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[bookmark: _Toc234060383][bookmark: _Toc234699506]Abstract 
Project Invictus will replace integrated steelmaking at Port Talbot with a highly automated electric arc furnace (EAF) Meltshop. That transition makes repeatable liquid-steel and slag sampling a safety-critical design requirement, because the quality of analytical data affects furnace control, slag foaming, refractory life, downstream metallurgy and operator exposure. This project evaluates remote and automated sampling methods for EAF steel and slag, focusing on the Project Invictus design envelope: the available robotic equipment, probe geometry, sample transport requirements, machinery safety and human factors.
The methodology combined a literature review, analysis of OEM and supplier documents, stakeholder correspondence, dimensional feasibility assessment, task-based risk comparison and weighted optioneering with sensitivity analysis. The findings show that automated steel temperature measurement and sampling through the PolySAMPLE EAF robotic cell is technically mature and fits the safety and automation philosophy of the new Meltshop. Automated transport from robot to laboratory is feasible in principle, but its acceptance depends on validating thermal protection, dust tolerance, cargo handling, mis-sample recovery and the laboratory interface. Automated vertical EAF slag sampling remains the most uncertain element: the evidence supports slag sampling as a valuable process-control input, but does not confirm a proven, production-ready vertical slag sampler suitable for adoption before design freeze.
The recommended strategy is therefore staged. Adopt the proven robotic steel sampling baseline, complete detailed engineering for protected sample transport, retain controlled manual contingency arrangements, and develop automated EAF slag sampling as a follow-on workstream supported by trials, OEM engagement and a formal safety lifecycle. The weighted evaluation, corrected and tested for sensitivity to the chosen weights, supports this conclusion across all weighting scenarios examined.
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	Abbreviation
	Meaning

	ALARP
	As low as reasonably practicable

	BOS
	Basic oxygen steelmaking

	CDM
	Construction Design and Management

	EAF
	Electric arc furnace

	EIS
	Equipment Integrity Standard

	FMEA
	Failure modes and effects analysis

	HAZID
	Hazard identification

	HAZOP
	Hazard and operability study

	HMI
	Human-machine interface

	IRB
	Industrial robot

	LF
	Ladle furnace

	OEM
	Original equipment manufacturer

	PLC
	Programmable logic controller

	PPE
	Personal protective equipment

	SIF
	Serious injury or fatality

	SIL
	Safety integrity level

	TOP
	Terminal owner point / utility connection point as used in project drawings

	XRF
	X-ray fluorescence
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[bookmark: _Toc234699509]Introduction
[bookmark: _Toc234060389]The transition of Tata Steel UK at Port Talbot from an integrated blast furnace route to electric arc furnace steelmaking is a major industrial, engineering and organisational change, and it amounts to far more than swapping one furnace for another. It changes the raw material base, the process-control philosophy, the hazards facing operators and maintainers, and the way metallurgical data must be generated and used. Against that background, sampling becomes a design issue rather than a minor operating task. A steelworks can only control what it can reliably measure, and a highly automated Meltshop cannot be optimised if one of its most important data inputs stays variable, delayed, or dependent on someone standing at the furnace front (Tata Steel, 2025; Tata Steel UK, 2025a; Hay et al., 2021).
This independent project investigates remote hot-metal, liquid-steel and slag sampling methodologies for EAF steelmaking, focused on Project Invictus at Port Talbot. The term “hot metal” is kept in the title because operators use it loosely for any high-temperature metallurgical sample, although in strict EAF terminology the product of interest is liquid steel rather than blast-furnace hot metal. The scope covers steel temperature and chemistry sampling, slag sampling, probe handling, sample transfer to the laboratory, and the engineering decision process needed to select a robust option for a new Meltshop.
The project was developed as an industrially based optioneering study and does not attempt to design a sampling robot from first principles. The EAF equipment is being delivered by specialist OEMs, and the project already operates within fixed layout, platform, furnace, utility and design-freeze constraints. The contribution of this work is instead to define the technical problem clearly, evaluate the available sampling and transport methods, compare their safety and process-control performance, and build a defensible decision framework around the result.
[bookmark: _Toc234699510]Industrial Context
[bookmark: _Toc234060390]EAF steelmaking is central to many decarbonisation strategies because it enables greater use of scrap and can run on lower-carbon electricity. Worldsteel identifies scrap as a vital process input and reports that increased scrap use avoids significant raw-material consumption and carbon emissions compared with primary steelmaking routes (World Steel Association, 2025; World Steel Association, 2021). Tata Steel’s public project information states that the Port Talbot transformation involves a £1.25 billion investment in EAF steelmaking and is expected to cut the site’s carbon dioxide emissions by roughly 90%, or about five million tonnes per year (Tata Steel, 2025; Tata Steel UK, 2025a; Tata Steel UK, 2025b). The programme matters strategically because Port Talbot remains one of the United Kingdom’s principal steelmaking and processing locations.
[image: A diagram of steel making process  AI-generated content may be incorrect.]
[bookmark: _Toc234530008]Figure 1: Transition from Integrated Blast Furnace Steelmaking to EAF-Based Steelmaking under Project Invictus Tata Steel UK, 2025
The technical implications are just as significant as the strategic ones. Integrated steelmaking involves blast furnaces, coke ovens, ironmaking and basic oxygen steelmaking. An EAF Meltshop is tied much more directly to scrap and metallic charge quality, energy input, chemical additions, oxygen and carbon practice, slag formation, refractory life and furnace turnaround. Process data is therefore needed quickly and consistently. A delayed or poor-quality sample can trigger unnecessary corrective additions, extend power-on time, lower yield, accelerate refractory wear, destabilise slag foaming, or push quality risk downstream. The business value of sampling is consequently linked not only to laboratory analysis but to furnace availability, energy efficiency and product compliance (Karbowniczek, 2021; Hay et al., 2021; Kleimt et al., 2023).
EAF stability relies on accurate slag chemistry data; manual slag sampling remains operator dependent; and vertical slag sampling creates serious occupational safety and human-factor risks close to heat, radiation, fume and moving equipment (Frey, 2025). Those points provide the industrial rationale for this report. They also explain why the project sits across mechanical engineering, automation, safety engineering and operational metallurgy rather than inside any single discipline.
[bookmark: _Toc234699511]Problem Statement 
[bookmark: _Toc234060391]The problem this report addresses is that the Project Invictus EAF needs a sampling strategy that is safe, repeatable, maintainable and integrated enough to support an automated Meltshop. Manual sampling can produce an analytical result, but it puts people close to the furnace and introduces variability in sample depth, residence time, insertion angle, timing and handling. Robotic steel sampling is commercially available and already appears in the emerging Project Invictus design information (BM Group Polytec, n.d.; Tenova, 2025a). Slag sampling is a different challenge altogether. A slag sample has to represent a chemically heterogeneous, hot, viscous and constantly changing layer. Collected manually through a slag door or by vertical immersion, the task exposes people to radiant heat, splash, fume, poor visibility and ergonomic strain. Automated, the system has to survive an aggressive environment, avoid collisions with furnace equipment, preserve sample integrity and mesh with the laboratory workflow.
[image: A screenshot of a video game  AI-generated content may be incorrect.]
[bookmark: _Toc234530009]Figure 2: Electric Arc Furnace (EAF) slag door arrangement, showing the controlled slagging interface used to manage slag removal during furnace operation Tenova, 2025.
The design question is therefore not simply whether automation is desirable. It is which technologies should be adopted now, which should be developed further, and which should be rejected or deferred because the technical uncertainty is too high for a safety-critical production installation. The distinction matters in both directions: over-automating an immature task creates new failure modes, while under-automating leaves a new high-technology plant depending on legacy manual practice.
[bookmark: _Toc234699512]Aims and objectives
The aim of this project is to evaluate remote and automated sampling options for liquid-steel and slag sampling in Project Invictus EAF steelmaking, and to recommend a preferred strategy that improves safety, sampling repeatability and process-control capability while remaining realistic within the available engineering envelope.
The objectives are to: evaluate current manual and automated sampling practices relevant to EAF steelmaking; review the literature on EAF process control, slag chemistry, sampling reliability, robotics and human factors; identify the safety, machinery and compliance requirements that influence system selection; assess Project Invictus source data including robot layout, probe geometry, utility requirements and sample transport assumptions; develop a weighted optioneering method and test its sensitivity; compare technically plausible sampling and transport options; and propose an implementation strategy with defined validation requirements.
[bookmark: _Toc234049062][bookmark: _Toc234060451][bookmark: _Toc234060461][bookmark: _Toc234530029]Table 1: Project objectives and evidence route
	Objective
	Evidence route used in the report

	Evaluate sampling practices
	Literature review, manual baseline assessment and comparison with robotic sampling functions.

	Identify compliance requirements
	Review of machinery safety, hierarchy of control, functional safety, ergonomics and occupational safety requirements.

	Assess engineering feasibility
	Review of EAF robot drawings, probe drawings, sample transport correspondence and utility constraints.

	Assess safety and human factors
	Task-based hazard comparison, exposure assessment and hierarchy-of-control analysis.

	Develop decision framework
	Weighted scoring matrix, sensitivity review and staged implementation recommendation.



[bookmark: _Toc234060392][bookmark: _Toc234699513]Scope and author role 
[bookmark: _Toc234060393]The project is limited to the concept and optioneering stage. It considers liquid-steel temperature measurement and sampling, slag sampling, probe handling, sample transfer, and the assumptions around laboratory interface requirements. It does not include detailed robot programming, final CE/UKCA conformity assessment, detailed structural design, procurement specification, commercial tender evaluation, or commissioning procedure development. The PolySAMPLE EAF robot and the Telelift transport system were not designed as part of this project. These are specialist OEM systems. The project role was to act as an engineering evaluation study, using available project drawings, supplier information, correspondence and published literature to identify constraints, compare options and make a reasoned recommendation.
This distinction is important because the report uses industrial source material produced by suppliers and project teams. However, the interpretation of that material, the comparison of options, the safety and feasibility assessment, and the final recommendation were developed as part of this project.




















