and D and b) an enlarged image of the 2nd crack path after the thermal cycling test 

over a temperature range of −40–125 °C [Paper V, published by kind permission of 

Emerald Group Publishing Limited]. 

3.3.4 Crack paths of non-collapsible SAC-In joint configurations 

In the case of the SAC-In joints of test assembly A, the SEM investigations of the 

cross-sectional samples proved that the cracks formed at the inner and outer edges 

of the joint during the TCTs over temperature ranges of 0–100 °C and −40–

125 °C. These cracks characteristically propagated in the solder matrix, as dem-

onstrated in Figs. 13a and 13b. Severe intergranular cracking could often be ob-

served in the region at the inner edge of a joint [Paper II]. These observations 

indicate that creep was the dominant failure mechanism of cracks formed at the 

high temperature extreme. Moreover, the rugged crack path of the failure formed 

at the low temperature extreme suggests that a similar failure type existed at the 
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outer edge of the joints. When this joint type was exposed to the extremely harsh 

TCT over a temperature range of −55–150 °C, the crack path was located at the 

Ag3(Sn,In)/solder interface at the inner edge of the joint, whereas the crack 

formed at the outer edge propagated within the solder matrix (Fig.13c). The 

thickness of the Ag3(Sn,In) layer varied from 5–7 μm after the TCT.  

The characteristic crack paths of the ENIG-plated SAC-In joints are shown in 

Fig. 13d. Cracking in the mixed ceramic/metallization zone was the primary fail-

ure mechanism in the joints of assembly C, whereas the occasional failures within 

solder detected in these joints were comparable with the primary failure of the test 

joints of assembly D (Fig. 13d). Furthermore, the SEM analysis revealed that a 

separate intergranular fracture could form in the middle of the joint during the 

TCT.  

 

Fig. 13. Characteristic crack paths of the AgPt-metallized SAC-In joints after the ther-

mal cycling test over temperature ranges of a) 0–100°C, b) −40–125 °C, and c) −55–

150 °C. d) Characteristic crack paths of the ENIG-plated SAC-In joints after the thermal 

cycling test over a temperature range of −40–125 °C [Papers II, IV, and V. Figs. 13a, 13b 

and 13d published by kind permission of Emerald Group Publishing Limited. Fig. 13c 

published by kind permission of Springer Science and Business Media].  

A summary of the crack paths observed in the non-collapsible test joints is given 

in Table 11. 
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Table 11. Location of the primary crack paths in the non-collapsible test joints after 

the thermal cycling tests [Papers I, II, IV, and V]. 

Assembly/Joint TCT Outer edge Inner edge 

A/Sn4Ag0.5Cu 0–100 °C Within solder matrix At IMC/solder interface + within solder 

matrix 

A/Sn4Ag0.5Cu −40–125 °C Within solder matrix At IMC/solder interface 

A/SAC-In 0–100 °C Within solder matrix Within solder matrix 

A/SAC-In −40–125 °C Within solder matrix Within solder matrix 

B/Sn4Ag0.5Cu −55–150 °C Within solder matrix At IMC/solder interface 

B/SAC-In −55–150 °C Within solder matrix At IMC/solder interface + within solder 

matrix 

C/Sn3.8Ag0.7Cu −40–125 °C At ceramic/metallization 

interface* 

Within solder matrix 

C/SAC-In −40–125 °C At ceramic/metallization 

interface* 

Within solder matrix 

D/Sn3.8Ag0.7Cu −40–125 °C Within solder matrix Within solder matrix 

D/SAC-In −40–125 °C Within solder matrix Within solder matrix 

* Within solder matrix in a few critical joints 

3.4 3.4 FE-SEM analyses 

3.4.1 Failure mechanisms of collapsible Sn4Ag0.5Cu joints 

The main characteristic features of the fracture surface of the joints in the 

Sn4Ag0.5Cu/Arlon and Sn4Ag0.5Cu/FR-4 assemblies after the thermal cycling 

test over a temperature range of −40–125 °C are presented in Figs. 14 and 15. In 

the case of the Sn4Ag0.5Cu/Arlon assembly, tin grains with damaged grain boun-

daries were typically observed on the fracture surface at the outer edge of the joint, 

as shown in Fig. 14b. This proved the creep-related nature of the failure. On the 

other hand, the main characteristic features of the outer fracture surface of a joint 

in the Sn4Ag0.5Cu/FR-4 assembly differed from the above-mentioned failure. A 

narrow zone where the grain size is smaller, compared with the inner area of the 

fracture surface, was seen at the outer edge of the joint surface (Fig. 15b). The 

characteristic feature of this region was the existence of fatigue striations, proving 

that the thermally induced failure propagated in a transgranular manner (Fig. 15c). 
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Fig. 14. Fracture surfaces on the LTCC side of a collapsible Sn4Ag0.5Cu joint soldered 

on Arlon board after the thermal cycling test over a temperature range of −40–125 °C: 

a) the whole area and b) the fractured surface at the outer edge [Paper III, published 

by kind permission of Elsevier Ltd.]. 

 

 

 

 

 

 

 

 

 

 

Fig. 15. Fracture surfaces on the LTCC side of a collapsible Sn4Ag0.5Cu joint soldered 

on FR-4 board after the thermal cycling test over a temperature range of −40–125 °C: a) 

the whole area, b) the fractured surface at the outer edge, and c) indication of trans-

granular fatigue cracking within the narrow zone of Fig. 12 b. [Paper III, published by 

kind permission of Elsevier Ltd.]. 
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A summary of the primary failure mechanisms observed in the collapsible test 

joints is given in Table 12. 

Table 12. Primary failure mechanisms of the collapsible test joints after the TCT over 

temperature ranges of 0–100 °C and −40–125 °C [Paper III]. 

Assembly/Joint TCT Ceramic 

cracking 

Mixed 

fatigue/creep 

Creep Cracking at IMC/solder 

interface 

Sn4Ag0.5Cu/FR-4 0–100 °C n.d. n.d. Outer edge Inner edge 

Sn4Ag0.5Cu/FR-4 −40–125 °C Outer edge (Outer edge) n.d. Inner edge 

Sn4Ag0.5Cu/Arlon 0–100 °C n.d. n.d. Outer edge Inner edge 

Sn4Ag0.5Cu/Arlon −40–125 °C n.d. n.d. Outer edge Inner edge 

n.d. = not deteced 

(location) = occasional observations 

3.4.2 Failure mechanisms of non-collapsible joints 

In an LTCC module with BGA joints, the critical joints (i.e. joints with the highest 

stress level) are typically located in the corners of the module. A typical fracture 

surface on the LTCC side of an Sn4Ag0.5Cu corner joint of test assembly A after 

the TCT over a temperature range of 0–100 °C is presented in Fig. 16a. An inter-

granular fracture surface located at the outer edge of the joint is shown in Fig. 16b. 

In this case, neither transgranular fatigue nor the formation of a zone with fine (≈ 

5–10 μm) grain size was detected. The surface of the inner edge contained less 

Ag3Sn particles and more tin compared with the fracture surface formed in the 

harsh TCT, as shown in Fig. 16c.  
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Fig. 16. Different fracture surfaces on the LTCC side of a Sn4Ag0.5Cu corner joint after 

the thermal cycling test over a temperature range 0–100 °C: a) the whole area, b) the 

area of the outer edge, and c) the area of the inner edge [Paper I, published by kind 

permission of Springer Science and Business Media ]. 

In the case of the TCT over a temperature range of −40–125 °C, the inner edge 

contained mainly Ag3Sn particles. The main characteristic features of the outer 

fracture surface are presented in Figs. 17a-c. An 80-μm-wide zone, where the 

grain size is smaller (≈ 5–10 μm) compared with the inner area of the fracture 

surface, is seen at the outer edge of the joint surface (Fig. 17b). This observation 

suggests that localized recrystallization occurred in the critical area of the joint 

(i.e. the location of the highest stress/strain) during thermal cycling. Furthermore, 

there were several intergranular cracks on the fracture surface, indicating severe 

creep failure. Another characteristic feature was the existence of fatigue striations, 

proving that the thermally induced failure also propagated in a transgranular 

manner due to thermal fatigue, as shown in Fig. 17b. Next to the recrystallized 



45 

zone was an approximately 200–300-μm-wide zone with a coarser (≈ 10–20 μm) 

microstructure (enlarged in Fig. 17c). 

 

 

Fig. 17. a) Fracture surfaces on the LTCC side of a joint formed at the low temperature 

extreme during the thermal cycling test over a temperature range of −40–125 °C, b) an 

enlarged image of a zone with coarse grain size, and c) an enlarged image of a zone 

with coarse grain size. d) Transgranular failure at the outer edge of the Sn4Ag0.5Cu 

joint after the thermal cycling test over a temperature range of −55–150 °C. White 

arrows show the site of a transition from the zone with a fine grain size to an area of 

coarse grains in Fig. 17a [Papers I and IV, published by kind permission of Springer 

Science and Business Media]. 

A fracture surface of an Sn3.8Ag0.7Cu corner joint of assembly B after the TCT 

is shown in Fig. 18a. A mixed intergranular/transgranular fracture surface was 

detected within the solder matrix at the outer edge of the joint (Fig. 18b), whereas 

the surface of the inner edge was formed by a transgranular mechanism (creep). 

Furthermore, a large creep failure exists in the middle of the joint. This is related 
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to notable inelastic deformation and subsequent recrystallization, observed with 

SEM and optical microscopy with polarized light (see Figs. 8b and 12b). The 

fracture surface consisted of a Sn-based solder matrix, although small areas of 

(Cu,Ni,Au)6Sn5 phase were detected near the inner edge in some joints.  

Enlarged images of the outer edges of both assemblies A and B are shown in 

Figs. 18c and 18d. These failures revealed transgranular features with striations; 

the average width of a striation was approximately 0.5 μm and 0.1 μm in the 

joints of assembly C and D, respectively. Figs. 18b - 18d show that both transgra-

nular cracking due to fatigue and intergranular cracking due to creep formed at 

the low temperature extreme.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 18. Fracture surfaces on the LTCC side of ENIG-plated Sn3.8Ag0.7Cu joints 

formed at the low temperature extreme during the thermal cycling test over a tempera-

ture range of −40–125 °C. a) The fracture surface of the joint of test assembly D, b) 

transgranular failure at the outer edge of the joint, and c) an enlarged image of the 

outer edge of the joint. d) Striations on the fracture surface of an Sn3.8Ag0.7Cu joint 

in the test assembly C [Paper V, published by kind permission of Emerald Group Pub-

lishing Limited ]. 

