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Abstract:

Ensuring the structural integrity of electronic assemblies exposed to severe random vibrations is a critical aspect
of space systems engineering. In such assemblies, cracks typically initiate and propagate at the solder joint—Printed
Circuit Board (PCB) interface due to the mismatch in material ‘stiffness, thermal expansion coefficients, and the
presence of complex dynamic stresses. Interfacial failure of solder joints not only reduces the mechanical reliability
of the system but may also lead to functional failure of electronic modules. Therefore, developing an accurate and
physics-based predictive model for interfacial fracture is of major significance for enhancing the durability and
reliability of space electronic systems. In this study, a new interfacial fracture criterion is developed to predict crack
initiation and propagation in PCB—solder interfaces subjected to mixed-mode I/II loading. The proposed model is
formulated based on the Maximum Strain Energy Release Rate (MSERR) criterion, with explicit incorporation of the
T-stress term, which accounts for the non-singular component of the near-tip stress field. The PCB is modeled as an
orthotropic material, while the solder joint is'treated as isotropic. The orthotropic response of the PCB is represented
through a reinforced isotropic solid modeling approach, enabling an efficient yet accurate description of anisotropic
stiffness characteristics. Parametric analyses demonstrate that the T-stress plays a decisive role in controlling the
crack initiation angle, mode mixity, and overall failure envelope. Neglecting this term leads to notable deviations in
predicting interfacial fracture under mixed-mode conditions. Incorporating the T-stress enhances the model’s ability
to capture the interaction between normal and shear components of stress, thereby improving the accuracy of predicted
failure paths. Finally, the proposed criterion is validated against available experimental data and published analytical
results. The comparison confirms strong agreement in predicting crack trajectory, critical energy release rate, and
ultimate load capacity. The developed criterion provides valuable insights for the design and reliability assessment of
microelectronic and aerospace structures where complex mixed-mode loading conditions prevail. This study
highlights the essential role of the T-stress in advanced fracture mechanics formulations for predicting interfacial
failure with higher fidelity.

Keywords: Electronic Board, Interfacial fracture, T-stress term. Strain energy release rate.

Introduction

The design and precision manufacturing of space systems are critically important due to their extremely
high costs. Electronic boxes constitute the primary components of these systems [1]. Accurate modeling,



analysis, and detailed investigation of electronic boxes represent a core requirement in the aerospace
domain. Solder joints frequently fail due to cracking within the solder or along the interface with the circuit
board, under thermal and mechanical loading encountered during assembly, testing, or service[2-3].

Fracture mechanics assessment of an interfacial crack between two dissimilar materials is essential for
evaluating the integrity of adhesive bonds, composites, and similar structures [4]. The elastic solution for
the stress field around an interfacial crack tip has been derived, with stress intensity factor definitions
discussed by Williams [7], Erdogan [5], and Rice and Sih [8]. These solutions reveal oscillatory stress
variations and crack surface overlap near the tip.

Theoretical criteria for mixed-mode I/II fracture in composites are presented, based on energy or stress
concepts. Among stress-based criteria, the maximum principal stress criterion [11] is noted. Regarding
energy-based approaches, the maximum strain energy release rate [12] and minimum strain energy density
[13] criteria have been proposed for composites.

Literature review indicates a clear need for developing mathematical tools to assess and predict interfacial
fracture. This study investigates interfacial fracture between solder joints and electronic boards. The
maximum strain energy release rate criterion is extended to include the out-of-plane stress component for
improved fracture prediction under in-plane loading. The electronic board is modeled as an orthotropic
material using a reinforced isotropic solid model. To validate the proposed criterion, the resulting fracture
limit curve is compared with experimental data.

Methodology

Experimental observations indicate that a crack with any arbitrary orientation relative to the fibers in
orthotropic materials tends to rotate toward the fiber direction and subsequently propagates through the
isotropic matrix phase of the composite [18]. Accordingly, in the fracture process of orthotropic materials,
it is assumed that the crack resides within the isotropic matrix, which is reinforced by fibers. Based on this
experimental evidence, the reinforced isotropic solid model is introduced. From the derived relations,
reinforcement coefficients are obtained between the normal and shear elastic moduli.