[bookmark: _Toc234699514]Literature Review
[bookmark: _Toc234060394][bookmark: _Toc234699515]EAF steelmaking and the need for reliable metallurgical data  
Electric arc furnace steelmaking uses electrical energy to melt scrap and other metallic charge. The process is flexible and can achieve lower direct carbon emissions than blast furnace ironmaking when scrap and lower-carbon electricity are available (Karbowniczek, 2021; World Steel Association, 2025). Worldsteel stresses the role of scrap in reducing iron ore, coal and limestone demand, and reports that every tonne of scrap used avoids substantial resource consumption and emissions compared with primary production (World Steel Association, 2025; World Steel Association, 2021). This sustainability context is why EAF technology sits at the heart of Project Invictus, but it also brings new process-control problems: scrap composition varies, residual elements accumulate, and furnace operation depends on rapid decisions about energy, oxygen, carbon, lime, fluxes and alloy additions.
[image: A graph of different colored bars  AI-generated content may be incorrect.]
[bookmark: _Toc234530010]Figure 3: Life cycle of carbon emissions from steel production (Lee et al., 2025)
The metallurgical purpose of sampling is to reduce that uncertainty. Operators and process models need to understand both the metal and the slag. Metal samples inform carbon, phosphorus, sulphur and alloy control; temperature measurements inform tapping decisions and downstream ladle furnace practice; slag samples inform basicity, FeO, MgO saturation, dephosphorisation potential, refractory interaction and foaming behaviour. The National Academies of Sciences, Engineering, and Medicine describes EAF slag as a multicomponent liquid oxide phase floating above the steel, with plants controlling slag chemistry and volume to maintain liquidity, refractory compatibility and oxidation control (National Academies of Sciences, Engineering, and Medicine, 2023). The practical point is timing: a correct sample that arrives too late has limited control value (Kirschen, 2021; Kleimt et al., 2023).
Digital control raises the stakes further. Advanced models can estimate process states, but only if they are fed and corrected with real measurements. Hay et al. (2021) reviewed mathematical process models for the EAF and showed that energy balance, mass balance, thermodynamic and kinetic models all require reliable plant measurements for calibration and validation. Kleimt et al. (2023) demonstrated a model-based decision-support system for EAF online monitoring and control that depends on the same link between measured data and set-point optimisation. Recent state-space modelling of scrap composition from routinely collected process data reinforces the principle: process models are only as strong as the data used to correct them (Zhou, Naert and Nuyens, 2025).
[bookmark: _Toc234060395][bookmark: _Toc234699516]Slag chemistry, foamability and refractory performance
[bookmark: _Toc234060396]Slag is not a waste layer in an EAF; it is an active process medium that affects heat transfer, arc shielding, refractory wear, phosphorus removal, metallic yield and energy efficiency (Karbowniczek, 2021; National Academies of Sciences, Engineering, and Medicine, 2023). Foaming slag matters most. Gas bubbles generated by reactions between carbon and iron oxide expand the slag volume and cover the arc; a stable foam improves thermal efficiency, reduces radiation to the sidewalls and roof, lowers noise and protects the refractories. Kieush et al. (2023) describe foaming as the trapping of gas bubbles in the slag when carbon-bearing material reacts with iron oxide, with foam behaviour governed by FeO content, basicity, temperature and carbon source.
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[bookmark: _Toc234530011]Figure 4: Schematic representation of EAF material layers (Yildirim and Prezzi, 2011)
The link between slag chemistry and refractory life is well established. Too much FeO increases refractory wear and yield loss; too little FeO, or poorly controlled basicity, degrades dephosphorisation and foam stability. Heo and Park (2021) showed experimentally that slag composition governs both dephosphorisation and foamability in EAF operation, with the thermodynamics depending on saturation conditions, while Kirschen (2021) demonstrated the value of slag data and MgO saturation analysis for monitoring and improving slag practice. For this project the implication is direct: a slag sampling system is not justified by safety alone. It earns its place if it produces a reliable sample that supports control of the chemistry governing furnace efficiency and refractory performance.
Slag is also harder to sample than steel. The layer is heterogeneous, unmelted flux, entrained metal droplets, temperature gradients and local effects from oxygen and carbon injection are all common (National Academies of Sciences, Engineering, and Medicine, 2023; Kirschen, 2021). A sample taken at the wrong depth or location may not represent the bulk condition, so even experienced operators produce variable results. Repeatability depends on immersion depth, time, insertion angle, sampler type and extraction technique,  exactly the variables a robot can control more consistently than a person, provided it can reach the right location safely.
[bookmark: _Toc234699517]Manual sampling and human factors
[bookmark: _Toc234060397]Manual furnace sampling is a classic case of a hazardous task becoming normalised because it has always been part of steelmaking. Familiarity does not remove the hazard. The task can require an operator to approach a furnace opening or slag door, manipulate a long lance, judge the correct immersion point in poor visibility, and withdraw a hot probe for further handling. The hazards include radiant heat, burns, splash, fume, noise, restricted access, awkward posture, fatigue, slips and trips, interaction with mobile equipment and exposure to uncontrolled energy if furnace conditions change, all of which are amplified during abnormal events such as a failed sample, blocked access, poor slag condition or time pressure near tap. In ergonomic terms, ISO 6385 requires work systems to be designed considering human, social and technical requirements together, which supports treating manual sampling as a system design issue rather than a matter of individual operator care (ISO, 2016).
Human factors go beyond the chance of operator error; they include the design of the task itself. If a task depends on judgement under heat stress, poor visibility and production pressure, variability is an expected system outcome, not an anomaly. Manual methods introduce variability in sampling depth, residence time and sample quality, reducing the reliability of the metallurgical data (Frey, 2025). Seen from a safety engineering perspective, the same manual task therefore causes two kinds of loss at once: direct exposure risk to the operator, and indirect process-control risk through variable data.
The hierarchy of control supports removing people from high-energy environments wherever reasonably practicable. The Health and Safety Executive is explicit that PPE should be a last resort, with elimination, substitution, engineering controls and administrative controls considered first (HSE, 2026). Remote and automated sampling therefore has a strong safety rationale, because it moves the task from PPE and procedural control towards engineering control. That said, automation deserves the same critical scrutiny. A robot brings stored energy, moving axes, maintenance tasks, safeguarding requirements, software dependencies and new failure modes. The safety case must compare the total risk profile of each option rather than assuming automation is automatically safer.
[bookmark: _Toc234699518]Robotics and automated sampling in steelmaking
Robotic sampling and measurement systems are now widely used in metallurgical plants for temperature measurement, oxygen activity measurement, steel sampling, cartridge handling and furnace inspection. Polytec describes PolySAMPLE EAF as a fully automatic EAF sampling and measurement solution capable of complex trajectories, automatic loading from a cartridge dispenser, multiple tools, bath-level measurement, sample separation and transfer to a laboratory system (BM Group Polytec, n.d.). Its published reference list includes multiple PolySAMPLE EAF and PolySAMPLE LF installations across EAF and ladle refining applications (BM Group Polytec, 2022), which points to a mature technology base for steel sampling and temperature measurement.
The Project Invictus source drawings show an ABB IRB 8700 robot cell with sample lance, PolyEYE lance, tool rack, cartridges warehouse, probe cut assembly, chiller, pneumatic panel, electrical cabinet and communication interfaces (Tenova, 2025a; Tenova, 2025b). The network layout includes PLC, remote I/O, PROFIsafe interfaces, an HMI server, CCTV, robot controller and sensor laboratory links. In other words, the project is not starting from a manual baseline: it already has a substantial robotic sampling architecture. The optioneering question is how far that architecture can, and should, be extended to slag sampling and sample transport.
Robots improve repeatability by controlling trajectory, speed, reach and dwell time, and they reduce exposure by performing high-temperature tasks inside a safeguarded cell. Their limitations are equally clear. The robot must be protected from heat and contamination, must avoid collisions with furnace structures, must be maintainable without excessive downtime, and must be integrated with furnace movement, charging, tapping and electrode handling. The safety integrity of robot operation must also be assessed against the applicable machinery safety standards, covering emergency stops, interlocks, safe zones, safe speed, teach modes and maintenance access (ISO, 2011; ISO, 2023; BM Group Polytec, n.d.).
[bookmark: _Toc234060398][bookmark: _Toc234699519]Sample transport and analytical turnaround 
Sampling does not end when the probe leaves the bath. The sample must reach the laboratory or analytical station quickly, safely and in a condition suitable for preparation and analysis. In a manual workflow, the movement of hot probes can create additional exposure, delay and handling variability. In a robotic workflow, poor sample transfer can become the bottleneck that prevents the full benefit of automated sampling being realised. This is particularly important where the furnace operating window is short and a failed sample must be repeated quickly.
Project correspondence with Telelift identified a potential automated sample transport route from two furnaces to the laboratory. The requirements discussed included hot probes of approximately 1.2 m length and less than 15 kg, with refractory material potentially increasing weight up to 40 kg; a horizontal distance of about 35 m and vertical movement of about 3.5 m; six probes every 42 minutes from each furnace; and a suggested transport speed of 1 m/s (Telelift GmbH, 2025a). Later correspondence highlighted concerns about heavier slag samples, with calculated weights of approximately 20 kg for two SAPTTAL samples and 55.5 kg for a slag sample, the latter being too heavy for the proposed system without redesign or clarification (Telelift GmbH, 2025b). These data make sample transport a genuine engineering constraint rather than a simple logistics activity.
The transport system introduces questions of thermal protection, dust tolerance, load stability, failure recovery and laboratory interface. Telelift correspondence indicated that quenching could create excessive steam near the electric drive system and that the maximum operation temperature of the system would be approximately 60 degrees C, requiring the hot probe to be protected or thermally isolated (Telelift GmbH, 2025a). The supplier also stated that dry and dusty environments were generally manageable using spring-loaded contacts, gaps in rail segments and passive dust brushes, although these assumptions would need validation for an EAF Meltshop environment (Telelift GmbH, 2025c).
[bookmark: _Toc234060399][bookmark: _Toc234699520]Safety, machinery and ergonomic standards 
The design of remote sampling must satisfy machinery safety, functional safety and ergonomic principles. ISO 12100 provides the structured approach to machinery risk assessment and risk reduction, covering inherently safe design, safeguarding, protective measures and information for use (ISO, 2010). Robot integration is addressed by ISO 10218-2, which specifies safety requirements for industrial robot systems and cells (ISO, 2011). Safety-related control systems are commonly assessed to ISO 13849-1 or IEC 62061, depending on the architecture and project requirements (ISO, 2023). For Project Invictus, these standards have to be read alongside TSUK site-specific safety rules, maintenance access arrangements, emergency response requirements and commissioning controls.
Functional safety is especially relevant here because the sampling robot interacts with a hazardous process and will need interlocks with furnace status, robot zones, access gates, emergency stops, pneumatics, tooling and transport equipment. IEC 61508 provides the general functional safety framework for electrical, electronic and programmable systems, while IEC 62061 applies more directly to machinery control (IEC, 2010; ISO, 2023). The practical value of these standards is that they stop safety functions being treated as ordinary control features: a stop function, gate interlock or safe-speed mode must be specified, validated and maintained to deliver the required risk reduction.
Ergonomics matters beyond the furnace front. ISO 6385 sets out principles for ergonomic work-system design in which human, social and technical requirements are considered together (ISO, 2016). In this project that extends to laboratory sample handling, maintenance access to the robot cell, cartridge loading, probe removal, manual fallback sampling, cleaning of the transport route and recovery of failed probes. A design that removes one manual task but creates frequent awkward maintenance tasks may deliver less human-factor benefit than expected, so the recommendation must address normal operation, abnormal operation and maintainability together.
[bookmark: _Toc234060400][bookmark: _Toc234699521]Literature review synthesis 
Five conclusions from the literature and source review shape the rest of this report. First, steel and slag sampling are process-control functions, not just quality checks (Kleimt et al., 2023). Second, slag chemistry is directly linked to foamability, refractory wear, dephosphorisation and energy efficiency, so reliable slag sampling is valuable if it can be achieved (Heo and Park, 2021; Kirschen, 2021; Kieush et al., 2023). Third, manual furnace sampling creates both direct safety exposure and data variability (HSE, 2026; ISO, 2016). Fourth, robotic steel sampling is an established technology, whereas automated vertical EAF slag sampling is much less mature within the available evidence (BM Group Polytec, n.d.; BM Group Polytec, 2022). Fifth, sample transport can determine whether robotic sampling actually delivers process value, because analytical turnaround and mis-sample recovery depend on the complete sample path (Telelift GmbH, 2025a; Telelift GmbH, 2025d).

[bookmark: _Toc234060401][bookmark: _Toc234699522]Methodology 
[bookmark: _Toc234060402]The methodology was designed around the nature of the problem. A full-scale EAF slag sampling trial was not possible during the project period because Project Invictus was still in design and construction development rather than operational commissioning. The project therefore used a structured engineering optioneering methodology, combining literature review, source-document analysis, stakeholder correspondence, dimensional and functional feasibility review, task-based safety assessment and weighted decision analysis with sensitivity testing. This approach suits an industrial design problem where decisions must be made with incomplete information, provided the assumptions are kept visible and auditable.
[bookmark: _Toc234699523]Research design 
[bookmark: _Toc234060403]The research followed six stages:
· Stage one defined the problem and operating context, the project brief and the available Project Invictus information. 
· Stage two reviewed the relevant literature and standards to identify the metallurgical, safety and automation principles that should govern system selection. 
· Stage three investigated the technical constraints from source drawings and supplier documents: robot layout, utilities, probe dimensions, transport assumptions and known limitations. 
· Stage four generated a set of plausible options, from continued manual sampling through to staged robotic and automated transport solutions. 
· Stage five applied weighted evaluation criteria and tested the sensitivity of the outcome to the chosen weights. 
· Stage six developed the conclusions, limitations and further work.
The work is not a purely theoretical exercise. It uses real project information: Tenova/Polytec robot drawings, Heraeus Electro-Nite probe drawings, Telelift correspondence and Project Invictus objectives. It is also not a procurement exercise. Commercial prices were not available for every option, and the aim was not to select a supplier on lowest cost. The decision was therefore treated as a concept-stage engineering judgement, focused on suitability, risk reduction, integration with the wider process, operational benefit, and the further evidence needed before implementation.
[bookmark: _Toc234699524]Source data 
The source base combined academic and industrial material. Academic sources established the principles of EAF slag behaviour, sampling value, human factors, automation and safety standards. Industrial sources defined the real constraints of the Project Invictus installation. The Tenova/Polytec drawings were used to identify layout, utility, loading and control-interface constraints. The Heraeus Electro-Nite probe drawings were then reviewed to establish probe geometry and associated handling risks, while the Telelift correspondence was used to test the assumptions around sample transport. The most important industrial documents were the PolySAMPLE EAF general layout, the robot utility/TOP drawing, the network layout, the sampling configuration drawing, the SLAC probe drawing, the EAF slag probe drawing, the standard probe drawings and the Telelift email correspondence (Tenova, 2025a; Tenova, 2025b; Tenova, 2025c; Tenova, 2025d; Heraeus Electro-Nite, 2023; Heraeus Electro-Nite, 2025a; Telelift GmbH, 2025a). These sources, as featured in Table 2, were treated as design evidence rather than accepted uncritically, because several are preliminary, supplier-specific, or rest on assumptions that still need validation in detailed design.
[bookmark: _Toc234530030]Table 2:Main industrial source data used
	Source
	Key information extracted
	Use in analysis

	Tenova/Polytec EAF robot general layout
	IRB8700 robot, sample lance, PolyEYE lance, tool rack, probe cut, cartridges warehouse, chiller and robot centre/furnace centre relationship.
	Defined existing robotic baseline and spatial interface.