The typical features of the fracture surface of a SAC-In composite joint after the 

thermal cycling test over a temperature range of −40–125 °C are presented in Figs. 
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19a - 19d. Three regions can be observed on the fracture surface shown in Fig. 

19a. These are the regions of intergranular cracking at the inner edge of the joint 

(enlarged in Fig. 19b) and at the outer edge of the joint (enlarged in Fig. 19c). The 

region in the middle of the surface is related to either a rapid failure due to over-

loading that occurred after the thermal fatigue cracks reached a critical length, or 

a failure that occurred during the detachment of a module. Occasionally, striations 

can be observed on the surface of a few Sn grains, as shown in Fig. 19d.  

 

 

Fig. 19. Typical fracture surfaces on the LTCC side of a SAC-In corner joint after the 

thermal cycling test over a temperature range of −40–125 °C: a) the whole area (magni-

fication x 100), b) the area at the outer edge, c) the area at the inner edge, and d) occa-

sional indication of transgranular fatigue cracking [Paper II, published by kind per-

mission of Emerald Group Publishing Limited ]. 

A fracture surface of an SAC-In corner joint after the TCT over a temperature 

range of −55–150 °C is presented in Fig. 20a. A transgranular fracture surface 

within the solder matrix is seen at the outer edge of the joint, whereas the surface 
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of the inner edge consists of homogenous Ag3(Sn,In) particles. In the case of the 

Sn4Ag0.5Cu joints (Fig. 17d), the fractured area consisting of Ag3Sn particles 

was larger in these joints than in the SAC-In joints. Furthermore, a large creep 

failure exists in the middle of the joint.  

Enlarged images of the outer edge of both test joints are shown in Figs. 20b 

and 17d. The failures have primarily transgranular features with striations. Occa-

sional cracks can be detected along the boundaries of Sn grains, especially near 

the outer edge of the joint. These observations indicate that both transgranular 

cracking due to fatigue and minor intergranular cracking due to creep formed at 

the low temperature extreme. The average width of a striation can be estimated 

from Figs. 20b and 17d, being approximately 0.6 μm and 1.2 μm in the SAC-In 

and Sn4Ag0.5Cu joints, respectively. 

 

 

Fig. 20. Typical fracture surfaces on the LTCC side of a SAC-In corner joint after the 

thermal cycling test over a temperature range of −55–150 °C: a) The fracture surface of 

the SAC-In joint and b) transgranular failure at the outer edge of the SAC-In joint [Pa-

per IV, published by kind permission of Springer Science and Business Media]. 

A summary of the primary failure mechanisms observed in the non-collapsible 

test joints is given in Table 13. 
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Table 13. Primary failure mechanisms within the non-collapsible test joints after the 

TCTs over temperature ranges of 0–100 °C, −40–125 °C, and −55–150 °C [Papers I, II, IV, 

and V]. 

Assembly/Joint TCT Ceramic 

cracking 

Mixed 

fatigue/creep 

Creep Cracking at IMC/solder 

interface 

A/Sn4Ag0.5Cu 0–100 °C n.d n.d (Inner edge) Inner edge 

A/Sn4Ag0.5Cu −40–125 °C (Outer edge) Outer edge (Inner edge) Inner edge 

A/SAC-In 0–100 °C n.d n.d Inner edge and 

outer edge 

n.d 

A/SAC-In −40–125 °C (Outer edge) n.d Inner edge and 

outer edge 

n.d 

B/Sn4Ag0.5Cu −55–150 °C (Outer edge) Outer edge (Inner edge) Inner edge 

B/SAC-In −55–150 °C (Outer edge) Outer edge (Inner edge) Inner edge 

C/Sn3.8Ag0.7Cu −40–125 °C Outer edge n.d Inner edge n.d 

C/SAC-In −40–125 °C Outer edge n.d Inner edge and 

(outer edge) 

n.d 

D/Sn3.8Ag0.7Cu −40–125 °C n.d Outer edge Inner edge n.d 

D/SAC-In −40–125 °C n.d n.d Inner edge and 

outer edge 

n.d 

n.d. = not deteced 

(location) = occasional observations 

3.5 Thermal cycling tests 

After the thermal cycling test, the cumulative failure distribution of the test ver-

sions was determined using “Weibull ++” software. The characteristic lifetime (θ) 

of the joints and the Weibull shape parameter (β) are listed in Table 14. 
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Table 14. Characteristic lifetime θ and Weibull shape factor β values of the collapsible 

and non-collapsible test joints in the TCTs over temperature ranges of 0–100 °C, −40–

125 °C, and −55–150 °C [Papers I - V]. 

Assembly/Joint Joint type TCT θ (cycles) β 

A/Sn4Ag0.5Cu Non-collapsible 0–100 °C 4298 5.4 

A/Sn4Ag0.5Cu Non-collapsible −40–125 °C 917 6.8 

A/SAC-In Non-collapsible 0–100 °C 5590 6.3 

A/SAC-In Non-collapsible −40–125 °C 1432 5.3 

B/Sn4Ag0.5Cu* Non-collapsible −55–150 °C 531 1.3 

B/SAC-In* Non-collapsible −55–150 °C 941 4.5 

C/Sn3.8Ag0.7Cu** Non-collapsible −40–125 °C 957 7.1 

C/SAC-In** Non-collapsible −40–125 °C 1371 6.2 

D/Sn3.8Ag0.7Cu Non-collapsible −40–125 °C 1835 10.1 

D/SAC-In Non-collapsible −40–125 °C 2325 9.0 

Sn4Ag0.5Cu/FR-4 Collapsible 0–100 °C 1475 9.1 

Sn4Ag0.5Cu/FR-4 Collapsible −40–125 °C 524 5.6 

Sn4Ag0.5Cu/Arlon Collapsible 0–100 °C 5424 11.8 

Sn4Ag0.5Cu/Arlon Collapsible −40–125 °C 1575 29.7 

* 1100 μm PCSB 

** Ceramic cracking 

Comparing the present TCTs with the test conditions of the IPC 9701 standard, 

the TCTs over temperature ranges of 0–100 °C and −40–125 °C correspond with 

cycle conditions TC1 and TC3, respectively. The TCT over a temperature range 

of −55–150 °C is not included in the standard [44]. 
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4 Discussion 

4.1 Microstructure of solder joints 

The initial microstructure of the test joints was determined after the ball attach-

ment process (i.e. the first reflow soldering). It must be noted that the nominal 

composition of the upper half of the non-collapsible solder joint evidently 

changes to some extent during the second reflow soldering. This is due to copper 

dissolution from the PCSBs into the liquid solder and mixing of the different 

solders used in the non-collapsible test joints. Furthermore, solid/liquid interac-

tions between the metallized pad and the liquid probably causes variation in the 

composition of the solder matrix near the solder/metallization interface. Finally, 

the test joints were fabricated using commercial solder pastes. Therefore, due to 

impurities and the fabrication process of the solder pastes, slight variations in 

their composition may exist compared with the nominal compositions given by 

the manufacturers. 

4.1.1 SAC joints 

The as-soldered joints with the Sn3.8Ag0.7Cu and Sn4Ag0.5Cu solders consisted 

of large Sn grains in which Ag3Sn and Cu6Sn5 particles were embedded, as shown 

in Figs. 7b and 9c. This is consistent with several studies focused on the micro-

structural features of BGA joints with SAC solders [48–59], although it was also 

reported that a large number of randomly oriented equiaxial grains were formed 

in small (300 µm) SAC solder balls cast in an alumina mold [57,58]. The Ag 

content of the alloy had the main effect on the characteristic features of the solidi-

fied microstructure in the practical reflow conditions of the common commercial 

SAC solder pastes [48,53,60]. On the other hand, the Cu content of these pastes 

varies typically from 0.5 wt% to 0.7 wt%. Thus, it has a minor effect on variation 

in the solidified microstructure compared with the 1–4 wt% Ag content of the 

solders. Since the nominal Ag contents of the SAC solder alloys used in this work 

were 3.8 wt% and 4 wt% and the reflow conditions were practically similar, there 

was no significant difference between the initial microstructures of the test joints. 

The initial microstructure changes during the TCT. Dutta et al. [61] reported 

substantial strain-induced and static coarsening of Ag3Sn particles within small 

(100 µm) Sn4Ag0.5Cu BGA solder joints exposed to an extremely severe TCT 
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over a temperature range of −65–160 °C. Similar behavior was observed in the 

solder joints of ceramic chip resistors tested over a temperature range of −40–

125 °C [62]. However, no significant coarsening of the IMC particles within the 

solder matrix of the test joints was detected after the TCT [Papers I and III]. This 

was due to the fact that the strain was mainly localized in the narrow recrystal-

lized zone of the test joint configurations. Therefore, it can concluded that mod-

erate coarsening of the IMC particles within the bulk solder matrix of the test 

joints occurred during the dwell time at the high temperature, as in thermally aged 

SAC alloys [62,63]. Considering that the test joints spent 250 hours at 125 °C per 

1000 cycles, the insignificant growth of the IMC particles was very well in 

agreement with results achieved from Sn3.8Ag0.7Cu and Sn4Ag0.5Cu solder 

joints aged at the same temperature [62,63]. 

4.1.2 SAC-In joints 

After the first reflow soldering, the solder matrix of the as-soldered SAC-In joints 

with large initial grains (Fig. 7a) consisted of tin and indium, where the In content 

varied mainly around 3 at%, which is under the solubility limit of indium in tin. 

Silver formed intermetallic compounds (IMC) with tin and indium. The size of 

these particles varied from less than 1 μm to up to 5 – 7 μm. The composition of 

this IMC type was approximately 75 at% Ag, 18 at% Sn, and 7 at% In, corres-

ponding to the Ag3(Sn,In) compound. The result was consistent with findings in 

the Sn9In3.5Ag0.5Cu solder after reflow soldering, although the indium content 

of the IMC was lower in this study [64]. The Ag3(Sn,In) particles were not evenly 

distributed in the solder matrix; they often formed clusters. The absence of the 

fine dispersed Ag3Sn particles that were typically detected in the solder matrix of 

the near-eutectic SnAgCu alloys (Fig. 9c) was evident. Moreover, Suhling et al. 
[65] identified phases containing only silver and indium in Sn8In3Ag0.5Cu solder. 

