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[bookmark: _Toc230956766]Abstract
The transition from blast furnace/basic oxygen steelmaking to Electric Arc Furnace production will increase the use of scrap-based feedstocks and may introduce higher levels of residual elements into future steel grades. Residual elements such as copper, chromium and nickel are difficult to remove during steelmaking and may influence oxide scale formation, pickling behaviour and spent liquor chemistry during downstream processing. This project investigated whether steels representative of future EAF production would show altered hydrochloric acid pickling behaviour as residual element content increased.
Steel samples were selected from defined residual chemistry ladders and tested using controlled hydrochloric acid immersion trials at 30 s, 180 s, 1200 s and 3600 s. Mass loss measurements were used to quantify material removal, while ICP-OES analysis assessed the concentration of dissolved Fe, Cu, Cr and Ni in the spent pickling liquors. Optical microscopy and X-ray diffraction were used to support interpretation by examining oxide scale thickness, morphology and phase composition.
The original hypothesis was that higher residual steels would pickle more slowly due to the formation of more complex, adherent or chemically resistant oxide scales. However, the results did not show a simple relationship between residual content and reduced pickling response. The Grade A and Grade B steel families showed the highest mass loss, while Grade C and Grade D showed lower average responses. Copper, chromium and nickel were detected in the spent liquors, confirming that residual-bearing material entered solution, but their concentrations did not directly predict total mass loss. Microscopy showed that scale morphology, particularly porosity, cracking and discontinuity, was more important than thickness alone. XRD confirmed mixed oxide phases but did not identify one dominant phase controlling pickling behaviour.
The findings suggest that future EAF pickling behaviour should not be predicted from residual content alone. Instead, steel family, oxide morphology, phase balance and acid accessibility must be considered together.
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[bookmark: _Toc230956767]1. Introduction
[bookmark: _Toc230956768]1.1 Industrial Context and Background
The global steel industry is undergoing a major transition as producers seek to reduce carbon emissions and develop lower-carbon steelmaking routes. One of the main technologies being adopted is Electric Arc Furnace (EAF) steelmaking, which relies more heavily on recycled scrap steel than the traditional blast furnace/basic oxygen steelmaking route. At Tata Steel Port Talbot, the proposed move towards EAF production represents a major change in both steelmaking practice and raw material input. Tata Steel states that EAF technology could reduce carbon emissions from the Port Talbot site by around 5 million tonnes per year by 2030, while the UK Government has also confirmed the start of construction of the Port Talbot EAF project (Tata Steel UK, 2026a).
[bookmark: _Toc230201377][image: Electric Arc Furnace (EAF) update ...]
[bookmark: _Toc230869986]Figure 1: TATA Steel UKs Proposed EAF
(Tata Steel UK, 2026a)
Although this transition provides major environmental benefits, it also creates new metallurgical challenges. The blast furnace/BOS route is based mainly on iron ore-derived feedstocks and generally allows residual element levels to be more tightly controlled. In contrast, scrap-based EAF steelmaking introduces greater chemical variability because scrap contains elements inherited from previous products, coatings and alloy systems.
These residual, or tramp, elements are difficult to remove during normal steelmaking and can accumulate as scrap use increases. Kapoor, Davis and Li (2024) identify residual elements as a key challenge for future steel processing because they can influence reheating, oxidation, descaling, hot working and downstream surface treatment. Therefore, residual elements should not be viewed only as a steelmaking chemistry issue. They may also affect later processing stages, including hot rolling and pickling.
The residual elements of particular interest in this project are copper (Cu), chromium (Cr), nickel (Ni) and tin (Sn). Copper is especially important because it is strongly associated with scrap-based steelmaking and can enrich at the steel/scale interface during high-temperature oxidation. Nickel and chromium may also modify oxide chemistry, surface stability and scale behaviour. As a result, the move towards EAF production may affect not only the steelmaking route, but also downstream surface-processing operations (Kapoor, Davis and Li, 2021).