	Tenova robot utility/TOP drawing
	400 V, 50 Hz, dry air, cooling air, water supply, robot loads, controller distance and fixation plate.
	Defined services and integration constraints.

	Tenova network layout
	PLC, PROFIsafe, remote I/O, HMI, CCTV, sensor lab and robot controller communications.
	Defined control and safety interface implications.

	Sampling configuration drawing
	Sampling point relationship to bath level at furnace positions 0, +2 and -2 degrees.
	Supported reach and geometric feasibility discussion.

	Heraeus/Polytec probe drawings
	Probe length, diameters, pop-out force and slag sampler geometry.
	Supported handling, transport and sampler compatibility assessment.

	Telelift correspondence
	Distance, vertical rise, cycle rate, speed, load, temperature, dust and vehicle assumptions.
	Supported sample transport feasibility and risk assessment.


[bookmark: _Toc234060404][bookmark: _Toc234699525]Option generation 
[bookmark: _Toc234060405]Option generation deliberately included unattractive alternatives as well as attractive ones, to avoid the common trap of designing the decision around a preferred answer. Six options were considered: 
· Option 1 was the manual baseline: continued manual steel and slag sampling with procedural improvements. 
· Option 2 was the proven robotic steel sampling baseline, using PolySAMPLE EAF for temperature and steel sampling with manual or semi-manual sample transport. 
· Option 3 added automated sample transport from robot to laboratory using a protected Telelift-type system. 
· Option 4 extended the robotic solution to automated EAF slag sampling. 
· Option 5 was a staged slag strategy: proven steel sampling and transport implemented now, with EAF vertical slag sampling treated as a separate development path, potentially starting with ladle furnace or off-furnace slag sampling where conditions are more controlled. 
· Option 6 was a dedicated fixed or telescopic vertical slag sampler, independent of the main robot.
The options were screened for obvious incompatibility before scoring. A purely manual option could not be rejected at screening because it remains technically possible, though it was expected to score poorly on exposure and automation alignment. Equally, a fully automated vertical slag option could not be accepted just because it is desirable; it had to be judged on evidence of maturity, reach, heat protection, sample integrity and maintainability. A transport option had to be judged against cycle time and load assumptions, not just its potential to remove manual carrying.
[bookmark: _Toc234699526]Evaluation criteria and weighting 
[bookmark: _Toc234049064][bookmark: _Toc234060452][bookmark: _Toc234060462]The weighted decision matrix used seven criteria, as shown in Table 3: safety risk reduction; sampling repeatability and quality; technical maturity; integration with the Project Invictus design; analytical turnaround and process-control value; maintainability and abnormal-operation resilience; and cost and programme certainty. The weights reflect the nature of the project. Safety and sampling quality were given the highest combined importance because the purpose of the project is to reduce exposure while improving process data. Technical maturity was also weighted strongly, because the system will operate in a major new production facility and cannot rest on unproven assumptions at design freeze.
[bookmark: _Toc234530031]Table 3: Evaluation criteria and weighting
	Criterion
	Weight
	Rationale

	Safety risk reduction
	25%
	High-temperature furnace sampling has credible serious injury potential; engineering control is a primary driver.

	Sampling repeatability and quality
	20%
	The system must improve data consistency, not only move the operator away.

	Technical maturity
	15%
	Production-critical equipment requires proven technology or a clear validation path.

	Integration with Project Invictus
	15%
	The option must fit robot, furnace, laboratory, crane and utility constraints.

	Turnaround/process-control value
	10%
	Fast feedback improves furnace control and recovery from failed samples.

	Maintainability/resilience
	10%
	The system must be maintainable and recoverable during abnormal operation.

	Cost and programme certainty
	5%
	Cost is important but was not weighted above safety and process performance at concept stage.


[bookmark: _Toc234060406]
Scoring used a one-to-five scale: one for poor performance or unacceptable uncertainty, three for a workable option with material limitations or validation needs, and five for strong performance supported by the available evidence. Each score was multiplied by its criterion weight and the results summed to give a weighted total out of 5.00. Because several criteria are qualitative, the matrix should be read as a structured judgement tool rather than a mathematical proof; its value lies in making the assumptions visible and testable. For exactly that reason, the sensitivity of the result to the chosen weights was tested explicitly, and the outcome is reported alongside the matrix in Section 5.3. The scoring rationale for each option is summarised in Appendix A.
[bookmark: _Toc234699527]Safety and human-factor assessment method 
[bookmark: _Toc234060407]Safety was assessed by task-based comparison rather than a generic hazard list. The manual baseline was broken into approach, probe preparation, furnace access, insertion, withdrawal, hot sample handling, transport to laboratory, sample breakout and repeat sampling. The automated options were broken into cartridge loading, robot operation, sample cutting, transport transfer, laboratory receipt, maintenance access, cleaning, fault recovery and manual override. This method was chosen because automation does not remove tasks so much as change who performs them, where, and under what conditions. Therefore a credible comparison has to cover the whole task system.
The assessment covered both normal and abnormal operation. Abnormal operation included mis-samples, broken probes, failed tool changes, transport vehicle faults, dust accumulation, power loss, robot interlock trips, samples too hot for transport, the laboratory being unable to accept a sample, and the need for manual fallback. The residual risk is likely to sit in these recovery tasks, because people can be drawn back towards hot probes, damaged tooling or stopped equipment when the automatic sequence has failed. Resilience and recoverability were therefore treated as decision criteria in their own right, not afterthoughts.
[bookmark: _Toc234699528]Limitations of the method 
The main limitation is the absence of a live EAF sampling trial. The optioneering has therefore not been presented as validation of a final design. The evidence is adequate for a concept-stage recommendation, but not for commissioning release. Some supplier information is preliminary and may change through detailed design. Cost data are incomplete, so cost was assessed qualitatively rather than through whole-life cost modelling. The lack of validated public data on automated vertical EAF slag sampling makes technical maturity hard to prove either way. Laboratory analytical times, sample preparation procedures and the exact production sequence also remain to be validated. The recommendation should therefore be read as a staged engineering decision, not a final commissioning specification.
[bookmark: _Toc234060408][bookmark: _Toc234699529]Project Plan and work carried out
[image: A graph with blue rectangular objects  AI-generated content may be incorrect.]The project ran from September 2025 to July 2026, following the natural shape of an industry-based engineering study: problem definition and scoping, then literature review, industrial source review, task analysis, option generation, evaluation, synthesis and reporting. Figure 5 presents the timing plan as a Gantt chart. The work packages overlap deliberately; the literature and standards review continued while industrial source information was being examined, and the manual baseline assessment developed alongside option generation. That reflects the reality of an industrial project, where the final recommendation had to be shaped by academic evidence and emerging project information at the same time.[bookmark: _Toc234530012]Figure 5: EAF and slag sampling optimisation: Optioneering Project Plan

[bookmark: _Toc234060447][bookmark: _Toc234060448][bookmark: _Toc234060449][bookmark: _Toc234060453][bookmark: _Toc234060463]Table 4 summarises the main work packages, their planned periods and completion status. Across those packages the work fell into eight activities: defining the problem (narrowing the topic from general hot-metal sampling to remote liquid-steel and slag sampling within the Project Invictus envelope); reviewing the literature and standards; reviewing the industrial sources; assessing the manual baseline as a complete task system; generating six options spanning mature and less mature solutions; scoring them against seven weighted criteria and testing sensitivity; synthesising the results into a staged recommendation; and producing and revising the report. 


[bookmark: _Toc234530032]Table 4: Project Plan Summary
	Work package
	Planned period
	Work completed
	Evidence/status

	Problem definition and scope
	September to October 2025
	Defined the project problem, aim, objectives, scope boundary and author role. The subject was narrowed from general hot-metal sampling to remote liquid-steel and slag sampling for the Project Invictus EAF.
	Completed; formed the basis of the proposal and interim viva.

	Literature and standards review
	October to December 2025; refreshed before final submission
	Reviewed EAF steelmaking, slag chemistry, foaming behaviour, robotic sampling, sample turnaround, hierarchy of control, machinery safety, functional safety and ergonomic principles.
	Completed; informed the technical basis, methodology and final recommendation.

	Industrial source review
	November 2025 to February 2026
	Reviewed Tenova/Polytec robot layouts, utility drawings, network interfaces, sampling configurations, Heraeus Electro-Nite probe information and Telelift correspondence.
	Completed; provided the technical baseline for the feasibility and optioneering assessment.

	Manual baseline and task analysis
	December 2025 to January 2026
	Compared manual sampling tasks with robotic and automated alternatives, including exposure during approach, insertion, withdrawal, hot sample handling, transport and abnormal recovery.
	Completed; used to support the safety and human-factor assessment.

	Option generation and weighted evaluation
	January to March 2026
	Generated six feasible sampling and transport options, defined weighted criteria, scored each option and reviewed the sensitivity of the preferred strategy.
	Completed; formed the basis of the optioneering results.

	Synthesis, limitations and further work
	March to April 2026
	Converted the optioneering results into a staged implementation strategy and identified validation, safety lifecycle and commissioning requirements.
	Completed; used to develop the discussion, conclusions and further work.

	Final report production and academic review
	February to May 2026
	Developed the main report structure, prepared the technical narrative, refined the optioneering results and reviewed the report against the project aim, objectives and evidence base.
	Completed; draft report prepared during the original submission period.

	Final report revision and additional submission
	19 May to 06 July 2026
	Finalised writing if the main report & final viva presentation 
	Completed; additional final report submission prepared for 06 July 2026.

	Final viva preparation
	07 July to 21 July 2026
	Prepared for the final viva presentation by reviewing the methodology, results, limitations, recommendation and likely technical questions.
	Planned; final viva presentation scheduled for 21 July 2026.