These were not observed by Sharif and Chan [64] or in Paper IV. Copper also 

reacted with tin and indium, forming either up to 5-μm-long elongated or small (> 

1 μm) spherical phases of Cu6(Sn1-xInx)5 in the SAC-In solder. According to the 

EDS analysis, the at-% fractions of Cu:Sn:In were 51:46:3, respectively, being 

consistent with the findings made by Sharif and Chan, who studied the 

Sn9In3.5Ag0.5 Cu alloy [64].  

Compared with the microstructure of Sn9In3.5Ag0.5Cu solder [64], the only 

major exception was the existence of a sigma phase (InSn4) in the microstructure 

of the SAC-In joints after reflow soldering (Table 8), as shown in Fig. 9b. How-
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ever, formation of a sigma phase in indium-containing lead-free solders was re-

ported in the literature [66,67]. This was due to segregation of indium during 

cooling in some SnInAg alloys, resulting in an excess amount of indium in the 

liquid [66,67]. It was also shown that a solid-state phase transformation, βSn+In 

→ βSn + γ (InSn4), occurred in binary Sn8In and Sn10In alloys at the high tem-

peratures of 125–150 °C [68]. In paper IV, due to the formation of Ag3(Sn,In) and 

Cu6(Sn,In)5 particles, the indium content after non-equilibrium solidification of 

the SAC-In joints was significantly lower (2–3 wt%) than the nominal 7 wt%. 

This was less than the maximum solubility of indium in tin at 150 °C [69], sug-

gesting that no phase transformation occurred during the TCT. Moreover, the γ 

(InSn4) phase could not be detected from the matrix after the test. Thus, it was 

concluded that the phase transformation, βSn+In solute → βSn + γ(InSn4), did not 

occur in the test joints during the TCT and, consequently, the γ(InSn4) phase in 

the as-soldered microstructure had no major effect on the thermal fatigue beha-

vior of the SAC-In joints [Paper IV]. 

The SEM/EDS also indicated that the indium content in the slightly coar-

sened IMC particles was homogenized during the TCT [Papers II and IV]. Suhl-

ing et al. [65] observed that coarsening of the IMC particles occurred in the 

Sn8In3Ag0.5Cu joints of resistors (2512) during the TCT, although no quantita-

tive analysis of the composition of the IMC particles and the Sn matrix was given. 

It must be noted, however, that the size and distribution of the IMC particles in 

the initial microstructure of the Sn8In3Ag0.5Cu joints in Ref. 65 did not corres-

pond to the as-soldered microstructure of the SAC-In joints with a nominal Ag 

content of 4.1 wt%. Furthermore, the low Ag content in the Sn9.5In1.5Ag0.7Cu 

resulted in the formation of Ag2(Sn,In) particles instead of Ag3(Sn,In) particles 

[70]. The above-mentioned results suggest that Ag content had a major effect on 

the solidified microstructure in 6–9 wt% In-containing lead-free solders, similarly 

to SAC alloys. 

In the case of extremely harsh TCT conditions (−55–150 °C), the indium con-

tent of the solder matrix was under the reliable detection limit of the EDS analysis. 

The decreased indium content was due to coarsening of the Ag3(Sn,In) particles 

during the TCT (Table 9). This observation was in accordance with the results of 

earlier studies [24, Paper II], although the phenomenon did not occur to such a 

degree in those test joints. It was assumed that the diffusion rate of the indium 

atoms in the test joints was increased by the higher upper temperature extreme 

(150 °C) and increased strain caused by the larger global thermal mismatch of the 
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assembly, since these altered conditions of the joint likely result in an increased 

amount of dislocations and vacancies in the Sn matrix. 

4.1.3 Interaction between solders and metallizations of the LTCC 
module 

A thin (2–3 μm) Ag3Sn layer was formed at the metallization/solder interface 

after reflow soldering in all the AgPt (QS 264) metallized test modules with SAC 

solders [Papers I, III, IV]. No excessive growth of the IMC layer was detected 

after the TCT. This is consistent with other studies in which the interactions be-

tween this metallization and lead-free solders were reported 

[15,24,29,40,42,71,72]. 

According to the SEM/EDS analysis (Fig. 9a), the IMC layer (average layer 

thickness 2 μm - 4 μm) composition of Ag3(Sn1-xInx) was formed between the 

AgPt (QS 264) metallization and the SAC-In solder after ball attachment [Papers 

II and IV]. This was similar to earlier findings in AgPt (QS 264) metalliza-

tion/SAC-In solder interfaces [24,40]. An average thickness of 5 μm - 7 μm was 

determined after the TCT over a temperature range of −55–150 °C, whereas lesser 

growth of the IMC layer was observed after the milder TCTs over temperature 

ranges of 0–100 °C and −40–125 °C [Papers II and IV]. Thus, the growth of the 

IMC layer was not excessive in any test conditions used in this study. 

Considering the metallurgy of the ENIG/solder interface on the LTCC side of 

the joint, the (Cu,Ni)6Sn5 layer was observed in the Sn3.8Ag0.7Cu joints after 

soldering at the typical reflow peak temperatures, similarly to other studies focus-

ing on the interactions between SAC alloys and ENIG plating [Paper V, 73–87]. 

On the other hand, a SEM investigation of the as-soldered Sn1Ag0.5Cu and 

Sn4Ag0.5Cu joints proved that a thin layer of (Ni,Cu)3Sn4 may exist between the 

Ni plating and the (Cu,Ni)6Sn5 layer after reflow soldering [83]. The SEM inves-

tigation also showed that the IMC layers of the Sn4Ag0.5Cu and Sn3.8Ag0.7Cu 

joints did not grow noticeably during the TCT. This is due to the fact that no extra 

copper was available for the growth of the IMC layer. The composition of the 

IMC layer remained practically unaltered during the TCT, although phase trans-

formations, (Cu,Ni)6Sn5 → (Ni,Cu)3Sn4, were reported after thermal aging at 

relatively high temperatures (≥ 150 °C) [76,81,88]. Furthermore, formation of a 

Cu3Sn layer between the Cu6Sn5 and the copper layer of the PCSBs was detected, 

but this did not have an effect on the primary failure mechanisms of the test joint, 

as discussed in Chapter 4.3.  
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The IMC layer of the ENIG-plated SAC-In joint (Fig. 9d) did not contain in-

dium after reflow soldering, contrary to the observations of small (3–6 at%) in-

dium content in the IMC layer between Sn9In3.5Ag0.5Cu solder and Au/NiP 

metallization [89–92]. This was probably due to the lower peak temperature of 

the present reflow processes compared with the 240–250 °C temperatures used in 

other studies. However, indium was detected in the IMC layer after the TCT, and 

the indium content in Ag3(Sn,In) and Cu6(Sn,In)5 particles within the solder ma-

trix was slightly increased, similar to the SAC-In joints of AgPt-metallized mod-

ules [Papers II and IV].  

Considering the above discussion, it was concluded that the detected phase 

transformations did not degrade the reliability of the present ENIG-plated test 

joints. 

4.2 Recrystallization of the test joints 

It is well established that recrystallization occurs in the thermomechanically 

loaded collapsible BGA joints of SAC alloys [48–51,54]. On the other hand, no 

clear evidence of recrystallization in Sn3.8Ag0.7Cu specimens was detected in 

the isothermal cycling tests at various temperatures [93,94]. On this basis, it was 

concluded that recrystallization is not an inherent property of the alloy, it is re-

lated to constrained stress conditions of the BGA joints [94]. Similarly, no occur-

rence of recrystallization was observed in this alloy in thermal cycling tests of lap 

joint specimens at various temperatures or in TCT over a temperature range of RT 

- 100 °C [95,96]. On the other hand, Lauro et al. [97] showed that recrystalliza-

tion and grain growth occurred in bulk Sn3.5Ag and Sn3.5Ag.0.5Cu samples (∅ 

0.2 in., height 0.125 in.) after compressive deformation of 30% and subsequent 

annealing (48 h, 150 °C), whereas Sn0.7Cu required only compressive deforma-

tion of 20%. Furthermore, Vianco et al. [98] reported that both static and dynamic 

recrystallization occurred in Sn3.9Ag0.6Cu specimens during isothermal time-

independent stress/strain tests. Thus, recrystallization seems to occur in various 

Sn-based solders if the stress/strain conditions are adequate.  

Considering the recrystallizion process of lead-free BGA joints, it was re-

ported that subgrains formed within the initial large grains before the new recrys-

tallized microstructure was formed at strain-concentrated locations of Sn-based 

lead-free BGA solder joints [49,54,79]. Initiation of several intergranular micro-

cracks could occur at low-angle grain boundaries [49,79], but the final crack 

propagated along the grain boundaries of the recrystallized microsturcture [48–
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51,54]. It was also shown that a relatively high (x ≥ 3 wt%) Ag content resulted in 

suppressed grain growth in the recrystallized SnxAg0.5Cu solder matrix during 

the TCT over a temperature range of −40–125 °C compared with a low (≤ 2 wt%) 

Ag content. It was assumed that the pinning effect of fine Ag3Sn dispersions re-

sulted in suppressed grain growth in SAC alloys [48,99,100]. Moreover, Gong et 
al. [101] stated that Ag3Sn particles could prevent the propagation of sub-

boundaries in Sn3.5Ag0.7Cu alloy. Finally, Sundelin et al. [49] showed that hy-

poeutectic Sn3Ag0.5Cu solder recrystallized more readily than Sn3.8Ag0.7Cu 

and Sn4Ag0.5Cu solders. They also concluded that this difference was related to 

the lower amount of Ag3Sn particles in the hypoeutectic solder. Thus, Ag content 

seemed to have a major effect on the solidified microstructure, as discussed in 

4.1.1, and on its recrystallization and subsequent coarsening during the TCT in 

SAC alloys. On this basis, it can be assumed that there was no significant differ-

ence between the recrystallizations of the Sn3.8Ag0.7Cu and Sn4Ag0.5Cu solders 

in the test assemblies used in this study, since the Ag contents of these solders 

were almost equal. 

The nature of the grain boundaries can also affect the recrystallization beha-

vior of lead-free solders, since Terashima et al. [49,99,100] reported that a nota-

bly greater amount of low-energy coincidence site lattice (CSL) boundaries ex-

isted in Sn3Ag0.5Cu and Sn1.2Ag0.5Cu0.05Ni solders compared with 

Sn1Ag0.5Cu after the TCT over a temperature range of −40–125 °C. On this 

basis, it was suggested that a sufficient amount of low-energy special boundaries 

(twin and other CSL boundaries) could diminish the number of continuous con-

nections between individual random boundaries and consequently hinder advan-

tageous sites for crack propagation. Finally, Henderson et al. [50] stated that the 

scale of the recrystallized zone may depend on the local crystallographic orienta-

tion of the Sn matrix and the applied stress field, and it may vary significantly 

from joint to joint.  