[bookmark: _Toc230956769]1.2 Relevance to Pickling Operations
Acid pickling is one downstream process that may be affected by changes in oxide scale behaviour. During reheating and hot rolling, oxide scale forms on the steel surface. This scale must be removed before further processing, such as cold rolling, coating or finishing. Hydrochloric acid pickling is widely used for hot-rolled strip because it provides effective oxide scale removal. However, pickling performance depends on several factors, including scale thickness, scale morphology, acid concentration, bath temperature and dissolved iron content.
Gines et al. (2002) showed that hydrochloric acid pickling of hot-rolled steel depends on both scale structure and bath conditions. More recently, Jatuphaksamphan et al. (2024) described scale removal as a kinetic process influenced by acid concentration and temperature. These studies show that pickling is controlled not only by the acid itself, but also by the physical and chemical condition of the oxide scale.
[image: Pickling]
[bookmark: _Toc230201378][bookmark: _Toc230869987]Figure 2 Diagram of the pickling process
(STYLECNC, 2022)
The key issue for this project is that residual elements may alter the oxide scale formed during reheating and hot rolling. The initial assumption underpinning this study was that higher residual levels could slow or complicate pickling by producing oxide scales that are more chemically complex, more adherent, more stable or less easily penetrated by acid. In this context, “slower pickling” does not necessarily mean that copper directly slows the acid reaction. Instead, it means that residual-driven changes to oxide scale condition may make complete scale removal more difficult (Kapoor, Davis and Li, 2024).
Changes in pickling behaviour have direct industrial consequences. If residual-rich steels form scales that dissolve more slowly or less uniformly, pickling efficiency, acid consumption, line speed and steel loss may all be affected. The chemistry of the spent pickling liquor may also change, creating implications for acid regeneration, waste treatment and potential metal recovery. This makes the relationship between residual chemistry, oxide scale behaviour and spent liquor composition important for future EAF production.
[bookmark: _Toc230956770]1.3 Problem Definition
The background assumption for this project was that future EAF steels containing higher residual levels may be more difficult to pickle than conventional lower-residual steels. This assumption is based on the possibility that residual elements, particularly copper in combination with chromium, nickel and tin, may alter oxidation behaviour and produce oxide scales that are more resistant to acid removal. If this occurs, future pickling operations may require longer pickling times, higher acid strength, modified inhibitor strategies or tighter process control. This creates an important industrial uncertainty for Tata Steel Port Talbot. If higher residual steels pickle more slowly, future operating conditions may need to be adjusted to maintain complete scale removal. 

[bookmark: _Toc230956771]1.4 Aim of the Study
The aim of this project is to investigate the influence of residual element content on oxide scale formation, hydrochloric acid pickling behaviour and spent liquor composition for steels representative of future EAF production at Tata Steel.

[bookmark: _Toc230956772]1.5 Objectives
To achieve this aim, the following objectives were defined:
· To select representative steel grades across defined residual element ranges. 
· To compare steel families containing controlled increases in residual elements. 
· To assess whether higher residual steels show slower, more difficult or otherwise altered pickling behaviour. 
· To conduct controlled hydrochloric acid pickling trials at defined time intervals. 
· To quantify material removal through mass loss measurements. 
· To analyse spent pickling liquors using ICP-OES. 
· To characterise oxide scale thickness and morphology using optical microscopy. 
· To assess oxide phase composition using XRD analysis. 
· To identify relationships between residual composition, oxide scale behaviour, pickling response and liquor chemistry. 
· To provide recommendations relevant to future EAF production and downstream pickling operations at Tata Steel Port Talbot.

[bookmark: _Toc230956774]2. Literature Review
[bookmark: _Toc230956775]2.1 Introduction to the Literature
This literature review examines how the transition towards Electric Arc Furnace (EAF) steelmaking may affect downstream pickling performance through increased residual element content. The review focuses mainly on copper because it is one of the most significant residual elements associated with scrap-based steelmaking, while also considering chromium, nickel, tin and other tramp elements.