[bookmark: _Toc234060410][bookmark: _Toc234699530]Technical Baseline and Data Analysis 
[bookmark: _Toc234060411][bookmark: _Toc234699531]Project Invictus sampling architecture 
As shown in Figure 6, the EAF sampling architecture is already built around a substantial robotic cell. The general layout identifies an ABB IRB 8700 foundry robot, PolyEYE lance, 4 m sample lance, jumper point assembly, discharge station, chiller assembly, probe cut assembly, cartridges warehouse, water bypass and tool rack. The complete robot assembly is listed at 6,180 kg, the tool rack at 1,700 kg and the cartridge warehouse at 750 kg (Tenova, 2025a). These are the masses of a serious industrial installation, not a light auxiliary device.
[image: ]
[bookmark: _Toc234530013]Figure 6:Project Invictus EAF temperature and sampling robot general layout showing the ABB IRB 8700 robot, sample lance, PolyEYE lance, tool rack, cartridge warehouse, chiller and associated equipment. (Tenova, 2025)
The layout also positions the robot relative to furnace centre and flags a required modification to a protective structure to prevent collisions between lances and steelwork. That detail matters. A sampling robot does not operate in free laboratory space; it works inside a constrained Meltshop geometry with furnace movement, tooling envelopes, platform structures, electrode handling and maintenance access. Collision avoidance and safe zones are therefore central to feasibility, not a detail to resolve later.
The utility drawing specifies electrical supply at 400 V, 50 Hz, three poles; dry air at a minimum operating pressure of 6 bar and maximum flow of 1,400 Nl/min; robot cooling air at 5 bar and 1,500 Nl/min; and water supply at 10–30°C, 4–10 bar and 50–70 Nl/min (Tenova, 2025c). It also states that the distance from controller to robot must not exceed 30 m because of the ABB cables. These constraints matter when considering additional sampling or transport equipment: an option that forces relocation of the controller, robot or utilities may carry disproportionate programme risk.
[image: ]
[bookmark: _Toc234530014]Figure 7:Robot utility and TOP requirements showing electrical supply, pneumatic supply, cooling water requirements, robot loads and controller-distance constraints (Tenova, Polytec, 2026)
[bookmark: _Toc234060412][bookmark: _Toc234699532]Robot loads and mechanical implications
[bookmark: _Toc234060413]The utility drawing, shown in Figure 7, lists the working and emergency-stop loads at the IRB 8700 interface: a vertical load of 52.2 kN, working horizontal force of ±13.5 kN rising to ±50.3 kN during emergency stop, and working moments of ±77.7 kNm (Mxy) and ±9.2 kNm (Mz) rising to ±146.9 kNm and ±31.8 kNm respectively under emergency stop (Tenova, 2025c). Numbers of this size are the reason the robot foundation, fixation plate and platform interface have to be treated as primary engineering items.
For the optioneering, the implication is that adding functions to the robot cannot be considered at end-effector level alone. A new slag sampling tool would have to be assessed for payload, reach, dynamic loads, tool-change compatibility, heat exposure, collision envelope and control logic. If the tool needs longer vertical immersion or additional shielding, its effect on robot trajectory and mechanical loads must be analysed. This is a key reason automated EAF slag sampling is treated in this report as a development item rather than a simple attachment to the existing robot.
[bookmark: _Toc234699533]Sampling configurations and furnace movement  
The sampling configuration drawing, Figure 8, shows the relationship between level zero, maximum bath level, minimum bath level and hot heel at furnace positions of 0, +2 and −2 degrees. It identifies a picking point roughly 2,810–2,811 mm from furnace centre in the sections shown, with bath levels marked at 650 mm, 1,100 mm and 1,505 mm (Tenova, 2025d). Sampling geometry is therefore sensitive to both furnace position and bath level.
[image: ]
[bookmark: _Toc234530015]Figure 8:EAF sampling configuration showing furnace positions, bath-level references, hot heel and picking-point geometry for robotic sampling. Source: Tenova/Polytec project drawing 3701.00025.TEN.201004.ME.DRG.DD.00870, unpublished project document.
[bookmark: _Toc234060414]For steel sampling, the robot trajectory can be designed around known furnace positions and bath-level measurement. Slag is more awkward: the target layer sits above the metal bath, and its thickness, foam condition and surface profile change during the heat. A vertical slag sampler must avoid penetrating into the metal or collecting an unrepresentative surface crust, which raises the importance of bath-level measurement, slag-level estimation and controlled immersion depth. It also suggests a robust automated slag sampler would need additional sensing or procedural logic rather than relying on fixed coordinates.
[bookmark: _Toc234699534]Probe geometry and handling constraints
The probe data, as depicted in Figure 9, shows that the physical sample devices are long, slender and fragile compared with ordinary mechanical components. The CELOX SLAC on-tube drawing specifies a 1200BSEB5 tube, overall dimensions including 1,279 ± 3 mm, diameter features of 39 mm and 55 mm, and a minimum pop-out force of 1,500 N (Heraeus Electro-Nite, 2023). The Polytec standard probe drawing shows temperature, Celox and sample probes with lengths of roughly 1,193–1,303 mm and similar external diameters (Heraeus Electro-Nite, 2005). The Hydris probe is longer again, with annotated section dimensions of 915 mm, 740 mm and 135 mm (Heraeus Electro-Nite, 2025b).
[image: ]
[bookmark: _Toc234530016]Figure 9:CELOX SLAC probe drawing showing overall probe dimensions, diameter features and minimum pop-out force. Source: Heraeus Electro-Nite drawing 65319610, unpublished supplier document.
The EAF slag probe drawing, Figure 10, identifies a 3-in-1 C310S2N15212BSE with drip rings and an overall length of 1,311.5 mm, including a 250 mm central drip-ring region and individual drip rings of 56/72 mm diameter, 25 mm length and 3 mm thickness (Heraeus Electro-Nite, 2025a). The geometry matters for transport and robotic handling: rings, fragile ceramic sections and residual heat all affect how the probe can be gripped, shielded and moved.
[image: A drawing of a cigarette  AI-generated content may be incorrect.]
[bookmark: _Toc234530017]Figure 10: EAF slag probe drawing showing 3-in-1 sampler with drip rings (source: Heraeus Electro-Nite, 2025a).









[image: A close-up of a cell phone screen  AI-generated content may be incorrect.]Figure 7: 
[bookmark: _Toc234530018]Figure 11:Hydris probe image showing annotated probe dimensions (source: Heraeus Electro-Nite, 2025b).


	
[bookmark: _Toc234060415]Taken together, the probe data lead to a practical conclusion: the sampling system has to be designed around the actual probe family, not an abstract sample. The handling equipment must support slender probes without damaging them, accommodate different diameters and end features, manage residual heat, and allow the laboratory to break out or prepare the sample without excessive manual intervention. A transport system that suits one probe type will not automatically suit slag probes, hydrogen probes or future cartridges.
[bookmark: _Toc234699535]Sample transport demand and capacity
The Telelift correspondence, as shown in Appendix I, provides enough information for a preliminary capacity check. The stated demand was six probes every 42 minutes from each furnace, twelve probes every 42 minutes for two furnaces, an average combined rate of 12/42 = 0.286 probes per minute, or about 17.1 probes per hour, with an average interval of 3.5 minutes between probes. The route was about 35 m horizontally and 3.5 m vertically, and the supplier considered a speed of 1 m/s sufficient (Telelift GmbH, 2025a).
A simple travel calculation (Appendix B) suggests line-haul movement is not the binding constraint: a 38.5 m equivalent path at 1 m/s takes about 38.5 seconds before allowing for acceleration, deceleration, curves, docking, loading, unloading and control logic. Even if the practical cycle time were several times higher, the average demand of one probe every 3.5 minutes looks manageable, particularly since Telelift stated that multiple vehicles can operate independently on one track and more can be added to raise throughput (Telelift GmbH, 2025d). Two caveats apply. The 3.5-minute figure is an average, so the design should also consider the worst case in which both furnaces request samples almost simultaneously; and the real uncertainty is not base transport speed but probe temperature, loading and unloading reliability, mis-sample recovery and compatibility with the laboratory process.
Mis-sampling deserves particular attention. Correspondence, captured in Appendix I, raised the concern that if a sample arrives at the laboratory unsuitable for analysis, a replacement must be obtained quickly enough to avoid process delay. Telelift responded that a vehicle could stand by at the Polycut machine and that an operator could override automatic operation to order a new probe (Telelift GmbH, 2025d). This is a useful resilience concept, but it needs converting into a formal operating philosophy: who authorises a repeat sample, how the furnace sequence is protected, where the unsuitable probe is quarantined, and whether the robot can safely repeat the sample within the available process window.


[bookmark: _Toc234060416][bookmark: _Toc234699536]Environmental and layout constraints for transport
[bookmark: _Toc234060417]The transport concept also interacts with the meltshop layout. Email correspondence, featured in Appendix I, identified the need to avoid electrode stands, because the overhead crane requires clear access to lift electrodes, and to keep the system below 2 m above floor level in one constrained area so the crane can pass while carrying electrodes (Telelift GmbH, 2025a). These constraints are significant: a track-based system that looked simple on paper could conflict with crane operations, maintenance access or emergency routes.
Dust and contamination were raised too. Telelift stated that dry, dusty environments do not generally cause problems, because power contacts are pressed against the rail under high spring load, gaps between rail segments displace dust, and passive brushes on the vehicle can sweep the rail top (Telelift GmbH, 2025c). That is credible in principle, but EAF dust is not always benign; it can contain metallic particles, lime, carbon, slag fines and conductive dust, and be affected by humidity, oil or water. The design should therefore include a dust validation trial, a defined cleaning frequency, inspection access and a failure-mode review for contact contamination.
[bookmark: _Toc234699537]Manual baseline assessment
The manual baseline matters because it is the yardstick against which automation must be judged. Manual sampling has real advantages: low capital complexity, familiar practice, flexibility during abnormal events and no dependence on robot availability. In the context of a new automated EAF, though, those advantages are outweighed. Manual sampling puts people close to the furnace, relies on PPE and procedural discipline, and creates variability in sample position, timing and handling. It also cuts against the automation philosophy of Project Invictus: a new high-technology Meltshop that kept manual slag sampling as its normal method would leave a critical process-control input outside the automated ambition.
That does not make the baseline unacceptable for every task. Manual fallback may be needed during commissioning, robot outages or abnormal events. It should therefore be designed as a controlled contingency rather than the preferred normal mode, with defined rules for when manual sampling is permitted, who authorises it, what additional controls apply, and how manual-sample data are flagged in the process-control system, since their repeatability may differ from robotic samples.


[bookmark: _Toc234060418][bookmark: _Toc234699538]Optioneering Results
[bookmark: _Toc234060419][bookmark: _Toc234699539]Option descriptions
[bookmark: _Toc234049065][bookmark: _Toc234060454][bookmark: _Toc234060464]Six options were evaluated. Option 1, manual sampling with enhanced controls, continues traditional practice with improved platforms, PPE, procedures, training and supervision. Option 2, robotic steel sampling only, uses the proven PolySAMPLE EAF system for steel temperature and sampling while keeping manual or semi-manual sample transfer. Option 3 combines the PolySAMPLE EAF with a protected Telelift-type transport route to the laboratory. Option 4 attempts full automation of both metal and vertical slag sampling through the robot or associated equipment. Option 5, the staged slag strategy, implements proven steel sampling and automated transport now while treating EAF slag sampling as a separate development path, potentially beginning with ladle furnace or off-furnace slag sampling where conditions are more controlled. Option 6 introduces a dedicated fixed or telescopic vertical slag sampler, independent of the main robot. Options are summarised in Table 5 below:
[bookmark: _Toc234530033]Table 5: Option summary
	Option
	Description
	Initial judgement

	1
	Manual steel and slag sampling with improved controls.
	Technically possible but weak alignment with safety and automation goals.

	2
	PolySAMPLE EAF for steel temperature/sampling, conventional sample transfer.
	Strong maturity but incomplete end-to-end automation.

	3
	PolySAMPLE EAF plus automated protected sample transport to laboratory.
	Strong preferred baseline if thermal and handling issues are validated.

	4
	Fully automated steel and EAF vertical slag sampling.
	Attractive target state but highest technical uncertainty.

	5
	Staged slag strategy: steel robot and transport now, slag automation developed/trialled separately.
	Most balanced option for design-freeze environment.

	6
	Dedicated fixed or telescopic vertical slag sampler.
	Potentially useful but intrusive and less mature within available evidence.


[bookmark: _Toc234060420][bookmark: _Toc234699540]Weighted scoring results 
Table 6 presents the weighted decision matrix. Each score was multiplied by the criterion weight and summed; the totals shown are the exact arithmetic result of the scores and weights in the table, and the per-criterion scoring rationale is given in Appendix A. One scoring judgement deserves highlighting: Option 5 scores 5 for turnaround and process-control value, the same as Options 3 and 4, because the staged strategy implements automated transport from the outset; what it defers is slag automation, not the transport of steel samples.
[bookmark: _Toc234049066][bookmark: _Toc234060455][bookmark: _Toc234060465][bookmark: _Toc234530034]Table 6: Weighted decision matrix
	Criterion
	Weight
	Opt.1 Manual
	Opt.2 Robot steel
	Opt.3 Robot + transport
	Opt.4 Full steel + slag
	Opt.5 Staged slag
	Opt.6 Dedicated slag

	Safety risk reduction
	25
	2
	4
	5
	5
	5
	4

	Sampling repeatability/quality
	20
	2
	4
	4
	5
	4
	3

	Technical maturity
	15
	5
	5
	3
	2
	4
	2

	Integration with Project Invictus
	15
	3
	5
	3
	2
	4
	2

	Turnaround/process value
	10
	2
	3
	5
	5
	5
	3

	Maintainability/resilience
	10
	3
	4
	3
	2
	4
	2

	Cost/programme certainty
	5
	5
	4
	3
	1
	3
	2

	Weighted total / 5.00
	100
	2.85
	4.20
	3.90
	3.60
	4.30
	2.80



The matrix separates the options into three groups. Option 5, the staged slag strategy, scores highest at 4.30 because it captures the proven safety and repeatability benefits of robotic steel sampling and the turnaround benefit of automated transport, while avoiding a premature commitment to an unvalidated vertical slag sampler. Option 2 follows closely at 4.20: it is the most mature and best-integrated option, but the retained manual sample transfer limits its turnaround value and leaves residual hot-probe handling. Option 3, at 3.90, carries the same end-to-end benefits as the transport element of Option 5 but is scored lower on maturity and integration because it commits to the transport system as a day-one dependency before the thermal, load, dust and laboratory-interface questions in Section 4.5 are resolved, and without the staged fallback structure of Option 5. Option 4 (3.60) scores strongly on theoretical safety and process benefit but is penalised heavily on maturity, integration, resilience and cost certainty. Options 1 and 6 trail at 2.85 and 2.80 for different reasons: Option 1 leaves exposure and variability in place, while Option 6 adds a separate intrusive system with uncertain integration and maturity.
The 0.10 gap between Options 5 and 2 is small, and the two options are not really competitors: Option 5 contains Option 2’s proven robotic core and extends it. In practical terms the matrix does not select a single item of equipment; it selects a phased decision pathway that starts from the Option 2 baseline, adds validated transport, and holds slag automation in structured development.
[bookmark: _Toc234699541]Sensitivity of the result
Because the weights embody judgements that could reasonably be challenged, the scoring was re-run under three alternative weighting scenarios: a safety-weighted case (safety raised to 35% and maturity cut to 5%), a maturity-weighted case (maturity raised to 30% and safety cut to 10%), and equal weights across all seven criteria. Table 7 shows the results.