Fracture in solder joints predominantly occurs near the electronic board, although crack initiation adjacent
to electronic components has also been reported in experimental studies [21]. This fracture typically initiates
from the outer edges of the joint.

In this section, fracture and interfacial crack growth between two orthotropic materials under mixed-mode
I/II loading are investigated. The crack length is denoted by aa. Loading is considered as a combination of
shear and tensile loads. The stress field around the tip of an interfacial crack in an isotropic material under
mixed-mode I/II loading is presented, including the T-stress term. It is important to note that the T-stress
term differs for the two dissimilar materials [19].

The development and derivation of the maximum strain energy release rate criterion begin with presenting
the mathematical relations governing stresses in the orthotropic material. The tangential stress in the
orthotropic material is expressed through the concept of the reinforced isotropic solid.



Finally, the magnitude and direction of the T-stress term in both isotropic and orthotropic materials are
examined. Subsequently, the maximum strain energy release rate criterion is extended to incorporate the T-
stress parameter. The first step in this development is to derive the stress fields of the orthotropic material
while accounting for the T-stress term. In this manner, the stress field in the orthotropic material is expressed
via the reinforced isotropic solid model.

Result

In this section, the maximum strain energy release rate criterion is validated for predicting interfacial
fracture onset in laminated composites under in-plane loading. Theoretical fracture limit curves obtained
from this criterion are compared with experimental data to evaluate prediction accuracy. The experimental
results are derived from interfacial fracture tests on unidirectional glass/epoxy composites, as reported in
reference [26]. In these tests, critical stress intensity factors for pure mode I (X, ) and pure mode II K ,.)

( were determined.

Fig (4) demonstrates that incorporating the T-stress term shifts the theoretical fracture limit curve toward
convergence with experimental data. This finding confirms that T-stress calculations constitute a crucial
parameter for predicting interfacial fracture onset. The improvement in prediction accuracy highlights the
importance of including higher-order terms in the stress field expansion near the crack tip, particularly for
materials with significant anisotropy.

For further validation of the proposed mixed-mode fracture criterion, the fracture limit curve based on the
maximum strain energy release rate criterion is derived for Im7/977-2 material with [0, 45] composite
laminate orientation, as shown in Fig (5). The good and acceptable agreement between the fracture limit
curve and experimental data indicates that this criterion, through proper modeling of material anisotropy,
accurately predicts interfacial fracture behavior in composite materials. This consistency across different
material systems and layup configurations confirms the robustness and general applicability of the proposed
criterion for practical engineering applications.

Conclusion

This paper investigates interfacial fracture between components of a satellite electronic board. The
reinforced isotropic solid model is used to model the orthotropic material, accounting for stress fields in
both fibers and matrix. The T-stress term is included in the normal and shear stress equations around the
crack tip for improved accuracy. By developing the stress field for an interfacial crack between orthotropic
and isotropic materials under mixed-mode I/II loading, the maximum strain energy release rate criterion is
proposed. For validation, fracture limit curves based on this criterion are compared with experimental
results. The comparison confirms that the proposed criterion provides sufficient accuracy for predicting
interfacial crack growth onset between isotropic and orthotropic materials.
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Figure 1. Crack in the interface of solders and electronics
components [15]
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Figure 2. Illustration of interfacial crack propagation between
the PCB board and solder joints [23]
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Figure 3. Interfacial surface crack between two dissimilar
orthotropic materials subjected to mixed-mode I/II loading [24].
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Figure 4. Comparison of the predicted interfacial fracture limit
curve with experimental data [33] for [0, 90] composite
laminates.
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Table 1. Mechanical properties of the UE400REM/ET443
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E, (GPa) E,(GPa) G,(GPa) YV, W v

43.94 16.71 6.57 0.3 0.095 58.16
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