The central assumption developed from the literature is that higher residual contents may slow or complicate pickling by altering oxide scale formation, changing scale adhesion, increasing oxide complexity or affecting acid access to the scale/metal interface. However, the literature does not suggest that this relationship is simple. Different studies show that residual elements can either promote more resistant scale behaviour or contribute to cracking, porosity and interfacial weakness. This means that residual content alone may not be sufficient to predict pickling performance.
The purpose of this review is therefore not only to summarise previous work, but to identify why the effect of residual elements on pickling remains uncertain. This uncertainty provides the basis for the experimental work carried out in this study.
[bookmark: _Toc230956776]2.2 EAF Steelmaking, Scrap Use and Residual Element Accumulation
The move towards EAF steelmaking is strongly linked to steel-sector decarbonisation because it enables greater use of recycled scrap and reduces reliance on iron ore-based blast furnace production. However, increased scrap use also introduces a metallurgical challenge. Residual elements such as Cu, Sn, Cr, Ni and Mo can accumulate in scrap streams and are difficult to remove during steelmaking. As a result, future EAF steels are likely to contain higher and more variable residual element levels than conventional BF/BOS-route steels (Dworak, Rechberger and Fellner, 2022b).
Raabe et al. (2024) argue that circular steel production is essential for rapid decarbonisation, but also highlight that upcycling scrap into high-quality sheet steel requires careful control of thermodynamics, kinetics and microstructure. This is particularly relevant to flat products, where surface quality and downstream processability are critical. Therefore, the transition to EAF steelmaking should not be viewed only as a reduction in carbon footprint. It also changes the chemical and metallurgical starting point for later processes such as reheating, descaling and pickling.
Davis et al. (2025) develop this argument further by suggesting that residual elements should not only be treated as contamination, but as unavoidable features of future sustainable steel production. This is useful for the present study because it frames residuals as a long-term industrial issue rather than a short-term quality problem. However, this position also creates a practical requirement: before residual elements can be tolerated or potentially exploited, their effects on downstream processes must be understood.
A limitation of much of the wider EAF literature is that it often focuses on steelmaking and alloy design rather than downstream surface processing. This creates a gap between the decarbonisation argument for scrap use and the practical behaviour of residual-bearing steels during pickling. The present project sits within this gap by examining whether increased residual content affects oxide scale behaviour and acid pickling response.
[bookmark: _Toc230956777]2.3 Residual Elements During Hot Working
Kapoor, Davis and Li (2024) provide one of the most directly relevant reviews for this study, as they examine residual elements during the hot-working stages of steel production, including reheating, descaling and hot deformation. Their review highlights that residuals can influence surface hot-shortness, delayed recrystallisation and rolling behaviour. This supports the idea that EAF residuals may influence pickle-line performance through changes created earlier during reheating and oxidation.
A further review by Kapoor, Davis and Li (2021b) emphasises that residuals can act both individually and synergistically, particularly at high temperatures. This is important because the present study does not treat copper, chromium and nickel as fully isolated variables. In industrial steels, these elements exist together and their combined effect may influence the oxide/metal interface, scale adhesion and scale dissolution behaviour.
The key limitation of this literature is that much of it focuses on hot working and surface cracking rather than hydrochloric acid pickling directly. The relevance to pickling must therefore be inferred. If residual elements alter the oxide scale or interface during reheating, it is reasonable to expect that they may also alter how the scale behaves in acid. However, the hot-working literature alone cannot predict whether the final pickling response will be slower, faster or more variable. This is one of the reasons experimental pickling trials are required.
[bookmark: _Toc230956778]2.4 Background to the Pickling Process
Pickling is the chemical removal of oxide scale from hot-rolled steel surfaces, commonly using hydrochloric acid in strip processing. Gines et al. (2002) showed that hydrochloric acid pickling depends on both oxide scale structure and bath conditions, including temperature, acid concentration and dissolved iron concentration. This is a key point for the present dissertation because it shows that pickling behaviour cannot be explained by acid chemistry alone. The physical and chemical condition of the incoming scale strongly affects the rate and completeness of removal.
