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Abstract

Refractory high-entropy alloys (RHEAs) have attracted considerable interest owing to
their excellent mechanical strength and thermal stability. However, their inherent
brittleness and low thermal conductivity pose significant challenges for high-precision
micromachining at room temperature. Conventional nanosecond lasers (CNL) and
wire-electrode cutting inevitably cause severe thermal damage and reduce machining
quality. In this study, water-jet guided laser (WJGL) technology was utilised for the
precision machining of a carbide-reinforced NbMoTaW RHEA. Benefiting from
synergistic ablation, cooling, and debris removal effects, WJGLs enable a much
cleaner machining interface with minimal spattering compared with CNL and
femtosecond lasers. Notably, WIGLs reduced the heat-affected zone to 298 nm, which
was ~99.1% lower than that of the CNL. A minimum drilling taper of 0.014° was
achieved, indicating ultrahigh micromachining precision. The material removal
mechanism and microstructural evolution were elucidated. This study provides a
reliable approach for the precision manufacturing of hard-to-process RHEAs.
Keywords: water-jet guided laser, high entropy alloy, micromachining, cutting, laser

drilling



1. Introduction

High-entropy alloys are promising structural and functional materials that possess
tuneable performance driven by high configurational entropy.'* These alloys exhibit
excellent fatigue resistance owing to dislocation-mediated crack blunting, good
biocompatibility for biomedical applications, and superior corrosion resistance in
harsh service environments.*’ Refractory high-entropy alloys (RHEAs) stand out for
their exceptional high-temperature performance, with NbMoTaW-based RHEAs
maintaining high yield strength at 1600 °C.#!! Carbon addition further suppresses
grain coarsening and dynamic recrystallisation, effectively enhancing structural
stability.!>"!* Carbide-reinforced NbMoTaW RHEAs are ideal candidates for use in
core components of aerospace thermal protection systems, advanced nuclear reactors,
and high-temperature gas turbines.!>!® These fields require both extreme performance
and high-precision manufacturing to fabricate cooling flow channels and complex
structural parts.'’”-?* However, the inherent high hardness, brittleness, and low thermal
conductivity of RHEAs cause severe machining challenges such as microcracks and
serious thermal damage.?'?> This derived thermal damage severely hinders the

practical engineering deployment of RHEAs.

Laser processing is a versatile precision micromachining technology for
difficult-to-machine materials; however, systematic research examining laser
micromachining on bulk RHEASs remains scarce.>*2° Existing studies mostly focused

on the nanoscale synthesis or surface modification of RHEAs.2%2° Conventional



nanosecond lasers (CNL) and wire electrical discharge machining easily induce
thermal damage, voids, and rough surfaces on RHEA workpieces.?-3? Currently, there
is a critical technical gap in the high-quality precision machining of RHEAs using

advanced laser hybrid processing technologies.

Water-jet guided laser (WJGL) technology, as a high-performance processing
approach, has received considerable attention in various functional machining
fields.3334 It integrates the laser ablation, in-situ cooling, and debris flushing effects of
laser-coupled high-pressure water jets.’>-37 This enables the cleaning of machining
interfaces with negligible thermal damage and high processing precision, providing
advantages over CNL processing.’®** WJGLs have been successfully applied to the
precision machining of Nb—Si alloys, single-crystal silicon, and amorphous alloys, but

their application to RHEA machining has not been reported yet.3%#!

In this study, we systematically investigate WJGLs for use in the precision
micromachining of carbide-reinforced NbMoTaW RHEA. The experimental results
reveal innovative advantages over CNL: ultralow taper, a slag-free clean machining
interface, and an ultrathin heat-affected zone (HAZ). We evaluate the effects of laser
power and scanning speed on machining quality via grooving, slicing, and drilling
experiments, and we quantify the workpiece morphology, surface roughness, drilling
diameter, and taper. We further analyse the microstructural evolution and phase

characteristics, reveal the formation mechanism of new phases, and propose material



removal mechanisms involving WJGL and CNL combined with flow field simulations.
This work verifies the excellent potential of WIGL for RHEA precision machining,
provides a reliable technical route for manufacturing hard and brittle refractory
materials, and promotes the practical application of RHEAs in the aerospace and

nuclear energy fields.