[bookmark: _Toc234530035]Table 7: Sensitivity of the weighted result to alternative weightings
	Scenario
	Opt. 1
	Opt. 2
	Opt. 3
	Opt. 4
	Opt. 5
	Opt. 6
	Leading option

	Base weights (Table 3)
	2.85
	4.20
	3.90
	3.60
	4.30
	2.80
	Option 5

	Safety-weighted (35/20/5/15/10/10/5)
	2.55
	4.10
	4.10
	3.90
	4.40
	3.00
	Option 5

	Maturity-weighted (10/20/30/15/10/10/5)
	3.30
	4.35
	3.60
	3.15
	4.15
	2.50
	Option 2

	Equal weights (≈1/7 each)
	3.14
	4.14
	3.71
	3.14
	4.14
	2.57
	Options 2 and 5 tie



The sensitivity analysis strengthens rather than weakens the recommendation. Option 5 leads under the base weights and extends its lead when safety is weighted more heavily. When technical maturity dominates, Option 2 overtakes it, which is entirely consistent with the staged logic, since Option 2’s proven robotic core is precisely the element the staged strategy adopts first. Under equal weights the two tie. In no scenario does the manual baseline, the fully automated option or the dedicated slag sampler come close to leading. Whatever reasonable weighting is applied, the answer converges on the same pathway: implement the proven robotic steel sampling core, add transport once validated, and develop slag automation separately.
[bookmark: _Toc234060421][bookmark: _Toc234699542]Safety results 
[bookmark: _Toc234049067][bookmark: _Toc234060456][bookmark: _Toc234060466]The task-based comparison shows the greatest risk reduction where the operator is removed from the immediate furnace sampling task and from routine hot-probe carrying. Options 2 to 5 all cut furnace-front exposure relative to the manual baseline. Option 3 offers additional benefit by eliminating manual transport of hot probes, but introduces new hazards associated with automated vehicles, rails, docking, hot cargo, cleaning, and maintenance. Option 4 offers the greatest theoretical removal of manual exposure because it automates slag sampling too, but that benefit is conditional on the slag system actually working. An immature slag sampler that fails often and demands manual intervention could deliver less real risk reduction than the matrix score implies.
The manual baseline, as captured in Table 8, fares particularly badly against the hierarchy of control. It rests on PPE, procedures and competence in a hostile environment. Better platforms, barriers, thermal PPE and training reduce risk, but they do not remove the person from the heat source. A robotic cell, by contrast, provides genuine engineering control by separating the operator from the sampling zone during normal operation, a substantial improvement, provided safeguarding, interlocks and maintenance controls are implemented properly.
[bookmark: _Toc234530036]Table 8: Main hazard comparison
	Hazard / failure mode
	Manual baseline
	Automated strategy control

	Radiant heat and splash during sampling
	Operator near furnace opening; dependent on PPE and timing.
	Robot performs insertion; operator outside safeguarded area during normal operation.

	Sampling depth/timing variability
	Dependent on operator judgement and conditions.
	Programmed trajectory and dwell time, with bath-level logic where available.

	Hot probe transport
	Manual carrying or local handling creates burn and route risk.
	Protected automated carrier or controlled transfer to laboratory conveyor.

	Mis-sample recovery
	Operator may need repeat exposure under time pressure.
	Standby vehicle and defined repeat-sample logic; manual fallback only by authorisation.

	Robot or transport fault
	Not applicable, but manual task continues.
	Requires interlocks, safe access, lock-off, fault procedures and maintainable design.

	Dust contamination of transport rail
	Not applicable to manual carrying.
	Passive brushes, inspection regime and environmental validation trial required.


[bookmark: _Toc234060422][bookmark: _Toc234699543]Sampling quality and process-control results
[bookmark: _Toc234060423]Sampling quality improves most where immersion conditions can be standardised. Robotic steel sampling offers a repeatable trajectory, controlled insertion and consistent timing, which should reduce variability relative to manual practice. Automated transport adds process-control value by shortening and standardising the sample path. Neither guarantees analytical accuracy as laboratory preparation and sample integrity still matter, but together they remove avoidable variation between furnace and laboratory.
Slag sampling quality is far less certain. A robot can control position, but the real question is whether the sampler collects a representative slag specimen under EAF conditions. The slag probe drawing demonstrates a specific sampler design, yet the evidence available in this project does not show that it can reliably obtain representative vertical EAF slag samples across variable foam, crust, slag depth and furnace condition. That is why Option 4 was not recommended as a day-one commitment: the potential quality benefit is high, but the confidence level is currently well below that of steel sampling.
[bookmark: _Toc234699544]Technical maturity and integration results
[bookmark: _Toc234060424]Technical maturity is strongest for the PolySAMPLE EAF steel sampling robot. The OEM information, the reference installations and the Project Invictus drawings all support its feasibility as a production technology, and the integration risk is manageable because the system already appears in project drawings with defined utilities, control interfaces and mechanical arrangements. Automated sample transport is feasible in principle but needs further detailed design, since the Telelift system must be adapted to hot probes, EAF dust, load stability, crane constraints and laboratory transfer.
The least mature area is automated vertical EAF slag sampling. The absence of widely validated examples in the accessible data means the project should not treat it as proven,  which is not the same as abandoning it. It should be progressed through trials, supplier development, simulation, mock-up testing and staged acceptance criteria. A design-freeze environment rewards maturity: introducing an uncertain vertical slag sampler too late could create programme risk, design rework and a false sense of safety improvement if manual fallback remains frequent.
[bookmark: _Toc234699545]Recommended option 
The recommended option is a staged strategy that combines Options 5 and 3. Implement the proven PolySAMPLE EAF robotic steel sampling and temperature measurement functions as the primary baseline. Progress automated sample transport to the laboratory, but only after detailed validation of probe temperature, maximum probe and refractory-box mass, cargo handling, rail dust tolerance, crane clearance, docking, laboratory receipt and mis-sample recovery. Do not commit to automated vertical EAF slag sampling as a day-one production dependency; treat it instead as a structured development package with defined trial criteria.
This recommendation balances ambition with realism, and the sensitivity analysis in Section 5.3 shows it is robust to reasonable changes in the weighting. It refuses to accept the manual baseline as good enough for a new automated Meltshop, and it equally refuses to adopt an immature slag technology just because it fits the automation narrative. The staged option delivers immediate safety and process benefits from proven equipment while keeping a genuine route open to future slag automation once the evidence is stronger.















[bookmark: _Toc234060425][bookmark: _Toc234699546]Discussion 
[bookmark: _Toc234060426][bookmark: _Toc234699547]Interpretation of the preferred strategy
[bookmark: _Toc234060427]The preferred strategy is best understood as a risk-based technology roadmap. It does not reject automated slag sampling; it sequences it. That distinction matters because the project aim covers both safety and process optimisation, and a premature fully automated slag solution could fail both if it proved unreliable and pushed operators back into manual intervention. A staged approach, by contrast, delivers early risk reduction through robotic steel sampling and automated transport while building the evidence needed for robust slag automation later.
Each stage has its own justification. Robotic steel sampling and temperature measurement removes operators from routine furnace-front sampling, improves repeatability, aligns with the Project Invictus control architecture, and creates the operational platform on which further sampling functions can be developed. Automated transport extends the benefit beyond the robot cell by cutting hot-sample handling and stabilising the sample-to-analysis path. Slag automation comes once furnace operation, slag practice, laboratory requirements and sampling performance criteria are better understood.
[bookmark: _Toc234699548]Safety implications
[bookmark: _Toc234060428]The principal safety benefit is reduced exposure to high-energy furnace hazards. In a manual system, the operator is part of the control loop at the point of hazard; in a robotic system, the operator supervises the loop from a protected location. That is a genuine change in risk profile and is consistent with the hierarchy of control. But the safety case has to cover the whole lifecycle: cartridge loading, tool maintenance, cleaning, fault recovery, laboratory handling and manual fallback can all reintroduce exposure if they are designed badly.
The most important residual risk in automated strategies is complacency about abnormal operation. Robots and transport systems perform best when the sequence is stable, and steelmaking is not always stable; probes break, slag foams unexpectedly, furnace conditions change, samples fail. The project therefore needs a clearly defined abnormal-operation philosophy: rules for when operators may enter the cell, how hot failed probes are managed, how repeat samples are requested, what happens when the transport system is unavailable, and how manual sampling is authorised and risk assessed.
Functional safety should be embedded from the design stage. The robot cell and transport system need defined safety functions, validated stop times, safe zones, access interlocks and maintenance modes. The network layout already includes PROFIsafe and safety interface concepts, but those must be translated into documented safety requirements and validation tests. A safety function that has not been tested under realistic conditions is not a reliable control.
[bookmark: _Toc234699549]Human-factor implications 
[bookmark: _Toc234060429]Human-factor improvement is not achieved simply by moving a person away from one location; the whole work system has to be redesigned so operators retain meaningful situational awareness and control. In a manual task, the operator sees the furnace directly and physically controls the probe. In an automated task, the operator depends on HMI information, CCTV, robot status, sample tracking and laboratory feedback, so the human-machine interface must present the right information at the right time. A poor interface can create mode confusion, delayed intervention or unnecessary manual override.
Training changes too. Operators will need to understand robot operating modes, sample-request logic, failed-sample criteria, emergency-stop implications, manual fallback and interaction with laboratory staff. Maintenance personnel will need safe access methods for tooling, cartridges, dust removal and track inspection. Laboratory staff will need clear processes for receiving automated samples, identifying unsuitable specimens and requesting repeats. The success of automated sampling depends on organisational competence as much as mechanical design.
[bookmark: _Toc234699550]Process optimisation implications
The process value of automation depends on the reliability and speed of the analytical loop. A robot that takes a consistent sample but leaves it waiting for manual transport delivers only part of the benefit. Automated transport reduces variation in sample movement and improves confidence that the analytical result reflects the furnace condition at the intended point in the heat, supporting better control of tap temperature, composition adjustment and slag practice.
The slag element is more strategically important than the current evidence allows it to be operationally guaranteed. Slag chemistry influences foamability, refractory life and energy transfer, and reliable automated slag sampling could ultimately support a more advanced closed-loop control philosophy. The first priority, though, is to define what a good slag sample actually means, i.e., location, depth, timing, mass, acceptable contamination, preparation method and analytical repeatability. Without those criteria, the project risks automating a task without proving that its output is metallurgically valid.

[bookmark: _Toc234060430][bookmark: _Toc234699551]Integration and programme implications
[bookmark: _Toc234060431]Project integration is a major constraint. The EAF robot system has defined utilities, control cabinets, communication architecture and physical layout, and adding transport or slag sampling touches many other disciplines: mechanical layout, electrical power, automation, crane operations, laboratory design, fire safety, maintenance access and emergency response. The Telelift correspondence, as per Appendix I, illustrates the point through crane clearance and electrode-stand constraints, therefore a transport route that appears technically simple could become unacceptable if it obstructs electrode handling or maintenance routes.
Programme timing matters equally. With design freeze and HAZOP/human-factors timescales identified as key project risks, a staged strategy is compatible with those constraints because it avoids forcing an immature slag solution into the frozen design envelope; instead it locks in the proven elements while keeping space, utility and interface allowances for later development. That is more resilient than either ignoring slag automation or committing to an unvalidated solution.
[bookmark: _Toc234699552]Economic and environmental implications
[bookmark: _Toc234060432]Complete capital and whole-life cost data were not available, so a detailed economic appraisal was not possible; the economics can nevertheless be discussed qualitatively. Manual sampling has low direct capital cost but hidden costs in exposure risk, variable sample quality, process delay and poor compatibility with automation. Robotic sampling costs more to buy and maintain but reduces exposure, improves repeatability and supports process efficiency. Automated transport adds further cost and complexity, but protects the value of the robot by making sure the sample actually reaches the laboratory quickly and consistently.
Environmental benefits are indirect but real. Better slag and steel control can reduce energy consumption, improve yield, extend refractory life and re-heats (rework), all aligned with the decarbonisation rationale of Project Invictus. Those claims should not be overstated without plant data, so this report treats environmental benefit as a plausible secondary outcome of improved process control rather than a quantified result.
[bookmark: _Toc234699553]Critical review of the evidence
[bookmark: _Toc234060433]The evidence base is not uniform, and the conclusions should follow its gradient. It is strongest for the existence and integration of the PolySAMPLE EAF steel sampling robot; moderate for automated transport, where the supplier has provided credible concept information but several important details remain open; and weakest for automated vertical EAF slag sampling, where accessible evidence of production-proven technology in this exact application is limited. It would be equally weak, academically, to dismiss slag automation because it is hard or to recommend it as proven because it is desirable.
The central uncertainty is not whether slag chemistry matters, it clearly does. It is whether the available equipment can collect a representative EAF slag sample safely, repeatedly and maintainably under Project Invictus conditions. That uncertainty is reducible through trials: a cold mock-up can test reach, collision, handling and tool change; a hot off-line trial can test sampler survivability and sample integrity; commissioning trials can compare robotic and manual samples statistically. Only when that evidence exists should automated slag sampling be treated as an operational control input.

