Jatuphaksamphan et al. (2024) studied pickling kinetics of tertiary oxide scale formed on hot-rolled strip and showed that scale removal in hydrochloric acid is a time dependent process affected by acid concentration and temperature. This supports the use of defined immersion intervals in the present study because pickling should be assessed as a kinetic process rather than as an instantaneous cleaning step.
Gines et al. (2002) also describe hot-rolled scale as a layered oxide structure typically consisting of wüstite near the steel surface, magnetite as an intermediate layer and hematite as the outer layer. This is important because different oxide layers may respond differently during acid exposure. A steel that forms a different phase balance, or a scale with altered continuity or adhesion, may therefore show a different pickling response.
However, conventional pickling studies often focus on controlled strip steels and defined bath conditions. They are useful for understanding pickling mechanisms, but they do not fully address how future EAF-style residual chemistry may change the scale entering the pickling bath. This limits their ability to predict the behaviour of scrap-rich steels.
[bookmark: _Toc230956779]2.5 Pickling of Conventional BF/BOS-Route Steels
The literature on conventional hot-rolled strip provides a useful baseline for comparison. In traditional BF/BOS-route steels, residual element levels are generally lower and more tightly controlled than in scrap-intensive EAF steels. Gines et al. (2002) demonstrated that even conventional hot-rolled strip can show variation in picklability depending on scale structure and bath conditions. This suggests that future EAF steels may show even greater variability if higher residual contents alter oxide formation.
Zhang and Shao (2007) also emphasise that oxide scale characterisation is important because scale condition affects subsequent processes such as pickling and cold rolling. This directly supports the use of microscopy and XRD in the present study, as mass loss data alone cannot fully explain why one steel pickles differently from another.
The main limitation of conventional pickling literature is that it does not fully represent the chemistry expected under increased scrap usage. Conventional studies remain valuable as a baseline, but they may underestimate the complexity of future EAF products. This is particularly important for Tata Steel Port Talbot because the transition to EAF production is not simply a change in melting route; it may also change the chemistry and surface behaviour of material entering downstream processes.
[bookmark: _Toc230956780]2.6 Oxide Scale Structure, Adhesion and Picklability
Chattopadhyay et al. (2005) used Raman spectroscopy to characterise oxide scale on hot-rolled coils and found that different steels can develop different oxide types, leading to variation in picklability. This supports one of the central arguments of the present project: steels with different chemistry may not only form different amounts of scale, but also different types and structures of scale.
Naipinij et al. (2022) showed that oxide scale adhesion is an important factor in scale behaviour. For pickling, this is highly relevant because a strongly adherent scale may be more difficult to remove even if it is relatively thin. Conversely, a thick scale that is cracked, porous or poorly adhered may be easier for acid to penetrate. This means that scale thickness alone is unlikely to be a reliable predictor of pickling response.
Zhu and Yang (2011b) also compared oxide scale structure and pickling characteristics, showing that differences in scale structure affect acid removal. This supports the use of microscopy and XRD to interpret pickling behaviour. If higher residual samples do not behave as expected, the explanation may lie in scale cracking, porosity, layer structure or phase balance rather than residual concentration alone.
A critical point across these studies is that picklability is controlled by both chemical and physical factors. Some papers emphasise oxide phase composition, while others emphasise adhesion or scale structure. These are not contradictory findings; rather, they show that pickling is controlled by several interacting variables. This is important for the present study because residual elements may alter the chemistry of the scale, but the final pickling response may be governed by whether the scale remains dense and continuous or becomes damaged and acid accessible.

[bookmark: _Toc230956785]2.7 Copper and Synergistic Residual Behaviour
Copper is one of the most important residual elements in scrap-based steelmaking because it is difficult to remove during normal steelmaking and can accumulate as scrap use increases. Kondo (2004) reported that copper can enrich at the scale/metal interface during reheating, which is important because this interface must be disrupted during pickling. The initial concern was that copper enrichment could produce a more complex or adherent interfacial region, reducing acid access and slowing scale removal.