Hence, the recrystallization of Sn-based BGA solder joints seems to depend 

on the stress/strain distribution of the joint and the initial microstructure after 

solidification. Furthermore, the anisotropic features of Sn-based solders may 

cause variation in recrystallization kinetics among individual joints. Besides these 

factors, different solder land materials may have an influence on the recrystalliza-

tion behavior of lead-free BGA joints because of the dissolution of solid deposits. 

Mattila et al. [51] stated that dissolution of copper from Cu pads to SAC solders 

resulted in the formation of large primary Cu6Sn5 particles during reflow solder-

ing. These particles enhanced nucleation in the recrystallization process and, con-
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sequently, caused faster formation of a recrystallized region within the joints 

compared with joints soldered on an AuNi deposit. Although Cu pads were not 

used in this study, it seemed evident that dissolution of copper from PCSBs to 

liquid solder occurred to some extent during the reflow processes. This is due to 

the fact that the amount of dissolved Cu atoms was enough to cause the formation 

of a (Cu,Ni)6Sn5 layer on the ENIG-plated pads in Sn36Pb2Ag solder joints with 

PCSBs [8]. However, no significant difference between the microstructures of 

collapsible and non-collapsible joints was observed, as mentioned in Chapter 

4.1.1. The reasons for this were probably the lesser dissolution of copper due to 

the lower (≈230 °C) reflow peak temperature used in this study compared with 

the 240–245 °C temperature range used in Ref. 51, and the formation of a 

(Cu,Ni)6Sn5 layer, which consumed excess copper from the liquid solder.  

The nucleation of recrystallization occurs more easily close to voids, since 

they are localization sites of internal stresses in the solder joints [54]. Therefore, 

severe voiding next to the solder/component interface probably causes faster re-

crystallization of the solder in this high stress/strain region of the BGA joint and, 

consequently, faster initiation of intergranular cracking compared with a BGA 

joint with no excessive voiding. However, the X-ray investigation indicated that 

no excessive voiding occurred in the test assemblies. 

The results of optical microscopy with polarized light proved that recrystalli-

zation occurred in the joints of test assemblies B - D (Fig. 8). This was quite ex-

pected, since higher stress/strain distributions, caused by the large global thermal 

mismatch and the relatively large component size in the LTCC/PWB assemblies, 

probably existed in the critical joints of the present test assemblies than in the test 

assemblies used in Refs. 48–51 and 54. Moreover, the results suggest that the 

SAC-In joints were more prone to recrystallization than were the Sn3.8Ag0.7Cu, 

Sn4Ag0.5Cu and Sn3Ag0.5In0.05Ni joints [Papers IV and V]. In other words, 

due to inelastic deformation, more energy was stored in the SAC-In joints in simi-

lar joint configurations compared with the other test solders. This in turn suggests 

that the plasticity of the SAC-In solder is higher, especially at low temperatures, 

than the plasticity of the other test solders. On the other hand, due to the different 

number of thermal cycles, the amount of cumulative deformation varied in the 

different test joints. Thus, the present observations did not categorically prove the 

assumption of higher plasticity of SAC-In solder at a low temperature. Unfortu-

nately, no studies focusing on the recrystallization behavior or temperature-

dependent mechanical properties of SnInAgCu alloys can be found in literature. 
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Therefore, more information about the recrystallization kinetics of SAC-In solder 

and its plasticity is obviously needed. 

4.3 Failure mechanisms of thermomechanically loaded solder 
joints 

The importance of knowing the exact failure mechanisms of lead-free solder 

joints with respect to reliable lifetime estimation was stated in the literature 

[61,102], although the results obtained from limited accelerated tests in laboratory 

conditions do not necessarily correspond exactly to the reliability of solder joints 

in field conditions. Nevertheless, the need for models to be used in simulating 

strain/stress distribution in solder joints and, consequently, in estimating the life-

time duration of solder joints in different microelectronic packages is obvious. To 

determine acceleration factors and to verify the results of simulations, these mod-

els require not only the temperature-dependent material parameters of the assem-

bly, but also the TCT data. Moreover, reliability models are typically based on the 

assumption of creep deformation in solder joints. Obviously, such a model cannot 

accurately predict the lifetime of electronic packages in which a different primary 

failure mechanism has caused a failure in second-level interconnections.  

Considering the present test assemblies, the SAM analyses proved that sepa-

rate cracks were propagating from the outer and inner edges towards the center of 

the joint in all of them. Generally, the global thermal mismatch between a com-

ponent with BGA joints and a PWB is assumed to induce compressive stresses at 

the outer edge of the BGA joints on the component side at the high temperature 

extreme and tension stresses at the low temperature extreme during the TCT [103]. 

Obviously, the simplified stress conditions are inversed at the inner edge of the 

joint. Therefore, it can be concluded that the crack located at the inner edge of the 

critical test joints was formed at the high temperature extreme and the one ob-

served at the outer edge of the joints was formed at the low temperature extreme. 

A detailed failure analysis of the test joint configurations is given below. 

4.3.1 Sn4Ag0.5Cu and Sn3.8Ag0.7Cu solders 

The FE-SEM analysis clearly showed the occurrence of intergranular cracking at 

the outer edge of the non-collapsible Sn4Ag0.5Cu joints tested in the mild TCT 

over a temperature range of 0–100 °C (Fig. 16). In other words, the primary fail-

ure of this joint was related to creep. The fraction of separated IMC/solder inter-
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face at the inner edge of the joints was decreased compared with the harsher TCT 

conditions [Paper I]. However, the primary failure mechanism at the outer edge of 

the joint changed when the temperature swing of the TCT was increased. 

The main characteristic features of the outer fracture surface in the 

Sn4Ag0.5Cu joints after the TCT over temperature ranges of −40–125 °C and 

−55–150 °C were presented in Fig. 17. The observations presented in Figs. 8 and 

11c suggest that localized recrystallization occurred in the critical area of the joint 

(i.e. the location of high strain) during the TCT over a temperature range of −40–

125 °C, similarly to localized recrystallization detected in the higher deformation 

regions of the various SAC solder joints tested over a temperature range of −40 

(or −45)–125 °C [48–51,54]. Furthermore, there were several intergranular cracks 

on the fracture surface, indicating severe creep failure (Fig. 17). Another characte-

ristic feature was the existence of fatigue striations, proving that the thermally 

induced failure also propagated in a transgranular manner due to thermal fatigue, 

as shown in Fig. 17. The occurrence of a thermomechanically induced mixed 

transgranular and intergranular failure in Sn-xAg-0.5Cu (x = 1 – 4 wt%) solder in 

a temperature range of −40–125 °C and in the isothermal fatigue test of the 

Sn3Ag0.5Cu alloy with the high stress ratio of 0.7 was reported earlier, although 

no fractographic analysis of the test specimens was given in these studies 

[48,104].  

An approximately 200 – 300-μm-wide zone with coarser grains existed next 

to the fine recrystallized zone (enlarged in Fig. 17c). The zone consisting of 

coarse grains was probably a consequence of thermal strain-induced recrystalliza-

tion and subsequent grain growth during thermal cycling, although it was as-

sumed in Paper I that the failure was located outside the recrystallized zone. Non-

etheless, the latter assumption is not quite improbable, since Yang et al. [59] have 

shown recently that small grains next to the pad of a BGA joint could be detected 

on an OIM (Orientation Imaging Microscopy) map, although these grains were 

not visible in a micrograph of the same joint obtained using polarized light micro-

scopy. It is also generally known that relatively fine equiaxial grains can form 

next to the solid surface in the beginning of the solidification process before sub-

sequent dendritic solidification of the remaining melt. 

The striations were clearly wider in this zone with a coarser microstructure 

compared with the fine-grained zone (Fig. 17). Generally, the width of a single 

striation indicates the distance that the crack propagates during one cycle in a 

high stress intensity factor range (ΔK), but in the case of a low ΔK the formation 

of one striation might take several cycles. Although no reliable calculation for ΔK 
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can be made due to a lack of temperature-dependent material parameters for the 

PCSBs, the results suggest that the propagation rate of a thermomechanical fati-

gue/creep crack increases noticeably after a certain critical crack length, since the 

average width of the striation is approximately 0.25 μm and 1.25 μm in the re-

crystallized zone and the zone with a coarse microstructure, respectively [Paper I]. 

On the basis of the above, it was proposed that a mixed intergranu-

lar/transgranular failure initiated in a Sn4Ag0.5Cu joint at the low temperature 

extreme occurs in three stages [Paper I]. In the first stage, inelastic deformation 

concentrated in the critical area of the joint (i.e. the region of the highest strain) 

causes recrystallization. Afterwards, the failure is formed in the recrystallized 

zone mainly by grain boundary sliding and, to a lesser extent, by transgranular 

fatigue cracking. When the failure has propagated through the fine recrystallized 

zone, the primary failure mechanism changes. The next stage is mainly governed 

by transgranular (fatigue) cracking. Furthermore, the rate of crack propagation is 

noticeably increased in the third stage because of increased stress intensity at the 

crack tip and a coarser microstructure. 

 Moreover, the observations of FE-SEM analysis (Fig. 18) proved that a mix-

ture of transgranular (fatigue) and intergranular (creep) failures also formed in the 

Sn3.8Ag0.7Cu joints at the low temperature extreme, similar to the joints of 

AgPt-metallized Sn4Ag0.5Cu joints. However, the decreased width of the stria-

tions on the fracture surface of the Sn3.8Ag0.7Cu joints showed better fatigue 

endurance compared with Sn4Ag0.5Cu alloy. No specific explanation could be 

given for this difference on the basis of the present results. Generally, the different 

thermal fatigue endurances of SAC alloys is related to the characteristic features 

of the solidified microstructure of these alloys, since the fraction, size, distribu-

tion, and stability of the IMC particles within the solder matrix have a significant 

effect on the thermal fatigue endurance of SAC alloys. Furthermore, it was sug-

gested that a sufficient amount of low-energy special boundaries (twin and other 

CSL boundaries) could diminish the number of continuous connections between 

individual random boundaries and, consequently, decrease the number of advan-

tageous routes for crack propagation, since high-energy randomly oriented boun-

daries are more favorable sites for intergranular cracking [99,100]. Therefore, a 

thorough investigation into the recrystallization behavior of these solders in ther-

mally induced high stress/strain conditions would be required in order to clarify 

this issue. 