[bookmark: _Toc_Contribution_to_Knowledge][bookmark: _Toc234699554]Contribution to Knowledge
This project makes several practical contributions to the understanding of remote hot-metal and slag sampling for electric arc furnace steelmaking. First, it consolidates fragmented OEM, supplier and standards evidence into a single, traceable technical baseline for the Project Invictus sampling architecture, linking probe geometry, robot loading, sample-transport demand and machinery-safety requirements that are normally considered in isolation. Second, it develops and applies a transparent, weighted optioneering framework, tested for sensitivity, that allows the competing steel- and slag-sampling strategies to be compared on a consistent basis of safety, sampling quality, technical maturity, integration, turnaround, resilience and cost, rather than on supplier preference alone.
Third, and most significantly for the field, the study identifies and evidences a specific maturity gap: whereas automated robotic steel sampling and protected sample transport are shown to be technically ready or near-ready for the new Meltshop, production-proven automated vertical EAF slag sampling is not demonstrated in the accessible evidence, and should therefore be managed as a staged development workstream rather than committed at design freeze. This reframes the sampling decision from a single equipment selection into a phased implementation pathway and provides a reusable decision structure that other EAF transition projects facing comparable safety and automation pressures could adopt. The limitations of this contribution, and the further validation required to close the slag-sampling evidence gap, are set out in Sections 6.7 and 8.
[bookmark: _Toc234060434][bookmark: _Toc234699555]Conclusions
This project set out to evaluate remote hot-metal, liquid-steel and slag sampling methodologies for safety and process optimisation in Project Invictus EAF steelmaking. It reviewed the relevant literature, standards and industrial source data; assessed the existing robotic sampling baseline; analysed probe and transport constraints; compared manual and automated task risks; and developed a weighted, sensitivity-tested decision framework. Five conclusions follow.
Sampling is a critical process-control function in EAF steelmaking. Steel and slag chemistry drive tap decisions, slag foaming, refractory wear, energy efficiency and downstream metallurgical performance (Heo and Park, 2021; Kirschen, 2021; Kleimt et al., 2023). Reliable sampling is a production and safety issue, not an auxiliary activity.
Manual furnace sampling is poorly aligned with the aims of a modern automated meltshop. It may remain necessary as contingency, but it exposes operators to heat, radiation, fume and splash and introduces human-factor variability in collection and handling. Better PPE and procedures reduce these weaknesses; they do not eliminate them.
Robotic steel sampling and temperature measurement through the PolySAMPLE EAF architecture is the strongest available baseline. It is technically mature, already reflected in project documentation and drawings, and capable of improving both exposure control and repeatability (BM Group Polytec, n.d.; BM Group Polytec, 2022; Tenova, 2025a). It should be the foundation of the sampling strategy.
Automated sample transport has strong potential but needs validating first. The preliminary Telelift concept appears capable of meeting the average cycle demand, but thermal protection, maximum sample mass, slag-probe handling, dust tolerance, crane clearances, docking and the laboratory workflow all remain open. These should be resolved through detailed design and testing, not assumed.
Automated vertical EAF slag sampling should not be adopted as an unqualified day-one production dependency on the current evidence. Slag chemistry is highly valuable, but the maturity, representativeness and maintainability of vertical slag automation remain uncertain. The right approach is staged development supported by mock-ups, trials and comparative sample analysis.
The final recommendation is therefore a staged strategy: adopt proven robotic steel sampling, progress automated transport after validation, retain manual sampling only as a controlled contingency, and develop automated EAF slag sampling as a formal future workstream. The weighted evaluation supports this outcome under the base weights and every alternative weighting examined, delivering immediate safety and process-control benefits while protecting Project Invictus from the programme and safety risks of immature technology.








[bookmark: _Toc234060435][bookmark: _Toc234699556]Recommended Further Work
Further work should turn the concept recommendation into validated engineering requirements. The first priority is a sampling performance specification: required sample types, sample mass, immersion depth, dwell time, acceptable sample quality, repeat-sample criteria, maximum analytical turnaround time and data interface requirements. Without this specification, supplier performance cannot be judged consistently.
The second priority is a detailed transport validation study. This should confirm actual probe weights including refractory protection; the maximum allowable probe temperature at transfer; thermal decay between sampling and loading; the design of a refractory box or heat shield; vehicle payload and acceleration effects; docking reliability; crane clearance; dust exposure and cleaning frequency; emergency recovery; and laboratory receipt. A physical mock-up of the loading and unloading interface would deliver high value before procurement, and the capacity assessment should be extended from the average demand case to the worst case in which both furnaces request samples near-simultaneously.
The third priority is a formal machinery risk assessment for the combined robot and transport system: ISO 12100 risk assessment, safety requirement specification, safety function validation, emergency-stop zoning, access control, teach mode, lock-off, maintenance access and abnormal-operation procedures, conducted with operations, maintenance, automation, safety, laboratory and OEM representation.
The fourth priority is the EAF slag sampling trial plan. A cold trial should verify reach, trajectory, collision clearance and tool handling; a hot trial should assess sampler survivability, sample integrity, operator exposure, robot protection and analytical suitability; and commissioning trials should compare manual and automated slag samples statistically for repeatability, bias and process usefulness. Only after that evidence exists should automated slag sampling be promoted from development to production control.
The fifth priority is operational governance: training standards, manual fallback authorisation, mis-sample management, sample tracking, laboratory communication, and maintenance inspection and cleaning ownership. The system should collect performance data from day one, i.e., sample success rate, cycle time, repeat-sample frequency, robot and transport availability, laboratory turnaround and manual interventions, so the sampling system can be improved after commissioning (Appendix C).

[bookmark: _Toc234049068][bookmark: _Toc234060457][bookmark: _Toc234060467][bookmark: _Toc234530037]Table 9: Implementation roadmap
	Phase
	Action
	Purpose

	Phase 1
	Confirm robotic steel sampling requirements and operating philosophy.
	Lock in proven safety and repeatability benefit.

	Phase 2
	Validate automated transport by mock-up and supplier design review.
	Resolve load, heat, dust, crane and laboratory interface uncertainties.

	Phase 3
	Complete machinery safety lifecycle for robot and transport interfaces.
	Ensure safety functions, access and abnormal operation are validated.

	Phase 4
	Run slag sampling cold and hot trials.
	Establish whether automated EAF slag samples are representative and reliable.

	Phase 5
	Use commissioning data to optimise sequence and decide on slag automation expansion.
	Move from concept judgement to evidence-based operational control.
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[bookmark: _Toc234060438][bookmark: _Toc234699559]Appendix A: Decision matrix scoring rationale 
[bookmark: _Toc234049069][bookmark: _Toc234060458][bookmark: _Toc234060468][bookmark: _Toc234530038]Table 10: Scoring rationale summary
	Option
	Main reasons for score

	Option 1 – Manual
	Retains flexibility and low capital complexity (maturity 5, cost 5) but performs poorly for exposure reduction (safety 2), repeatability (2) and turnaround (2); moderate integration and resilience because it fits the existing environment while conflicting with the automation philosophy.

	Option 2 – Robot steel
	High maturity (5) and strong integration with the project drawings (5); safety 4 because furnace-front exposure is removed but manual hot-probe transfer remains; turnaround limited (3) by the manual or semi-manual transfer step.

	Option 3 – Robot plus transport
	Highest safety (5) and turnaround (5) of the single-step options; maturity and integration limited (3) because it commits to the transport system as a day-one dependency before heat, load, dust, crane clearance and laboratory-interface questions are resolved.

	Option 4 – Full automation including EAF slag
	Maximum theoretical safety (5) and repeatability (5) and full turnaround value (5), but heavily penalised on maturity (2), integration (2), resilience (2) and cost certainty (1) because of the unproven vertical slag sampler.

	Option 5 – Staged slag strategy
	Combines the proven robotic core with automated transport, so safety and turnaround both score 5; maturity and integration score 4 rather than 5 because the transport element still requires validation, but the staged structure retains fallback and avoids day-one dependency; resilience 4 for the same reason.

	Option 6 – Dedicated slag sampler
	May solve a specific task (safety 4) but adds intrusive equipment with uncertain maturity (2), integration (2) and resilience (2) within the frozen design envelope.



[bookmark: _Toc234060439][bookmark: _Toc234699560]Appendix B: Sample transport preliminary calculation 
Two furnaces × six probes every 42 minutes = twelve probes every 42 minutes.
Average demand = 12 / 42 = 0.286 probes per minute = 17.1 probes per hour.
Average interval between probes = 42 / 12 = 3.5 minutes.
A nominal 38.5 m route at 1 m/s gives 38.5 seconds of line-haul movement before allowances for loading, docking, acceleration, deceleration, unloading, thermal protection and laboratory transfer. Even with a practical cycle time several times higher, average demand appears manageable with multiple vehicles. The average-demand case should be supplemented in detailed design by a worst-case analysis in which both furnaces request samples near-simultaneously.

[bookmark: _Toc234060440][bookmark: _Toc234699561]Appendix C: Suggested commissioning performance metrics 
[bookmark: _Toc234049070][bookmark: _Toc234060459][bookmark: _Toc234060469][bookmark: _Toc234530039]Table 11:Performance metrics
	Metric
	Reason for measuring

	Sample success rate
	Confirms whether automated sampling produces usable samples.

	Repeat sample rate
	Identifies reliability issues and process delay risk.

	Robot availability
	Measures production resilience of robotic sampling.

	Transport availability
	Measures whether sample movement becomes the bottleneck.

	Laboratory turnaround time
	Links sampling to process-control value.

	Manual intervention frequency
	Tests whether exposure reduction is being sustained.

	Fault recovery time
	Tests abnormal-operation resilience.

	Slag sample repeatability
	Determines whether automated slag sampling is metallurgically useful.