However, copper behaviour is not controlled by copper content alone. Kondo et al. (2007) showed that oxidation atmosphere, including oxygen concentration and water vapour, strongly affects copper behaviour during oxidation. Chen and Yuen (2005) also showed that copper-containing steels can behave differently depending on scale development and interface condition. Therefore, two steels with similar copper contents may not form the same oxide scale if their thermal history, atmosphere or surface condition differs.
Other residual elements may modify copper behaviour. Imai, Komatsubara and Kunishige (1997) found that tin can increase cracking in Cu-bearing steels, while nickel may suppress copper-related surface cracking by modifying Cu-enriched phases. Chromium may also influence oxide stability, although at the residual levels found in low-carbon steels it is unlikely to behave in the same way as in stainless or highly alloyed steels (Kapoor, Davis and Li, 2021a).
The literature therefore does not support a simple view that higher residual content will always reduce pickling rate. Residuals may make pickling more difficult if they produce compact, adherent or chemically resistant scale. However, they may also increase apparent mass loss if they contribute to cracking, porosity, interfacial weakness or scale detachment. This means that residual effects are likely to be steel-family dependent and influenced by oxide morphology, adhesion, phase balance and acid accessibility.
2.8 Critical Synthesis and Initial Hypothesis
The literature shows that residual elements can influence oxide scale behaviour, but their effect on pickling is difficult to predict. Studies on copper enrichment, chromium oxide stability and scale adhesion support the expectation that residual-rich steels could form more resistant scales that are harder to pickle (Kondo, 2004; Naipinij et al., 2022; Kapoor, Davis and Li, 2021a). In contrast, studies on cracking, blistering and interfacial roughness suggest that residuals may also produce more disrupted scales, allowing acid to penetrate more easily (Chen and Yuen, 2005; Duan et al., 2023b).
These findings are not necessarily contradictory. They indicate that residual effects are conditional. Higher residual content may slow pickling only if it produces a dense, continuous and adherent oxide scale. If the scale is cracked, porous or weakly attached, acid may access lower oxide layers or the substrate more easily, increasing measured mass loss.
Based on this, the initial hypothesis was that higher residual steels may slow or complicate pickling by altering oxide scale formation, adhesion and phase composition. However, this hypothesis was treated cautiously because the literature suggests that pickling response depends on the combined effect of residual chemistry, steel family, scale morphology and acid accessibility, rather than residual concentration alone.
2.11 Spent Pickling Liquor Chemistry
Spent pickling liquor provides an additional way to understand pickling behaviour because it records which elements enter solution during acid exposure. Regel-Rosocka (2010) reviewed methods for regenerating spent pickling solutions and highlighted the importance of acid recovery and metal recovery. This supports the inclusion of ICP-OES analysis in the present project because liquor chemistry is not only an analytical output; it is relevant to regeneration, treatment and operational cost.
Binnemans et al. (2020) reviewed hydrometallurgical recovery of metals from steel-industry by-products, including slags, dusts, sludges, oily mill scale and pickling sludge. This broader circular-economy perspective supports the project’s interest in spent liquor composition and possible recovery value. If future EAF steels increase the concentration of Fe, Cu, Cr or Ni in spent liquor, this could have environmental, operational and economic implications.
Rögener et al. (2012) investigated metal recovery from spent stainless steel pickling solutions and showed that iron, chromium and nickel can be recovered from industrial pickling waste waters using membrane electrolysis. Although stainless steel pickling differs from carbon steel pickling, this source is still useful because it shows why dissolved Cr and Ni are industrially meaningful species in pickling-related waste streams.
A limitation of this literature is that much of it focuses on liquor treatment rather than the relationship between steel residual chemistry and the formation of the liquor in the first place. The present study therefore uses ICP-OES not simply to assess waste composition, but to link dissolved metal content back to pickling behaviour and steel chemistry.