The SEM analyses (Figs. 11 and 12) also confirmed that separation of the 

IMC/solder interface of AgPt-metallized modules could be eliminated using 
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ENIG plating in the LTCC module. Moreover, the results also showed significant 

inelastic deformation and subsequent formation of separate intergranular failures 

between the via and the PCSBs (Fig. 12). This is in accordance with the simulated 

stress distribution of PCSB joints showing the highest stress level in the same 

region (i.e. the center region of the component/joint interface) [16,105]. Thereby 

it was proved that intergranular cracking could exist within the solder matrix 

between the PCSBs and via before cracks propagating towards this region from 

the inner and outer edges reached it. 

Considering the collapsible Sn4Ag0.5Cu joints, the SEM and FE-SEM inves-

tigations of the test joints proved that intergranular creep was the dominant failure 

mechanism at the outer edge of the joints in the Sn4Ag0.5Cu/Arlon assembly in 

the TCT over a temperature range of −40–125 °C (Figs. 10 and 14). This was in 

accordance with the observations concerning the thermal fatigue behavior of SAC 

alloys in the BGA joints of ceramic, flip-chip, and CSP packages during thermal 

cycling tests over a temperature range of −40 (or −45)–125 °C [48–51,54]. On the 

other hand, clear indications of transgranular fatigue cracking were noticed at the 

outer edge of the collapsible Sn4Ag0.5Cu joints in the Sn4Ag0.5Cu /FR-4 as-

sembly (Fig. 15). A transgranular (fatigue) failure was also observed in the non-

collapsible Sn4Ag0.5Cu joints of assembly A after the TCT over a temperature 

range of −40–125 °C [Paper I]. Therefore, the dominant failure mechanism of 

thermal fatigue in the Sn4Ag0.5Cu solder was dependent on the induced stress 

level in the temperature range of −40–125 °C. All the above-mentioned results 

showed that not only the temperature, but also the stress level had a strong influ-

ence on the dominant failure mechanism in thermomechanically loaded 

Sn4Ag0.5Cu solder.  

4.3.2 SAC-In solder 

The FE-SEM analysis (Fig. 19) showed that the primary failure mode at both 

edges of the AgPt- and ENIG-metallized SAC-In joints was intergranular (creep) 

cracking in the TCTs over temperature ranges of 0–100 °C and −40–125 °C [Pa-

pers II and V]. It is shown in Fig. 7a that the initial solidified microstructure of 

the SAC-In joints contained only a few large grains. Thus, the fine grain size of 

the fractured surfaces was assumed to be a consequence of inelastic deformation 

and subsequent recrystallization of the joint [Papers II and V]. Furthermore, the 

narrow recrystallized zone of the Sn4Ag0.5Cu joints did not exist in this joint, but 

the grain size of the fractured surface within the region of intergranular cracking 
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seemed to vary from 5 μm to 10 μm (Figs. 19b-d). This was a notably finer grain 

size than the grain size of the coarsened zone in the Sn4Ag0.5Cu joints shown in 

Fig. 17a. This indicates that the growth rate of the recrystallized grains was slow-

er in the SAC-In solder than in the Sn4Ag0.5Cu alloy. This probably explains 

why a transgranular fracture did not appear in the SAC-In joints in these TCT 

conditions, since it is known that the grain boundaries of a fine-grained micro-

structure resist transgranular cracking better than those of a coarse grain structure. 

In Paper II, it was assumed that indium alloying was the basic reason for the finer 

grain size and, consequently, the absence of transgranular cracking, since the 

Ag3Sn particles were coarser in the SAC-In solder than in the Sn4Ag0.5Cu solder. 

However, the assumption is not necessarily valid, since the suppressed grain 

growth can also be a consequence of the low-energy grain boundaries in Sn-based 

lead-free solders, as was discussed in Chapter 4.2. 

Moreover, the creep resistance of SAC-In solder seemed to be better than that 

of Sn3.8Ag0.7Cu solder at elevated temperatures, since the intergranular crack 

was formed at the high temperature extreme within the recrystallized zone of the 

joints, but the lifetime of the SAC-In joint was significantly higher compared with 

the Sn3.8Ag0.7Cu joint [Papers II and V]. A possible explanation for the en-

hanced creep resistance of the SAC-In solder was suggested in Paper IV. Based 

on the results that the rate-limiting creep mechanism in pure tin and three SAC 

alloys was core-diffusion-controlled dislocation climb and the activation energy 

Qcore in Sn and ternary alloys was 42 kJ/mol and 61 kJ/mol, respectively, it was 

assumed that the difference in Qcore values was related to segregation of Ag and 

Cu atoms near the dislocation cores in saturated βSn [106]. Therefore, it was 

suggested that indium atoms may have a similar effect on dislocation movements 

in the βSn phase of SAC-In solder as do Ag and Cu atoms in SAC alloys, since 

the higher solute atom volume would probably increase the Qcore value in indium-

containing solder compared with SAC alloys [Paper IV]. Consequently, more 

external energy would be required to activate dislocation climb in SAC-In solder, 

and its creep resistance would be better at elevated temperatures, resulting in 

better lifetime duration of SAC-In compared with other Sn-based lead-free sold-

ers tested in non-collapsible joints with PCSBs [71, Papers I and V].  

Unfortunately, no studies on the activation energies and creep mechanisms of 

SAC-In solder are found in the literature to verify or refute the assumption pre-

sented in Paper IV. Moreover, it must be noted that the above-mentioned results 

have been obtained by testing non-recrystallized specimens, whereas recrystalli-

zation of BGA joints changes the situation during the TCT in real solder joints. 
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Thus, it is more likely that indium atoms delay recrystallization and subsequent 

initiation of intergranular (creep) cracking within the solder matrix. Finally, the 

EDS analysis showed that the indium content in the tin matrix decreased signifi-

cantly during the TCT over a temperature range of −55–150 °C (Tables 8 and 9). 

It is therefore possible that the favorable effect of indium alloying on the creep 

resistance of the solder also decreases during thermomechanical loading.  

The transgranular failure formed in the SAC-In joints during the extremely 

harsh test conditions over a temperature range of −55–150 °C (Fig. 20), but the 

width of the striations (Figs. 17d and 20b) proved that the propagation rate of the 

transgranular crack was notably slower in SAC-In solder than in Sn4Ag0.5Cu 

joints tested in the same conditions. Thus, it was concluded that the fatigue resis-

tance of SAC-In solder was higher compared with Sn4Ag0.5Cu solder and, con-

sequently, it was one reason for the better lifetime duration of the test assembly 

with SAC-In joints. Finally, the results presented in Papers II and IV proved that 

the failure mechanisms of the SAC-In joints depended on the temperature range 

and the magnitude of the global thermal mismatch, similarly to the SAC joints, 

but the occurrence of transgranular cracking in the SAC-In solder joints required 

higher stress/strain conditions than did the other non-collapsible Sn-based lead-

free solder joints with PCSBs.  

4.3.3 Ceramic and ceramic/metallization interface failures 

This failure type is considered to be a disadvantageous failure type, since it can 

not be detected with DC measurements and, consequently, the lifetime of the joint 

can not be estimated with reasonable accuracy [5,9,12–15,40,42]. Moreover, if 

the LTCC module is subjected to both thermal and mechanical stresses, such as 

vibration, the reduced mechanical strength of the joint configuration due to crack-

ing in the ceramic might cause a failure long before the estimated failure time of 

the device has been reached. 

Considering the occasional failures at the ceramic/metallization interface in 

the test module with sintered Ag-based metallization, occasional cracks in the 

ceramic/joint interface of the LTCC package shown in Fig. 5 could be observed 

after 100 cycles or later, whereas typical primary overload-induced ceramic 

cracking was observed before 100 cycles in the TCT over a temperature range of 

−40 ° C - 125 °C [9,12–15,40]. This means that the initiation and propagation of 

these cracks were slower compared with the ceramic cracking observed in AgPd-
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metallized LTCC modules and AgPt metallized LTCC modules without a solder 

mask.  

The SAM analyses showed that the joints of test assemblies C/Sn3.8Ag0.7Cu, 

C/SAC-In, and Sn4Ag0.5Cu/FR-4 suffered from primary cracking in the ceramic 

or the ceramic/metallization interface during the TCT over a temperature range of 

−40 ° C - 125 °C (Table 7). However, the ENIG-plated test structures were capa-

ble of absorbing the thermally induced stresses sufficiently and they suffered less 

from failures within the ceramic and at the ceramic/metallization interface com-

pared with the Sn3Ag0.5Cu0.5In0.05Ni joints [Paper V]. Nevertheless, the rela-

tively poor adhesion between the Ag-based metallization (Du Pont 6154) and 

LTCC (Du Pont 951) indicates that there is still a need to improve the adhesion 

strength of the LTCC/metallization pairs in the future. Recent advancement in this 

matter has been reported in literature [107,108]. 

4.3.4 Failures related to PCSBs 

A different failure mechanism of the BGA joints related to the plastic core solder 

balls in various packages was reported earlier. In these studies, a crack in the 

copper layer in the middle of the PCSB (∅ ≤ 500 μm) in ceramic packages sol-

dered to organic PWBs was observed [10,16,25,109–111]. It was assumed that the 

maximum thermal stress in the PCSB is located near the center of the sphere, 

regardless of the high strain regions near the solder/pad interfaces [16,25]. On the 

other hand, this failure mechanism did not occur in the present test assemblies 

[Papers I, II, IV, and V], in the other LTCC/PWB assemblies with 800-μm or 

1100-μm PCSBs [8,40,71,72], or in more flexible assemblies with small PCSBs 

(∅ ≤ 500 μm) [26,112–114].  

Furthermore, it was suggested that solder cracking in the non-collapsible joint 

with PCSBs was due to the excessive amount of solder in the joint [10,109,110]. 

