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A B S T R A C T

The production of titanium (Ti6Al4V) powder is critical for aerospace, biomedical, and additive manufacturing 
but poses environmental challenges due to its energy intensity. Existing assessments often rely on static LCAs, 
offering limited optimization, or employ fragmented parametric models that do not capture full system in
terdependencies. This study introduces a novel, comprehensive parametric Life Cycle Assessment (LCA) frame
work for Ti6Al4V powder production, addressing these limitations. Its core methodological innovation lies in the 
integration of the entire production chain (from mining to sieving) and the simultaneous optimization of tech
nically crucial, interdependent operational parameters, specifically, TiO2 content in slag (typically 0.78–0.90), 
atomization electrode diameter (0.04–0.10 m), and argon pressure (often ≈5.5 MPa), rather than just parame
terizing mass/energy flows as often seen in prior models. This is achieved by linking upstream process quality (e. 
g., slag composition impacting chlorination energy) to downstream performance and environmental impacts (e. 
g., atomization energy and waste generation) through empirically-derived relationships based on extensive 
literature data. The model minimizes environmental impact under user-defined control conditions (target 
powder diameter, region, impact category). Numerical investigation demonstrates significant impact reduction 
potential. Crucially, the model quantifies environmental trade-offs between conflicting objectives and reveals 
critical hotspots, with atomization and chlorination consistently accounting for >70 % of impacts even post- 
optimization. Energy consumption sensitivity is high, varying over five-fold for key steps based on parameter 
adjustments. This holistic, multi-variable optimization approach provides unprecedented, actionable insights by 
identifying optimal operational settings, not just sensitivities, for enhancing the sustainability of Ti6Al4V powder 
production, overcoming limitations of prior static or phase-specific parametric models.

1. Introduction

The production of Ti6Al4V powder has grown significantly due to its 
key role in aerospace, biomedical, and additive manufacturing in
dustries. Its high strength-to-weight ratio, corrosion resistance, and 
thermal stability make it essential in aerospace, accounting for nearly 
half of all titanium alloys produced (Tamayo et al., 2021). In biomedical 
applications, its biocompatibility and mechanical properties support its 
use in implants, prosthetics, and surgical instruments such as ultrasonic 
scalpels (Zhang and Chen, 2019). Additive manufacturing has further 
expanded its adoption, enabling precise, customized component pro
duction, especially in the medical sector (Li et al., 2024; Sun et al., 
2023).

However, Ti6Al4V production is highly energy-intensive, particu
larly involving the conventional Kroll process for reduction and subse
quent powder atomization, leading to significant environmental impacts 
(Lyons et al., 2021; Gao et al., 2018). These impacts encompass high 

energy consumption, greenhouse gas emissions, resource depletion, and 
waste generation (Peng et al., 2018; Middlemas et al., 2015). The pro
cess involves multiple interconnected stages, including raw material 
extraction (e.g., ilmenite smelting), alloy refinement (chlorination, 
distillation), powder production (atomization), and post-processing 
steps like spheroidization and recycling. Due to the strong in
terdependencies among these stages, changes in one phase can signifi
cantly affect others. A comprehensive analysis of the full process is 
essential to identify environmental hotspots and optimize sustainability 
strategies through a holistic approach (Guo et al., 2020; Xia et al., 2020).

Many studies have consequently assessed the environmental impacts 
of Ti6Al4V powder production using Life Cycle Assessment (LCA) (see 
Section 2.1). This methodology rigorously evaluates environmental 
impacts across the entire production life cycle. However, existing LCA 
studies often focus on specific technologies and assume fixed process 
conditions, a static approach that inherently limits their applicability for 
guiding process optimization or comparing diverse manufacturing 
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