2. Materials & Methods

2.1 Materials

A NbMoTaWC RHEA with a nominal composition of (NbMo)3oTazoW30Cio was
synthesised via vacuum arc melting in a Ti-gettered high-purity argon atmosphere.
High-purity (99.9 wt%) refractory metals, namely W, Ta, Mo, and Nb, as well as
powdered graphite were utilised as raw materials. To ensure chemical homogeneity,
each ingot was remelted at least eight times.

2.2 Devices and simulations

The WIGL device (FN-300, Ningbo Femto & Nano Laser Tech.) was equipped with
diode-pumped Nd:YAG lasers. The employed laser source was a diode-pumped
solid-state laser emitting at a wavelength of 532 nm with a repetition rate of 6 kHz. At
an average output power of 20 W (the power level used in the main experiments), the
pulse width was approximately 220 ns. The conventional nanosecond laser device was
equipped with a diode-pumped YAG laser (20 W maximum, 20-YAG Logan). The
femtosecond laser processing system was equipped with a 20 x objective lens and a

laser source (1030 nm, 300 fs, 200 kHz, FemtoYL-25, YSL). The water pressure was



set at 30 MPa. The phase structures were examined using an X-ray diffractometer
(XRD, D8 ADVANCE, Bruker). The morphology and microstructure were observed
using a scanning electron microscope (SEM; G360, Zeiss) equipped with an electron
backscattered diffraction (EBSD) detector. The processed surface roughness was
analysed using a white-light interferometer (NT9100, Veeco). The simulation was

performed using the COMSOL 6.2 multi physics software.*

3. Results

3.1 Experimental Setup

WIGL technology has attracted extensive attention owing to its superior performance
in achieving clean machined surfaces, long effective work distances, and cooling
effects. A comparison with CNLs indicates an edge-cutting breakthrough in
overcoming the thermal influence of WIJGLs. Figs. 1 (a-b) present a schematic
comparison of the experimental setups of CNL and WJGL processing systems. In this
study, a focused laser beam with a wavelength of 532 nm was coupled into a water jet
after passing through an objective lens. The pulse width was 220 ns at a laser power
of 20 W. The repetition rate of the incident laser beam was fixed at 6 kHz. The
complete WIGL device and nozzle is illustrated in Fig. 1c and Fig. S1. The water jet
emitted from the nozzle can guide the laser transmission for a distance exceeding 100
mm through total reflection. Similar to traditional optical fibres, the water jet forms a
waveguide structure with the water jet (refractive index ~1.33 at 298 K) as the core
and air (refractive index ~1.0) at 298 K) as an infinitely thick cladding. A schematic
of the laser-coupled water jet and total reflection is shown in Fig. 1d. The thermal

effect can be effectively restrained through water evaporation or heat transfer to the
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water flow when heat is generated after the laser interacts with the material. Moreover,
the WJGL has a longer work distance along the water-mediated waveguide than the
CNL, in which the effective length is limited around the focus point.

Collimator Optical fibre

(a)

Laser

Collimator
HR2

HRI

Optical fibre

Imaging lens | nm nanosecond laser

Dichroic lens

Objective lens

‘Water-jet coupler Stable section

Laser coupled watér-jet

Workbench .
Total reflection

Fig. 1 Experimental set-up for laser processing. Schematic of the (a) conventional laser and (b)
water-jet guided laser technology. (c¢) Diagram of the water-jet guided laser device. (d) Image of
the laser coupled water-jet. The right inset image is the diagram of total reflection in the waterjet
waveguide.

3.2 WJGL manufacturing and evaluation

The two laser processing schemes were compared based on the microscopic
morphology of the grooves. A carbide-reinforced RHEA sample with a nominal
chemical composition of (NbMo)soTazoWsoCio (at. %) was prepared for laser
machining. The laser power of both methods was set at 5-15 W with an interval of 5
W, a scanning speed of 10 mm/s, and 10 repetitions of the grooving procedure. Fig. 2a

shows an SEM image of the sample processed using CNL. At a low magnification, a





































