The excessive amount of solder, in turn, was supposed to reduce the elasticity of 

the PCSB joint to the same level as with ordinary collapsible BGA solder spheres 

[110]. In surface mount technology, however, typical stencil thicknesses are 125 

μm, 150 μm, and 180 μm. Since solder paste contains approximately 50 vol% of 

metal particles, the solder volume after paste printing and reflow soldering can be 

calculated. Assuming that the ball diameter, the stencil apertures, and the size of 

the solder lands are equal, the ratio of polymer and solder volumes (VPCSB/Vsolder) 

can also be calculated. Hence, with typical stencil thicknesses (180 μm - 125 μm) 

and ball diameters of 300 μm, 500 μm, 800 μm, and 1100 μm, this ratio varies 
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within the range of 1.7–2.5, 3.3–4.7, 5.1–7.3, and 7.3–10.5, respectively. Natural-

ly, the thin (20 μm) copper layer on the polymer core increase the stiffness of the 

sphere to some extent, but still the assumption of similar elasticity of the non-

collapsible solder joint with PCSBs and conventional collapsible or non-

collapsible BGA solder joints due to the excessive amount of solder seems very 

unrealistic, especially in the case of large (800 μm or 1100 μm) PCSBs. In fact, 

an over 75 % increase in characteristic lifetime was achieved in a LTCC/PWB 

assembly with 800-μm spheres after the TCT over a temperature range of −40–

125 °C when the 90Pb10Sn spheres was replaced with PCSBs [8]. Overall, it can 

be assumed that cracking in the copper layer in the middle of the PCSB can be 

avoided in given test/field conditions using standard SMT procedures, a combina-

tion of a properly designed joint structure, and a suitable area array in the BGA 

packages. 

4.4 Effect of the failure mechanism on the lifetime of test 

assemblies 

Thermomechanically induced failures of SAC-BGA joints are generally asso-

ciated with inelastic deformation in the solder matrix caused by creep. Superior 

creep properties of bulk SAC alloys due to dispersion strengthening of Ag3Sn and 

Cu6Sn5 particles compared with SnPb alloys were reported in isothermal creep 

tests [115,116], but accelerated testing of the actual solder joints revealed that the 

thermal fatigue endurance of SAC solder joints was poorer an that of lead-

containing solder joints in certain test conditions, as mentioned in Chapter 1. The 

degradation of the creep resistance of the SAC joints was concluded to be a con-

sequence of a coarsening of IMC particles [117].  

However, creep resistance in metals is also dependent on grain size. This fac-

tor is usually neglected in modeling the reliability of solder joints, and it is com-

monly assumed that the fraction of plastic deformation is negligible compared 

with the fraction of creep deformation in the total amount of inelastic strain of the 

BGA joint [118]. In practice, however, the amount of accumulated strain caused 

by plastic deformation during the TCT is sufficient to cause recrystallization in 

lead-free BGA joints. Thus, the recrystallization kinetics of lead-free solder evi-

dently affects the thermal fatigue endurance of lead-free BGA solder joints, whe-

reas the anisotropic nature of Sn-based lead-free solders causes variations in the 

thermal fatigue endurance of the joints. In fact, Andersson et al. [119] showed 

that the area of the fractured surfaces in thermally cycled Sn3.8Ag0.7Cu-BGA 
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joints was not identical, despite the similar DNPs (distance to neutral point) of the 

joints. This means the crack growth rate probably varied also in the present test 

joints, resulting in variations between the lifetimes of the test modules. 

4.4.1 Non-collapsible BGA joints 

The thermal cycling test results of the comparable LTCC/PWB assemblies with 

800-μm PCSBs are presented in Table 15. The data show the notably better ther-

mal fatigue endurance of SAC-In joints compared with other lead-free joints 

when only solder cracking existed in the test joints. The lifetime of SAC-In joints 

was also at the same level with that of lead-containing joints in the harsh test 

conditions. This proves that the problems related to SAC solders at elevated tem-

peratures and in high thermal stress conditions can be avoided by applying SAC-

In solder to the joint configuration. Overall, it can be concluded that lead-free 

non-collapsible solder joints with PCSBs in the LTCC modules can be made us-

ing either SAC or SAC-In alloys, if the required thermal fatigue endurance is 

specified in relatively mild test conditions (e.g. temperature range of 0–100 °C). 

If the test specification of the LTCC application requires harsher test conditions, 

Sn4Ag0.5Cu, Sn3.8Ag0.7Cu, Sn3Ag0.5Cu0.5In0.05Ni, and Sn2.8Ag0.8Cu0.5Sb 

solders cannot be used in LTCC/PWB assemblies with a large global thermal 

mismatch.  



67 

Table 15. Characteristic lifetime θ and Weibull shape factor β values of the different 

non-collapsible BGA joints with 800-μm PCSBs tested over temperature ranges of 

−40–125 °C and 0–100 °C. 

Assembly/Joint TCT θ (cycles) β Reference 

Sn36Pb2Ag/PCSB/ Sn36Pb2Ag 0–100 °C 3952 11.1 [8] 

A/Sn4Ag0.5Cu 0–100 °C 4298 5.4 [Paper I] 

A/SAC-In 0–100 °C 5590 6.3 [Paper II] 

Sn36Pb2Ag/PCSB/ Sn36Pb2Ag −40–125 °C 1378 7.9 [8] 

A/Sn4Ag0.5Cu −40–125 °C 917 6.8 [Paper I] 

A/SAC-In −40–125 °C 1432 5.3 [Paper II] 

Sn2.8Ag0.8Cu0.5Sb/PCSB/Sn4Ag0.5Cu' −40–125 °C 983 4.0 [71] 

Sn3Ag0.5Cu0.5In0.05Ni/PCSB/Sn4Ag0.5Cu −40–125 °C 826 8.7 [71] 

C/Sn3.8Ag0.7Cu* −40–125 °C 957 7.1 [Paper V] 

C/SAC-In* −40–125 °C 1371 6.2 [Paper V] 

D/Sn3.8Ag0.7Cu −40–125 °C 1835 10.1 [Paper V] 

D/SAC-In −40–125 °C 2325 9.0 [Paper V] 

* ceramic cracking 

It was evident that the difference between the characteristic lifetimes of the joints 

also depended on the rigidity of the assembly. Although the coefficient of thermal 

expansion (CTE) and the flexural strength were comparable in both systems (5.8 

and 315 MPa for Du Pont 951; 6.1 and >200 MPa for HL2000; 5.5 and 290 MPa 

for CT800) [7,120,121], the thickness of the Du Pont 951 modules was over 70% 

greater than that of the CT800/HL2000 modules, resulting in a more rigid assem-

bly in ENIG-plated test sets. Thus, the increased characteristic lifetime of test 

assembly D was due to thinner LTCC modules than in test assembly C, similar to 

the results of other studies in which the effect of thickness in the ceramic pack-

ages was studied [122,123].  

The promising results of the TCTs indicate that adequate lifetime duration 

could be achieved in relatively thin LTCC modules using either Sn3.8Ag0.7Cu or 

SAC-In solder with PCSBs, whereas the use of SAC-In solder is preferable in 

thicker modules in order to achieve a preferred 1000 cycles in the TCT over a 

temperature range of - 40–125 °C [44]. The use of SAC-In solder on the LTCC 

side of the composite joint proved to be the best solution for further design of a 

reliable second-level BGA interconnection in LTCC/PWB assemblies under se-

vere test conditions. This was shown recently in a TCT of a LTCC-SiP package 

for telecommunication applications over a temperature range of −40–125 °C [72] 

The lifetimes of the three different joint configurations in test assembly C 

(ENIG-plated Du Pont 951 modules) were not comparable with the other results 
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due to the different primary failure mechanisms (Table 13). As mentioned earlier, 

ceramic cracking is known to cause inaccuracy in the determination of the charac-

teristic lifetime, and it was therefore deemed to be an unacceptable failure me-

chanism in LTCC modules. The high characteristic lifetime of the modules with 

Sn3Ag0.5Cu0.5In0.05Ni was most likely due to ceramic cracking similar to that 

found in AgPd-metallized LTCC modules [Paper V]. On the other hand, it seemed 

that the failures of the Sn3.8Ag0.7Cu and SAC-In modules in test assembly C 

were detected adequately. This was due to the fact that a few critical joints (i.e. a 

corner joint or the joints next to it) that failed within the solder matrix existed in 

these modules [Paper V]. This and the data of Table 15 suggest, in turn, that there 

was no significant difference between the characteristic lifetimes of the AgPt- and 

ENIG-plated modules of test assemblies A and C. Therefore, preventing separa-

tion between the IMC layer and the solder matrix seemed to have no major effect 

on the characteristic lifetime of the LTCC/PWB assemblies, contrary to the as-

sumption that elimination of this failure mode would be one of the key factors 

contributing to an enhanced lifetime of lead-free non-collapsible solder joints in 

harsh test conditions [Paper II]. 

Considering the reliability of test assembly B, tested in extremely harsh con-

ditions (−55–150 °C), the first failure occurred in the SAC-In joints after 588 

cycles [Paper IV]. This cycle number passed the limit of 500 cycles of NTC-B, 

but was notably lower than the limit of 1000 cycles (NTC-C) preferred in the 

TCT over a temperature range of −55–125 °C [44]. The Sn4Ag0.5Cu joint did not 

pass the limit of 200 cycles (NTC-A). However, comparing the reliability of these 

test joint configurations with the requirements of the IPC-9701 standard is not 

unambiguous, since the TCT over a temperature range of −55–150 °C does not 

belong to the test conditions mentioned in the IPC-9701 standard [44].  

As discussed in Chapter 4.3.2, it seems evident that SAC-In solder can resist 

transgranular (fatigue) and intergranular (creep) cracking better than other tested 

lead-free solders in high stress/strain conditions that exist in LTCC/PWB assem-

blies with a large global thermal mismatch (CTE ≥ 10 ppm/°K). This can also be 

seen from the data shown in Table 14. Furthermore, Suhling et al. [65] proved the 

beneficial effect of indium on thermal fatigue endurance by exposing different-

sized chip resistors to a thermal cycling test over a temperature range of −40 ° C - 

150 °C. In these test conditions, the characteristic lifetime of Sn8In3Ag0.5Cu 

solder was almost 2.5 times longer than that of Sn3.8Ag0.5Cu, whereas the dif-

ference between the lifetimes of these solder joints was not significant in the 

milder TCT. Therefore, it can be concluded that 7–9 wt% In-containing quater-



69 

nary Sn-based solders have notably enhanced thermal fatigue endurance in the 

case of high stress/strain distribution within the solder joint compared with SAC 

solders, whereas this difference between solders is lesser in moderate stress/strain 

conditions of the solder joint [65, Papers I, II, IV, and V]. 

In the perspective of reliability modeling of the present test assemblies with 

PCSBs, Sn4Ag0.5Cu, Sn3.8Ag0.7Cu, Sn3Ag0.5Cu0.5In0.05Ni, or 

Sn2.5Ag0.8Cu0.5Sb solder joints are inapplicable, since the primary failure me-

chanism is not pure creep; mixed transgranular/intergranular cracking and separa-

tion of the IMC/solder interface occurred in these joints in the harsh test condi-

tions (−40–125 °C) [71,72, Papers I, II, IV, and V]. In the case of SAC-In joints, 

the failure is related to creep in the typical test conditions of telecommunication 

applications [Paper II], since the change in the primary failure mechanism of the 

joint occurred in the extremely harsh conditions (−55–150 °C) [Paper IV]. There-

fore, the primary failure mechanism of the SAC-In joint seemed to be suitable for 

most lifetime estimation models.  