[bookmark: _Toc234060441][bookmark: _Toc234699562]Appendix D: Evidence Traceability Matrix
The evidence traceability matrix links the project objectives to the source material and analysis used in the report. Its purpose is to demonstrate that the conclusions were derived from identifiable evidence rather than unsupported opinion.
[bookmark: _Toc234530040]Table 12: Evidence traceability matrix
	Project objective
	Evidence used
	How the evidence supports the project
	Report location

	Evaluate existing manual and automated sampling practices relevant to EAF steelmaking
	Literature review, manual baseline assessment, PolySAMPLE public information, Project Invictus robot drawings and task-based comparison.
	Shows the difference between manual exposure, robotic steel sampling and potential automated transport. Supports the need for a staged strategy rather than a single technology assumption.
	Sections 2.3, 2.4, 3.5, 4.7, 5.1-5.6

	Review literature on EAF process control, slag chemistry, sampling reliability, robotics and human factors
	Current and established literature on EAF process modelling, slag chemistry, foamability, refractory interaction, robotics, HSE hierarchy of control and machinery/ergonomic standards.
	Provides the academic basis for treating sampling as a process-control and safety-critical design issue, not just an operating task.
	Sections 2.1-2.7

	Identify safety, machinery and compliance requirements that influence system selection
	ISO 12100, ISO 10218, ISO 13849/IEC 62061 principles, IEC 61508, ISO 6385 and HSE hierarchy of control.
	Supports the assessment of automated sampling as an engineering control while recognising that automation introduces its own safeguarding, control-system and maintenance requirements.
	Sections 2.6, 3.5, 5.3, 6.2-6.3

	Assess Project Invictus source data including robot layout, probe geometry, utility requirements and transport assumptions
	Tenova/Polytec layout, utility/TOP drawing, network layout, sampling configuration drawing, Heraeus Electro-Nite probe drawings/images and Telelift correspondence.
	Provides the industrial evidence base for assessing reach, utilities, control interfaces, probe handling, transport load and thermal/environmental constraints.
	Sections 3.2, 4.1-4.6

	Develop a weighted optioneering method
	Seven weighted decision criteria: safety, sampling quality, maturity, integration, turnaround value, maintainability/resilience and cost/programme certainty.
	Creates an auditable decision framework and avoids relying on an unsupported preferred option.
	Sections 3.3-3.4, 5.1-5.2, Appendix A

	Compare technically plausible sampling and transport options
	Six-option assessment, weighted matrix, hazard comparison and scoring rationale.
	Shows why the staged slag option and robotic steel sampling baseline score higher than manual-only or fully automated EAF slag sampling at day one.
	Sections 5.1-5.6, Appendix A, Appendix G

	Propose an implementation strategy with further validation requirements
	Implementation roadmap, commissioning metrics, assumptions register and validation plan.
	Links the recommendation to evidence gaps and defines how the decision would be validated before production reliance.
	Sections 6.7-6.8, 8, Appendix C, Appendix F, Appendix H



[bookmark: _Toc234060442][bookmark: _Toc234699563]Appendix E: Source Review Log
The source review log records the main academic, supplier and project sources used to construct the technical baseline. It also records the limitation of each source so that supplier information, preliminary drawings and author judgement are not treated as stronger evidence than they are.
[bookmark: _Toc234530041]Table 13: Source review log
	Source reviewed
	Key information extracted
	Use in project
	Confidence and limitation

	Interim viva presentation, 16 December 2025
	Project significance, objectives, benefits, risks and initial plan.
	Confirmed the industrial problem: automated EAF meltshop requires reliable slag/steel sampling; manual methods create exposure and variability.
	High relevance; produced by the author as interim project evidence. It is not independent external validation.

	BM Group Polytec PolySAMPLE EAF information and reference list
	Automatic EAF sampling/measurement functions, cartridge loading, tool handling and published installation references.
	Supported maturity assessment for robotic steel sampling and temperature measurement.
	Useful supplier evidence; should be treated as supplier information rather than peer-reviewed proof of Project Invictus performance.

	Tenova/Polytec EAF temperature and sampling robot general layout, 3701.00025.TEN.201004.ME.DRG.DD.00193, Rev.03, 07/11/2025
	ABB IRB 8700, sample lance, PolyEYE lance, tool rack, cartridge warehouse, chiller, probe cut, robot/furnace relationship and equipment masses.
	Defined the existing robotic baseline and the spatial/mechanical integration constraints.
	Strong project-specific source; subject to design change through detailed engineering.

	Tenova robot utility/TOP layout, 3701.00025.TEN.201004.ME.DRG.DD.00869, Rev.03, 07/11/2025
	Electrical supply, pneumatic requirements, cooling water, controller distance, fixation plate and working/emergency robot loads.
	Supported integration assessment and showed why additional tools affect foundation, services and safety interfaces.
	Strong project-specific source; detailed design validation still required.

	Tenova general network layout, 3701.00025.TEN.201004.EL.DDO.DI.00019, Rev.01, 18/07/2025
	PLC, remote I/O, PROFIsafe, HMI, CCTV, sensor laboratory and robot controller communication architecture.
	Supported discussion of safety-related controls, interfaces and integration complexity.
	Good evidence of control architecture; does not by itself validate safety function performance.

	Tenova sampling configuration drawing, 3701.00025.TEN.201004.ME.DRG.DD.00870, Rev.03, 07/11/2025
	Furnace positions, bath levels, hot heel and picking point geometry.
	Supported reach/geometric feasibility discussion and the higher uncertainty associated with vertical slag sampling.
	Project-specific drawing; slag layer variability still requires operational validation.

	Heraeus Electro-Nite CELOX SLAC probe drawing, 65319610, 01/06/2023
	Probe length, diameters and minimum pop-out force.
	Supported probe-handling and transport assessment.
	Good product drawing; does not define hot post-sampling handling behaviour.

	Heraeus Electro-Nite EAF slag probe drawing/image, 2025
	3-in-1 slag sampler geometry with drip rings and overall dimensions.
	Supported assessment of slag probe handling, gripping and transport complexity.
	Useful geometry evidence; sample representativeness still unvalidated.

	Hydris probe image/dimensional information, 2025
	Annotated probe dimensions for hydrogen measurement equipment.
	Demonstrated that a single transport solution may need to accommodate multiple probe families.
	Useful for dimensional awareness; not a full handling specification.

	Telelift correspondence on probe transport, July-August 2025
	Approximate route length, vertical rise, 1 m/s speed assumption, cycle demand, load concerns, maximum operating temperature, dust tolerance and mis-sample recovery comments.
	Supported preliminary transport feasibility, capacity calculation and validation requirements.
	Important supplier correspondence; assumptions require mock-up testing before production reliance.
























[bookmark: _Toc234060443][bookmark: _Toc234699564]Appendix F: Assumptions and Validation Register
The assumptions and validation register converts the main uncertainties into explicit validation actions. This is important because the project was undertaken at concept and design-review stage, before live EAF commissioning trials were available.
[bookmark: _Toc234530042]Table 14: Assumptions and validation register
	Assumption
	Basis/evidence
	Risk if wrong
	Validation required
	Priority

	Robotic steel temperature measurement and sampling is technically mature enough to be the baseline
	PolySAMPLE EAF information, reference installations and Project Invictus robot layout.
	Installation-specific issues could still affect availability, trajectory or sampling success.
	FAT/SAT, dry commissioning and hot commissioning sample success-rate trial.
	High

	Automated sample transport at approximately 1 m/s is sufficient for the required probe demand
	Telelift correspondence and preliminary cycle calculation using 12 probes per 42 minutes across two furnaces.
	Line-haul speed may not be limiting, but loading, docking, cooling, identification and laboratory receipt may cause delay.
	Timed end-to-end mock-up including robot discharge, vehicle loading, travel, laboratory receipt and abnormal recovery.
	High

	Hot probes can be shielded sufficiently for the transport vehicle and drive system
	Telelift operating temperature concern and supplier comments on thermal protection.
	Vehicle or electrical equipment could overheat; manual intervention may be required if protection fails.
	Thermal soak test using representative hot probe, carrier and worst-case dwell time.
	High

	Dry dust is manageable for the transport track/contact system
	Telelift comments on spring-loaded contacts, rail gaps and brushes.
	Reliability loss, communication faults or vehicle stoppage in a dusty EAF environment.
	Dust exposure trial or supplier reliability demonstration in a representative environment.
	Medium

	Slag sample mass and geometry are compatible with an automated transport system after design clarification
	Telelift correspondence identified potential heavy slag sample assumptions and need for clarification/redesign.
	Vehicle overload, unstable carrier, or requirement for manual movement of hot slag samples.
	Confirm actual slag probe and sample mass; complete mechanical handling review and load trial.
	High

	Manual sampling remains necessary as controlled contingency
	Automation failure modes, mis-sample recovery and production resilience requirements.
	Uncontrolled fallback could recreate high exposure under production pressure.
	Define authorised fallback procedure, competence requirements, permit/communication rules and rehearsal.
	High

	Automated vertical EAF slag sampling is not suitable as an unvalidated day-one dependency
	Literature/source review and absence of confirmed production-ready vertical EAF slag sampler in available evidence.
	Premature adoption could create downtime, invalid samples or new safety risks.
	OEM development trial, cold trajectory trial, hot representative sampling trial and laboratory correlation study.
	High

	Robot cell maintenance can be completed without creating greater exposure than the manual task being removed
	Machinery safety and ergonomic principles; robot/tooling arrangement.
	Frequent awkward maintenance or cleaning could offset operational safety benefit.
	Maintainability review, task observation during commissioning and access/ergonomics assessment.
	Medium

	Laboratory interface can receive and process automated samples without creating a bottleneck
	Sample transport concept and process-control need for timely feedback.
	Automated transport may move the bottleneck from furnace front to sample preparation/receipt.
	Laboratory interface trial, barcode/identity check, sample breakout timing and data feedback test.
	High

	Weighted scores are reasonable representations of relative performance
	Defined criteria and source-based scoring rationale.
	Decision may be sensitive to weighting or to new evidence from trials.
	Sensitivity review with stakeholders after validation evidence becomes available.
	Medium











[bookmark: _Toc234060444][bookmark: _Toc234699565]Appendix G: Option Scoring Evidence Sheet
The option scoring evidence sheet expands the weighted decision matrix by giving the rationale behind each score. The scores are qualitative engineering judgements and should be read with the assumptions register and validation plan.
		Table 15: Option scoring evidence sheet
	Option
	Criterion
	Score
	Evidence/rationale

	Option 1: Manual steel and slag sampling
	Safety risk reduction
	2
	Retains furnace-front exposure and hot-sample handling; improvements are mainly procedural/PPE based.

	Option 1: Manual steel and slag sampling
	Sampling repeatability/quality
	2
	Operator judgement still controls depth, dwell time and timing; variability remains.

	Option 1: Manual steel and slag sampling
	Technical maturity
	5
	Manual methods are familiar and achievable, but maturity does not equal best engineering outcome.

	Option 1: Manual steel and slag sampling
	Integration with Project Invictus
	3
	Can be made to work as fallback, but weakly aligned with automated meltshop philosophy.

	Option 1: Manual steel and slag sampling
	Turnaround/process value
	2
	Manual transfer and repeat sampling can delay analytical feedback.

	Option 1: Manual steel and slag sampling
	Maintainability/resilience
	3
	Simple equipment but high dependence on competent operators during abnormal conditions.

	Option 1: Manual steel and slag sampling
	Cost/programme certainty
	5
	Lowest capital complexity, but leaves safety/process-control benefits unrealised.

	Option 2: PolySAMPLE EAF robotic steel sampling
	Safety risk reduction
	4
	Removes operator from normal furnace-front steel sampling, but sample transfer may remain manual or semi-manual.

	Option 2: PolySAMPLE EAF robotic steel sampling
	Sampling repeatability/quality
	4
	Programmed trajectory and tooling improve consistency for steel temperature/sampling.

	Option 2: PolySAMPLE EAF robotic steel sampling
	Technical maturity
	5
	Supported by supplier product information, reference installations and Project Invictus robot layout.

	Option 2: PolySAMPLE EAF robotic steel sampling
	Integration with Project Invictus
	5
	Directly aligned with the planned robot cell and available project drawings.

	Option 2: PolySAMPLE EAF robotic steel sampling
	Turnaround/process value
	3
	Improves sampling but may not remove transport/laboratory bottleneck.

	Option 2: PolySAMPLE EAF robotic steel sampling
	Maintainability/resilience
	4
	Industrial robot solution with known maintenance model; still requires safeguarding and recovery planning.

	Option 2: PolySAMPLE EAF robotic steel sampling
	Cost/programme certainty
	4
	Already within project architecture; lower uncertainty than novel slag automation.

	Option 3: Robotic steel sampling plus protected automated transport
	Safety risk reduction
	5
	Removes normal furnace-front exposure and reduces manual movement of hot probes.

	Option 3: Robotic steel sampling plus protected automated transport
	Sampling repeatability/quality
	4
	Maintains robotic steel sampling consistency and reduces handling variability; sample condition still needs validation.

	Option 3: Robotic steel sampling plus protected automated transport
	Technical maturity
	3
	Transport technology is plausible, but heat, dust, load and lab interface require project-specific proof.

	Option 3: Robotic steel sampling plus protected automated transport
	Integration with Project Invictus
	3
	Route, crane envelope, robot discharge and laboratory interface need design resolution.

	Option 3: Robotic steel sampling plus protected automated transport
	Turnaround/process value
	5
	Strong potential to reduce sample-to-lab delay if loading/unloading is validated.

	Option 3: Robotic steel sampling plus protected automated transport
	Maintainability/resilience
	3
	Adds vehicles/track/interfaces; reliability and mis-sample recovery must be tested.

	Option 3: Robotic steel sampling plus protected automated transport
	Cost/programme certainty
	3
	More complex than robot-only; uncertainty remains until mock-up and supplier design review.

	Option 4: Fully automated steel and EAF vertical slag sampling
	Safety risk reduction
	5
	Highest theoretical exposure reduction if proven and reliable.

	Option 4: Fully automated steel and EAF vertical slag sampling
	Sampling repeatability/quality
	5
	Potentially best repeatability if representative slag sampling can be achieved.

	Option 4: Fully automated steel and EAF vertical slag sampling
	Technical maturity
	2
	Available evidence does not confirm production-ready automated vertical EAF slag sampling for this installation.

