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Abstract Transient liquid phase (TLP) bonding is a critical process for joining materials such as CMSX-4, where
precise control of variables is essential for achieving optimal results. This study investigates the effect of
temperature and holding time in a two-step TLP process on the microstructural and mechanical behavior of CMSX-
4 superalloy. In this work, CMSX-4 was joined using MBF 20 filler metal at temperatures of 1100°C and 1150°C
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for varying durations. The microstructure and mechanical properties of the bonded joints were characterized by X-
CMSX-4, Ray Diffraction (XRD), electron microscopy, elemental spectroscopy (EDS/WDS), microhardness testing, and
shear tests. The results showed that complete isothermal solidification was achieved in the samples bonded at
1150°C for 85 minutes and at 1100°C for 120 minutes. Microstructural examination revealed different zones in
the joints, including the Athermal Solidification Zone (ASZ), Isothermal Solidification Zone (ISZ), and Diffusion-
Affected Zone (DAZ). The strength increased upon increasing time and eliminating the deleterious ASZ regions,
which led to the precipitation of unique microconstituents such as nickel-rich and chromium-rich borides, as well
as y' solid solution phases in the bond region. Moreover, the highest shear strength (approximately 670 MPa) was
observed in the sample bonded at 1150°C for 85 minutes. Interestingly, although incomplete solidification during
bonding yielded the highest microhardness in the bond region, it was associated with the reduced shear strength

performance.
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1. INTRODUCTION

The operational lifespan and efficiency of industrial
and power generation gas turbines, the critical
components of modern energy infrastructure, are
intrinsically governed by the thermomechanical
performance of hot-section elements such as turbine
blades, rotor assemblies, and combustion liners (Zhang
etal., 2024; Li et al., 2023).

This investigation aims to: (i) elucidate the
multiscale bonding mechanisms operative during
Transient Liquid Phase (TLP) joining, (ii)
systematically optimize critical processing parameters
for microstructural control, and (iii) establish
quantitative correlations between process conditions and
mechanical performance metrics, including
microhardness and shear strength, in CMSX-4
superalloy joints.

2. MATERIALS AND METHODS

The two-stage bonding protocol comprised an initial
low-temperature phase at 950°C for 15 minutes,
followed by high-temperature treatment at 1100-1150°C
under high-vacuum conditions (10°¢ Torr).

3. RESULTS AND DISCUSSION

As evidenced in Figure 1, microstructural
characterization reveals the persistence of Athermal
Solidification Zone (ASZ) adjacent to the Isothermally
Solidified Zone (ISZ) and Diffusion-Affected Zone
(DAZ) at 1150°C for holding durations of 45-60 minutes
(Figure la-b). However, extended processing (85 min,
Fig. 4c) results in complete ASZ elimination through
progressive  isothermal solidification. Figure 2
demonstrates that elevated bonding temperatures and
prolonged dwell times markedly expand ISZ and DAZ
dimensions, attributable to enhanced diffusion kinetics
of y'-forming elements (Al, Ti) and boride-dissolution
mechanisms. Microstructural analysis confirms the
absence of eutectic phases in the ISZ region (Figure 3),
provided optimal TLP parameters are maintained, which
ultimately indicate complete diffusion-mediated
liquidation of transient phases in CMSX-4 joints.
Quantitative assessment reveals that joints exhibiting
shear strengths >630 MPa (representing 80% base metal
strength) after isothermal solidification meet stringent
industrial requirements, as validated in Figure 4.
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Figure 2. Effect of bonding temperature and

Figure 1. The optical micrograph of the TLP joint for specimen CMSX-4 holding time on the thicknesses of the ISZ, DAZ,

bonded at 1150 °C for (a) 45, (b) 60, and (c) 85 min.
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Figure 3. XRD spectrum of the fracture surface of the sample TLP bonded at 1150 °C for (a) 45, and (b) 85 minutes.
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Figure 4. (a) Load—displacement curves (b) Shear strength of the joints bonded at varying temperatures and holding times.
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1. Transient Liquid Phase (TLP)
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