4.4.2 Collapsible BGA joints 

The SAM and SEM analyses proved that primary ceramic cracking occurred in 

the modules of the Sn4Ag0.5Cu/FR-4 assembly under harsh test conditions (Ta-

ble 7 and Fig. 10a). Otherwise, in the other test assemblies the failures were lo-

cated either at the IMC/solder interface or in the solder matrix, as shown in Fig. 

10b. In the case of the Sn4Ag0.5Cu/FR-4 assembly under harsh test conditions, it 

was evident that the stress level exceeded the fracture strength of the LTCC ma-

terial, resulting in ceramic cracking.  

Theoretically, the basic methods for avoiding ceramic cracking in the collaps-

ible joints of LTCC/PWB assemblies with a high global thermal mismatch are to 

increase the strength, elasticity, and stand-off height of the joint configuration. 

According to Jones et al. [7], Dupont 951 had the highest fracture strength in 3- 

and 4-point bending tests among six commercial LTCC tape materials. This 

means that finding an LTCC material with a notably higher fracture strength may 

currently be difficult. On the other hand, selecting a lead-free tin-based solder 

material with higher elasticity and significantly better creep/fatigue properties 

compared with Sn4Ag0.5Cu solder is probably a difficult task. Furthermore, in-

creasing the height of a collapsible solder sphere to match, for example, a 0.8 – 

1.0-mm stand-off height with the same aspect ratio would require an impractical 

initial sphere size of approximately ∅2 mm [Paper III].  
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The data shown in Table 14 prove that the characteristic lifetime of collapsi-

ble Sn4Ag0.5Cu solder joints in FR-4 assemblies did not reach the characteristic 

lifetime of non-collapsible joints with PCSBs in the mild TCT over a temperature 

range of 0–100 °C. The SEM analysis clearly indicated the occurrence of inter-

granular cracking in the joints tested in the mild TCT over a temperature range of 

0–100 °C [Paper III]. This proved that the primary failure mechanisms of the 

collapsible Sn4Ag0.5Cu and non-collapsible Sn4Ag0.5Cu/PCSB solder joints can 

be the same, but the higher stand-off height and enhanced elasticity due to the 

PCSBs in the latter joint configuration resulted in a longer characteristic lifetime 

compared with the former joint (Tables 12–14). It was therefore concluded that a 

collapsible lead-free solder joint is not a feasible option in LTCC/PWB assem-

blies with a high global thermal mismatch [Paper III]. However, comparing the 

data shown in Table 14 with typical industrial specifications [124], it can be as-

sumed that collapsible Sn4Ag0.5Cu joints would be a potential choice for 

LTCC/PWB assemblies with a low global thermal mismatch in a few cases. 

4.5 Design aspects of reliable interconnections 

First of all, it is important to realize that both the RF and reliability performance 

requirements related to 2nd-level solder joints must be taken into account simulta-

neously when a surface-mountable LTCC module for high-frequency applications 

is designed. Otherwise, the 2nd-level solder interconnections may have excellent 

RF properties but inadequate reliability or visa versa. It would also be beneficial 

in an economic sense to design a set of generic, reliable module platforms suitable 

for use in a wide range of high-speed digital and RF/wireless applications instead 

of developing and qualifying customized LTCC RF module packages for each 

product. This would also provide a significant reduction in product development 

time and associated costs [72]. Obviously, it is essential to design a reliable 2nd-

level solder joint configuration for such a platform set. This will allow the pack-

aging designer to utilize common low-cost substrate materials without sacrificing 

assembly reliability.  

Surface-mountable LTCC-SiP modules can be attached to a PWB using BGA, 

LGA, or CGA interconnection methods, as mentioned in Chapter 1.1. It was 

shown that non-collapsible 9010PbSn spheres, collapsible lead-free BGA joints, 

or LGA joints were not a reliable solution for large LTCC modules (15 mm x 15 

mm) in assemblies with a large global thermal mismatch between the module and 

the PWB [24,29,Paper III]. In the case of CCGA packages, the thin columns are 
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difficult to process, since they bend easily and require special tooling [25]. There-

fore, the non-collapsible BGA joint with PCSBs seems to be the most promising 

choice for the 2nd-level interconnections of large LTCC module platforms. The 

PCSBs can also provide predictable RF characteristics, since they maintain their 

stand-off height during the reflow soldering process. Furthermore, full-wave elec-

tromagnetic simulations have shown that the polymer core has no degrading im-

pact on the RF/microwave performance of the BGA package [8,25]. Changes in 

the thermal performance of the PCSBs are also small compared with eutectic 

BGA solder joints [26]. 

In the RF design perspective, the use of large BGA joints means they inhe-

rently have larger interconnection reactances (i.e. capacitance and inductance), 

which ultimately determine the upper frequency limit of the wideband RF BGA 

transition structure [125]. One possible way to mitigate the unwanted effect asso-

ciated with larger BGA joints is to incorporate an air cavity in the vicinity of the 

RF signal pad [11]. Moreover, it was shown that the air cavity structure did not 

have an adverse effect on the reliability of the 2nd-level solder interconnections. 

Thus, utilization of the air cavity structure in LTCC RF module applications can 

be recommended [72]. 

In practice, an LTCC application may require leaving sufficient space for a 

RF BGA transition structure, or placing components on the module backside sur-

face (i.e. along with BGA joints). In these cases, the necessary transition from a 

full BGA matrix to a partial area-array or peripheral BGA joint configuration will 

inevitably result in an increased stress level in the joints and, consequently, a 

decreased characteristic lifetime of the module assembly in typical TCT condi-

tions. In these cases, the partial array should be as symmetric as possible in order 

to avoid excessive stress and accumulation of inelastic deformation in the critical 

joints of the asymmetric matrix [72]. 

4.5.1 Solder lands in an LTCC module  

The thick film printed solder lands of a LTCC module are often fabricated using 

silver or silver-based metallization, although other commercial options are also 

available. It was shown that silver-based metallizations (AgPd and AgPt) reacted 

with tin faster than silver [35]. Moreover, increasing the Pd (1 wt%, 5 wt%, and 

15 wt%) or Pt (1 wt% and 5 wt%) content increased the rate of IMC growth by Sn 

diffusion into the silver-based metal plate [35]. Considering the proper solder land 

of the LTCC module, use of metallization material that is prone to leaching must 
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be avoided, since leaching will most likely cause ceramic cracking in LTCC/PWB 

assemblies [9,12–15,40]. Therefore, the leaching tendency of sintered silver-

based metallizations should be investigated before such metallization is accepted 

for LTCC products.  

As mentioned in Chapter 1, the transition from lead-containing solders to 

lead-free solders was predicted to cause more severe leaching of thick film metal-

lizations during soldering [18]. This is due to the higher temperatures required in 

soldering and the higher tin content of lead-free solders. In typical fabrication of 

LTCC/PWB assemblies, the metallization of the LTCC module is exposed to two 

reflow cycles. An average thickness of 12–16 μm seems to be adequate for proper 

Ag-based metallization, if excessive IMC growth can be avoided during reflow 

soldering [40,126].  

Dissolution at the solid/liquid interface is governed by the surface area of the 

solid and the volume of the liquid, as stated in the Nearns-Brenner equation. The 

roughness of fired metallization naturally increases the surface area of the solder 

lands. It has been pointed out that fired metallization is a porous material layer, 

and liquid solder will flow into the pores due to capillary force and, consequently, 

degrade the reliability of the LTCC module [18,38–40]. Thus, the roughness and 

porosity of the thick film increases the effective area between liquid solder and 

solid LTCC metallization and results in faster dissolution of the initial metalliza-

tion layer during the soldering process. Therefore, the porosity of sintered thick 

films should be minimized in order to inhibit the leaching of Ag-based thick films. 

This can be achieved to some extent with an optimal co-firing process. Porosity is, 

however, a consequence of the metal ratio and binder contents of the metallization. 

Thus, pastes should be designed to produce a dense metallization layer after the 

co-firing process [40]. 

In practice, the poor wetting of Ag-based metallization may cause severe 

voiding and, consequently, degraded thermal fatigue endurance in LTCC/PWB 

assemblies. For example, early failures were detected in the DC measurements of 

an LTCC-SiP/PWB assembly containing Ag-metallized modules with SAC-In 

joints after 600 cycles. The explanation for these failures is shown in Fig. 21. 

Extremely large voids existed on the LTCC side of the joint, enabling fast propa-

gation of the primary crack within the solder joint. The formation of excessively 

large voids in the SAC-In joints of the Ag-metallized modules was due to the 

incompatible flux system of the solder. Large voids were also seen in the 

Sn7In4.1Ag0.5Cu joints of 15 mm x 15 mm LTCC modules with a relatively low 

(950 cycles) characteristic lifetime [127]. On the basis of the vendor’s recom-
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mendation [128], the problem was solved using solder paste with an improved 

flux system. This prevented excessive voiding in similar AgPt- and ENIG-

metallized modules, and the failures were located within the solder matrix [72]. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 21. Large voids in Ag-metallized SAC-In joints. 

Moreover, the use of Ag metallization in Sn3Ag0.5Cu0.5In0.05Ni joints caused 

prolonged separation between the Ag3Sn layer and the solder matrix in the LTCC-

SiP package (Fig. 22). The substantial voiding at the LTCC/joint interface ob-

served in non-destructive investigation of the assembly (Fig. 5) had probably 

accelerated the growth rate of the crack formed at the Ag3Sn/solder interface at 

the inner edge of the Ag-metallized joint. Thus, the notably lower characteristic 

lifetime of these joints compared with the similar AgPt-metallized LTCC package 

in Ref. 72 was probably a consequence of the prolonged separation between the 

IMC layer and the solder matrix. It was also recently shown that 

Sn3Ag0.5Cu0.5In0.05Ni solder is more prone to voiding on Ag-based metalliza-

tion than 95.5Sn4g0.5Cu solder [29]. Thus, it seems obvious that the 

Sn3Ag0.5Cu0.5In0.05Ni alloy and its flux system used in Refs. 29, 71, and 72 

was not optimum for the Ag-based metallization of the LTCC modules. This short 
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case study was included in this thesis in order to demonstrate how important it is 

to verify the compliance of the solder/metallization pair in LTCC applications. 