	Option 4: Fully automated steel and EAF vertical slag sampling
	Integration with Project Invictus
	2
	New tool, reach, heat protection, slag-level logic and collision envelope would be major design issues.

	Option 4: Fully automated steel and EAF vertical slag sampling
	Turnaround/process value
	5
	High process-control value if samples are representative and available quickly.

	Option 4: Fully automated steel and EAF vertical slag sampling
	Maintainability/resilience
	2
	High abnormal-operation complexity: failed slag probes, contamination, heat damage and recovery.

	Option 4: Fully automated steel and EAF vertical slag sampling
	Cost/programme certainty
	1
	Highest uncertainty and highest risk of programme/design-freeze impact.

	Option 5: Staged slag strategy with proven steel sampling and future slag trials
	Safety risk reduction
	5
	Captures immediate robot steel sampling benefit while avoiding premature reliance on unproven EAF slag automation.

	Option 5: Staged slag strategy with proven steel sampling and future slag trials
	Sampling repeatability/quality
	4
	Improves steel sampling and creates a controlled development path for slag data quality.

	Option 5: Staged slag strategy with proven steel sampling and future slag trials
	Technical maturity
	4
	Uses mature elements first and defers immature EAF vertical slag automation to trials.

	Option 5: Staged slag strategy with proven steel sampling and future slag trials
	Integration with Project Invictus
	4
	Fits current project constraints while preserving future development options.

	Option 5: Staged slag strategy with proven steel sampling and future slag trials
	Turnaround/process value
	5
	Strong near-term value from steel sampling/transport and future value from slag development.

	Option 5: Staged slag strategy with proven steel sampling and future slag trials
	Maintainability/resilience
	4
	More resilient because fallback and development routes are explicit.

	Option 5: Staged slag strategy with proven steel sampling and future slag trials
	Cost/programme certainty
	3
	Moderate uncertainty, but avoids committing to a high-risk day-one slag solution.

	Option 6: Dedicated fixed/telescopic vertical slag sampler
	Safety risk reduction
	4
	Could reduce manual slag exposure if it works, but maintenance and access risks remain.

	Option 6: Dedicated fixed/telescopic vertical slag sampler
	Sampling repeatability/quality
	3
	Potentially repeatable, but representative slag collection is not proven in the available evidence.

	Option 6: Dedicated fixed/telescopic vertical slag sampler
	Technical maturity
	2
	No strong project evidence of a proven, integrated fixed slag sampler for this application.

	Option 6: Dedicated fixed/telescopic vertical slag sampler
	Integration with Project Invictus
	2
	Independent equipment would require new structure, controls, safeguarding and furnace interface.

	Option 6: Dedicated fixed/telescopic vertical slag sampler
	Turnaround/process value
	3
	Could provide slag data, but only if sample success and laboratory process are validated.

	Option 6: Dedicated fixed/telescopic vertical slag sampler
	Maintainability/resilience
	2
	Likely exposed to heat, dust and slag build-up; recovery/cleaning could be difficult.

	Option 6: Dedicated fixed/telescopic vertical slag sampler
	Cost/programme certainty
	2
	Additional equipment and unclear maturity create programme and cost uncertainty.



[bookmark: _Toc234060445][bookmark: _Toc234699566]Appendix H: Preliminary Validation Plan
The preliminary validation plan identifies the tests and checks required before the recommended strategy could be relied upon in production. These activities are further work and should not be represented as completed project trials.
[bookmark: _Toc234530043]Table 15: Preliminary validation plan
	Validation activity
	Purpose
	Indicative success criteria
	Suggested timing

	End-to-end sample transport mock-up
	Confirm total time from robot discharge to laboratory receipt, including docking/loading/unloading.
	Cycle time supports furnace decision-making and remains robust at peak demand.
	Before detailed design freeze for transport.

	Thermal protection/soak test
	Demonstrate that hot probes can be moved without exceeding vehicle, drive or electrical temperature limits.
	Transport vehicle remains within supplier temperature limits under worst-case dwell conditions.
	Before procurement of transport carrier.

	Dust reliability trial
	Assess rail/contact and vehicle reliability under representative dry EAF dust exposure.
	No unacceptable communication, contact or drive faults during defined exposure period.
	Before final route acceptance.

	Load and carrier stability trial
	Confirm steel, slag and hydrogen probe families can be held securely without damage or overload.
	All representative probes remain secure; carrier load remains within supplier limits.
	Before transport system design approval.

	Robot/lance collision envelope review
	Confirm tool movement, furnace position and structures do not clash.
	No clash under normal trajectory, recovery trajectory or maintenance position.
	During robot offline simulation and commissioning.

	Sampling success-rate trial
	Measure whether robotic sampling produces usable samples consistently.
	Defined target success rate met over representative heats; failure causes understood.
	During hot commissioning.

	Mis-sample recovery drill
	Test response to failed, missing, broken or unsuitable sample.
	Recovery can be completed without uncontrolled furnace-front exposure or production confusion.
	Before operational handover.

	Laboratory interface trial
	Confirm sample receipt, identification, preparation and analysis workflow.
	Laboratory can receive and process automated samples without creating a bottleneck.
	Before go-live.

	Manual fallback validation
	Ensure contingency sampling remains controlled and authorised.
	Fallback method has defined trigger, authorisation, communication and PPE/permit arrangements.
	Before operational handover.

	Slag sampling development trial
	Establish whether an automated EAF slag sampler can collect representative, repeatable samples.
	Sample chemistry repeatability and representativeness accepted by operations/metallurgy.
	Post day-one implementation / follow-on development.
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[bookmark: _Toc234699568]Appendix J: Source Documentation Figures
This appendix provides selected screenshots and source-document images used to support the evidence pack. The images are included for traceability and to show the nature of the underlying industrial source material. They do not replace the full controlled drawings, supplier documents or correspondence, and the relevant limitations remain those recorded in the source review log and assumptions register.
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[bookmark: _Toc234530019]Figure 12: PolySAMPLE EAF robot general layout showing robot cell equipment, equipment masses and the robot/furnace relationship (Tenova, 2025a). 
Supports the technical baseline for the existing robotic sampling architecture, especially Sections 4.1 and 4.2 and Appendix E.
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[bookmark: _Toc234530020]Figure 13:Robot utility/TOP drawing showing electrical, pneumatic and cooling-water requirements, controller distance and robot loads (Tenova, 2025c).
Supports the integration, utility and mechanical-load assumptions used in Sections 4.1, 4.2 and Appendix F.


[image: ]
[bookmark: _Toc234530021]Figure 14: EAF sampling robot network layout showing PLC, remote I/O, PROFIsafe interface, robot controller, HMI, CCTV and sensor-lab links (Tenova, 2025b).
Supports the discussion on control-system integration and safety interface complexity in Sections 2.6, 4.1 and Appendix E.


[image: ]
[bookmark: _Toc234530022]Figure 15:Sampling configuration drawing showing bath levels, hot heel, furnace positions and picking-point geometry (Tenova, 2025d).
Supports the geometric feasibility discussion and the higher uncertainty associated with automated vertical slag sampling in Sections 4.3 and 6.7.
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[bookmark: _Toc234530023]Figure 16:CELOX SLAC probe drawing showing probe geometry, diameters and minimum pop-out force (Heraeus Electro-Nite, 2023).
Supports probe-handling and transport assumptions in Section 4.4 and Appendix F.
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[bookmark: _Toc234530024]Figure 17:Standard probe arrangements used for temperature, Celox and sample probe comparison (Heraeus Electro-Nite, 2005).
Supports the conclusion that the transport and handling strategy must accommodate a family of probe types, not a single abstract sample.


[image: ]
[bookmark: _Toc234530025]Figure 18:EAF 3-in-1 slag probe with drip rings, showing overall geometry and central ringed section (Heraeus Electro-Nite, 2025a).
Supports the slag-probe handling, gripping, heat and transport-complexity assessment in Sections 4.4, 4.6 and Appendix F.


[image: ]
[bookmark: _Toc234530026]Figure 19:Hydris probe showing annotated dimensional features relevant to probe-family transport constraints (Heraeus Electro-Nite, 2025b).
Supports the observation that future sample transport must account for different probe families and dimensional envelopes.


[image: ]
[bookmark: _Toc234530027]Figure 20: LF slag sampler image showing alternative slag-sampling geometry and sample form for downstream/later-stage development comparison (Heraeus Electro-Nite, 2025c).
Supports the staged slag strategy by showing that slag sampling arrangements vary by process location and should be validated before EAF day-one reliance.


[image: ]
[bookmark: _Toc234530028]Figure 21:PolySAMPLE LF1 component/spares source document showing the project, customer, revision and component list context (Tenova, 2026).
Supports the source review log by evidencing supplier/project documentation used to understand component and integration context.
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From: Thomas Meyer-Stock <thomas meyer-stock@telelft-logistic.com>
Sent: Friday, July 11, 2025 10:22:36 AM

To: Frey, Matthew <Matthew.Frey@tatasteeleurope.com>
‘Subject: AW: Telelift, your interest in the transport of steel probes from robot to laboratory

Hi Matthew,

That helps, thank you.
With this we can check the cycle time and how many vehicles we would need
We just need now mor info about the probes and the handling devices.

Have a nice weekend!

i.V. Thomas Meyer-Stock
Sales Manager

T. 49 8141 31591 385 M. 4915254460879
E. Thomas Meyer-Stock@telelift logistics.com
W. www telelifi-logistics com

telelift

SIMPLIFYING INTRALOGISTICS.

Telelift GmbH, Fravenstrafe 28, 82216 Maisach.
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Von: Frey, Matthew <Matthew.Frey@tatasteeleurope.com>
‘Gesendet: Freitag, 1. Juli 2025 11:10

An: Thomas Meyer-Stock <thomas.meyer-stock@telelift-logistic.com>
Betreff: RE: Telelift, your interest in the transport of steel probes from robot to laboratory

Hi Thomas,
Im not sure if this explains it wel enough
Let me know if u need for explanation
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Dear Matthew,
Could you provide us additionally a drawing showing the location of the laboratory in relation to the furnaces? | could not identify it on the drawings you send us.

Thankyou in advance!

Von: Frey, Matthew <Matthew.Frey@tatasteeleurope.com>
Gesendet: Dienstag, 8. Juli 2025 15:02

An: Thomas Meyer-Stock <thomas.meyer-stock@telelift-logistic.com>
Betreff: RE: Telelift, your interest in the transport of steel probes from robot to laboratory

Dear Thomas,

I've attached 2 drawings that | believe will be useful, if you need any further then let me know
Il get the other information over as soon as | receive it
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« Avoiding stands: The system must be designed to avoid the stands circled in red (so the track must come south slightly to avoid), since the overhead crane needs clear access to lift electrodes out of them
« Height constraint. In the area between the two platforms shown above, the system must stay below 2 meters above floor level. This ensures the crane can safely pass over the system when carrying electrodes,

The image below shows the height from the bottom of the electrode to the floor





image18.png
From: Thomas Meyer-Stock <thomas.meyer-stock @telelift-logistic.com>
Sent: Tuesday, July 8, 2025 1:42 PM

To: Kiernan, Elliot <Elliot.Kiernan @tatasteeleurope.com>
‘Subject: AW: Telelift, your interest in the transport of steel probes from robot to laboratory

Dear Matthew|

Thank you very much for the videocall just before.

1just would like to sum up your requirements:
« Youwantto be transport hot probes (ca 1.2 m< 15 kg) from 2 fumaces to the laboratory. With refractory material the weight could be up to 40 kg
« The probes are to be handed over by 2 robots to the load carrying device
« The distance to the laboratory is abt 35 m horizontal and 3.5 m vertical
«  The unloading of the probes is manually
« The cycle times are 6 probes every 42 minutes from each furace.
« Speed of 1 m/sec would be sufficient

What we would need from you
«  Side and Top view of the building with the position of the robots
« Drawing /photos of the probes with dimensions and weights and if possible, from the handling device of the robot
« Ifyouwantto use a refractory box, we will need info about that. Quenching would probably create to much steam near out electric drive system
Our max operation temperature would be 60 deg C.

That's all for the moment, waiting for your feedback.

Best regards
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Qusas Immersion
Slag Sampler

Akompletely new product line
is yet available to sample the
slag on top of the ladle or
converter surface. It provides
a slag sample that can imme-
diately be analysed by the
XRF without any preparation.
The slag sample is obtained
after immersion of the slag sam-
pler in the ladle or converter.

OPTIONS

Slag Sample shapes:
- Round 38 @ x 10
- Round 38 @ x 24
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