 

 

Fig. 22. Fracture surfaces on the LTCC side of Ag-metallized Sn3Ag0.5Cu0.5In0.05Ni 

joints formed during the thermal cycling test over a temperature range of −40–125 °C. 

The results indicated that the excessive dissolution and inadequate wetting of Ag-

based metallization can be avoided using ENIG plating. Being a common plating 

material without a glass phase to degrade the solderability of the solder lands, it is 

more compatible with commercial lead-free solder pastes than Ag-based metalli-

zations. Furthermore, separation of the IMC/solder interface can be prevented 

using ENIG plating [Paper V]. On the other hand, it is generally known that the 

"black pad" phenomenon is related to ENIG plating. Although this phenomenon 

did not occur in this study, the possibility of its occurrence in commercial LTCC 

should be considered during the design and material selection of the LTCC mod-

ule. It was also shown that the plating process might cause cracking in the ceram-

ic solder mask (Fig. 6). 
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In order to summarize the relevant aspects of material selection for LTCC ap-

plications, the advantages and disadvantages of ENIG- and Ag-based metalliza-

tions in LTCC applications are summarized in Table 16.  

Table 16. Characteristic features of ENIG- and Ag-based metallizations in LTCC appli-

cations [Paper V]. 

Metallization Advantages Disadvantages 

Ag-based metallization Matched with LTCC tapes 

No need for extra plating process 

Adverse effect of glass phase on wetting 

Inadequate adhesion strength between 

ceramic and metallization may exist 

ENIG No leaching 

Good solderability 

Extra plating process is required 

Cracking of ceramic solder mask during ENIG 

plating process may occur 

Inadequate adhesion strength between 

ceramic and Ag base metallization may exist 

Black pad phenomenon may occur 

Although selection of a proper metallization material for the solder lands of a 

LTCC module is essential in the design of a reliable 2nd-level solder joint configu-

ration, another main requirement for reliable 2nd-level interconnections of LTCC 

modules is sufficient adhesion between ceramic and metallization. For this reason, 

a solder mask printed on the metallized solder land is needed to prevent ceramic 

cracking or detachment of the metallization [5,15,42]. The use of a solder mask 

provides more beneficial stress distribution at the outer edge of the BGA joint (i.e. 

the region with high stress during the TCT) because of the larger area of the ce-

ramic/metallization interface compared with non-solder-masked joints [5,15,42]. 

In this study, ∅1.0- and ∅1.2-mm solder lands with 0.8-mm solder mask open-

ings were used. This means overlaps of about 0.1 mm and 0.2 mm existed in the 

solder joint configurations. The larger diameter was applied to enhance the adhe-

sion strength of the ceramic/metallization interface. Moreover, the yield of the 

LTCC modules will also increase due to the wider tolerances in solder mask 

alignment during the printing process [Paper V]. On the other hand, too large a 

signal pad size may deteriorate RF performance and reduce the upper cutoff fre-

quency limit of the broadband RF BGA transition structure in a BGA joint used 

for a RF signal connection [72]. 

Considering the adequate adhesion strength of the ceramic/joint interface in 

an LTCC application, it is worth mentioning that the results obtained from the 

isothermal tests are only indicative. For example, the adhesion strength of the 
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AgPd metallization may be at an adequate level, but the metallization itself is not 

feasible for 2nd-level interconnections because of leaching, as mentioned before. 

The stress level at the ceramic/joint interface also depends on many variables 

(temperature, package size, BGA matrix, solder material, etc.). For example, the 

use of Sn3Ag0.5Cu0.5In0.05Ni solder caused severe ceramic cracking in the 

ENIG-plated test modules, whereas more failures within the solder matrix were 

detected in the critical Sn3.8Ag0.7Cu and SAC-In solder joints in similar assem-

blies [Paper V]. Therefore, the adequacy of the LTCC/metallization/solder com-

bination should be verified case-specifically.  

4.5.2 Selection criteria for solder material 

Primary cracking within the solder was located on the LTCC side in the non-

collapsible solder joint configuration of the LTCC/PWB assemblies 

[4,5,8,9,24,40,42,71,72, Papers I, II, IV, and V]. Therefore, enhancement of ther-

mal fatigue endurance in the upper half of the non-collapsible joint is one of the 

key factors in the design of reliable 2nd-level interconnections. In this study, the 

SAC-In solder had the best characteristic lifetime and favorable failure mechan-

isms compared with other lead-free solders (Tables 13 and 15). In the perspective 

of industrial manufacturers, the required soldering process of an LTCC applica-

tion has to match with the normal reflow parameters of lead-free products. The 

results proved that the use of two lead-free solders with different liquidus temper-

atures in this joint configuration did not cause problems during the reflow process. 

Although the Tl of SAC-In was approximately 10 °C lower than the Tl of 

Sn4Ag0.5Cu solder, an X-ray inspection proved that no excessive soldering de-

fects occurred in the joints of the test assemblies, despite the different liquidus 

temperatures.  

Because of the relatively high price of indium and the general cost-efficiency 

requirements of the electronics industry [129], a new low-indium alloyed and 

nickel-doped pentanary Sn3Ag0.5Cu0.5In0.05Ni solder was applied in one test 

module set with ENIG-plated metallization [Paper V]. Since the mechanical 

properties of solder alloys, like strength and Young’s modulus, are typically tem-

perature-dependent factors, the excessive ceramic cracking of the joints with 

Sn3Ag0.5Cu0.5In0.05Ni solder suggested that this solder resulted in the highest 

stress levels at the interface between ceramic and metallization compared with 

C/Sn3.8Ag0.7Cu and C/SAC-In joints [Paper V]. This indicated, in turn, that 

Sn3Ag0.5Cu0.5In0.05Ni solder had the best resistance against inelastic deforma-
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tion at the low temperature extreme. However, it can be assumed that a solder 

alloy in which strength and plasticity do not change noticeably with decreasing 

temperature would be a more favorable choice for lead-free joint configurations 

in LTCC/PWB assemblies. This is due to the fact that decreasing the stress level 

within the critical region of the joint configuration (i.e. ceramic/joint interface) at 

low temperatures reduces the risk of formation of failures in the ceramic and/or 

the ceramic/metallization interface.  

Overall, the results presented in this study prove that the manufacture of 

SAC-In solder joints should not have any major technical limitations in terms of 

common industrial fabrication methods, and at the moment SAC-In solder is the 

best candidate to guarantee adequate thermal fatigue endurance in LTCC/PWB 

assemblies with a large global thermal mismatch. 
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5 Conclusions 

The characteristic features of thermomechanically induced failures in lead-free 

collapsible and non-collapsible BGA joints applied to LTCC/PWB assemblies 

with a high global thermal mismatch were determined in this study. A hypereutec-

tic Sn4Ag0.5Cu alloy was used in the collapsible BGA spheres, whereas three Sn-

based lead-free alloys (Sn4Ag0.5Cu, Sn3.8Ag0.7Cu, and Sn7In4.1Ag0.5Cu) 

were applied to the non-collapsible BGA joints with PCSBs. Crack formation and 

propagation in these joints were observed using SAM investigation during the 

TCTs. The primary failure mechanisms of the test joints were determined in me-

tallographic examinations after the TCTs. The main results and conclusions can 

be listed as follows: 

1. The results showed that the collapsible Sn4Ag0.5Cu joint is not a feasible 

option in LTCC/PWB assemblies with a high global thermal mismatch due to 

its inadequate lifetime in the mild TCT over a temperature range of 0–100 °C 

and its tendency to cause ceramic cracking in the module during the TCT 

over a temperature range of −40–125 °C. Moreover, a failure analysis of the 

collapsible Sn4Ag0.5Cu joint proved that the primary failure mechanisms of 

Sn4Ag0.5Cu solder depend on the stress level of the BGA joint. 

2. The non-collapsible Sn4Ag0.5Cu joint showed better thermal fatigue endur-

ance in the TCT over a temperature range of 0–100 °C compared with a lead-

containing joint configuration with PCSBs. The primary failure mechanism 

of the Sn4Ag0.5Cu joint was intergranular (creep) cracking.  

3. A change in the primary failure mechanism was detected in the non-

collapsible Sn4Ag0.5Cu joint after the TCT over a temperature range of −40–

125 °C. A mixed transgranular/intergranular failure formed within the solder 

matrix at the outer edge of the joint at the low temperature extreme, whereas 

separation of the IMC/solder interface appeared at the inner edge of the joint. 

The characteristic lifetime of these joints was poorer than that of the lead-

containing joint configuration with PCSBs. 

4. A stable IMC layer was formed between the Ni plating and the solder matrix 

during reflow soldering. The layer thickness did not grow excessively during 

the TCT over a temperature range of −40–125 °C. The adhesion between the 

IMC layer and the solder matrix was also sufficient to hinder the separation 

of this interface, resulting in the formation of an intergranular failure within 

the solder matrix at the high temperature extreme. Thus, the problems related 
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to leaching of Ag-based metallization in LTCC applications could be avoided 

using ENIG plating. It was shown, however, that preventing separation be-

tween the IMC layer and the solder matrix seemed to have no major effect on 

the characteristic lifetime of the LTCC/PWB assemblies. 

5. The use of two lead-free solders with different liquidus temperatures in the 

non-collapsible BGA joint configuration did not cause excessive voiding or 

any adverse metallurgical phenomena on the LTCC side of the AgPt- and 

ENIG-plated SAC-In joints during the reflow process. 

6. At least two separate cracks were formed in the critical SAC-In joints (i.e. the 

corner joint and the ones next to it) at the temperature extremes of the TCTs 

over temperature ranges of 0–100 °C and −40–125 °C. These cracks propa-

gated in the SAC-In solder matrix and their characteristic features were most-

ly related to the features of intergranular (creep) fracture.  

7. A mixed transgranular/intergranular failure existed in the SAC-In joints in the 

extremely harsh test conditions over a temperature range of −55–150 °C, but 

the growth rate of the crack was significantly lower than in Sn4Ag0.5Cu 

joints tested in the same conditions. This proved that the failure mechanisms 

of the SAC-In joints depended on the temperature range and the magnitude of 

the global thermal mismatch, similar to SAC joints, but the occurrence of 

transgranular cracking in the SAC-In solder joint required higher stress con-

ditions compared with SAC joints. 

8. Due to the better creep/fatigue endurance of SAC-In solder and its higher 

characteristic lifetime compared with other tested lead-free solders, this joint 

configuration is assumed to be the best option in LTCC/PWB assemblies with 

a high global thermal mismatch. 
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