[bookmark: _Toc230956786]2.12 Research Gap
The literature is strong in two separate areas: residual element effects during reheating and oxidation, and hydrochloric acid pickling of conventional hot-rolled strip. However, it is weaker at directly connecting realistic EAF-style residual ladders with measured pickling behaviour and spent liquor chemistry.
This gap is important because the expected slowing or complication of pickling by residual-rich steels remains plausible but not fully quantified for steels relevant to future Port Talbot operations (Kapoor, Davis and Li, 2024b). Existing studies explain why residuals should matter, but they do not clearly predict whether the dominant effect will be slower oxide dissolution, increased acid penetration through damaged scale, more complex liquor chemistry or a family-dependent response controlled by scale morphology.
The present study addresses this gap by testing steels selected across defined residual ranges, with particular emphasis on copper and supporting consideration of chromium and nickel. By combining mass loss measurements, ICP-OES liquor analysis, optical microscopy and XRD, the study links steel-family chemistry to oxide scale condition, pickling response and spent liquor composition (Duan et al., 2023).
This approach is valuable because it tests whether the literature-based expectation of slower pickling in higher residual steels is supported experimentally, or whether the true response is more strongly controlled by oxide morphology, phase balance and steel family.
[bookmark: _Toc230956788]3. Methodology
[bookmark: _Toc230956789]3.1 Experimental Design and Scope
This study was designed to investigate the influence of residual element content on oxide scale behaviour, hydrochloric acid pickling response and spent pickling liquor composition in steels representative of future Electric Arc Furnace (EAF) production.
The original working hypothesis was that steels with higher residual element contents, particularly copper-rich steels, may pickle more slowly or less efficiently due to the formation of more complex, more adherent or more chemically resistant oxide scales. The methodology was therefore designed to compare steels across controlled residual ranges and assess whether increased residual content affected material removal during pickling.
The experimental approach consisted of four main stages:
· selection of representative steel families across defined residual chemistry ranges. 
· controlled hydrochloric acid pickling trials at fixed time intervals. 
· gravimetric mass loss measurements to quantify material removal. 
· ICP-OES analysis of spent pickling liquors to assess dissolved metal content. 
Further oxide scale characterisation was carried out using optical microscopy and X-ray diffraction (XRD). These techniques were used to link pickling behaviour to oxide scale morphology, thickness and phase composition. This multi-method approach allowed relationships to be investigated between steel chemistry, oxide scale behaviour, pickling response and liquor chemistry.

[bookmark: _Toc230956790]3.2 Material Selection
Steel samples were selected from designed chemistry ladders intended to represent residual element ranges relevant to future EAF production. The principal steel families used in the study were:
· Grade A 
· Grade B
· Grade C
· Grade D
Within these families, samples were selected across base, low, mid, and high residual conditions where available. The main residual elements of interest were:
· Copper (Cu) 
· Chromium (Cr) 
· Nickel (Ni) 
· Tin (Sn) 
Particular emphasis was placed on copper, as it showed the clearest increase across the chemistry ladders and was considered the primary residual element of concern. Chromium and nickel were also considered important secondary elements because of their potential influence on oxide scale stability and interfacial behaviour.
The selected steels allowed comparison both within individual steel families and between different steel families. This was important because the project aimed to determine whether pickling behaviour was controlled mainly by residual level, by steel family, or by a combination of both.
[bookmark: _Toc230956791]3.3 Initial Heat Treatment Trials and Method Development
The initial experimental plan included laboratory heat treatment to simulate reheating and generate oxide scale before pickling. However, early trials showed that the laboratory-generated scale was brittle, fragile and prone to detachment during handling and acid exposure. This created a risk that measured mass loss would reflect physical scale breakaway rather than true pickling behaviour. Practical limitations with the furnace, including extended heating times, also reduced confidence that the process accurately represented industrial conditions. As a result, the second laboratory reheating stage was discontinued, and the project was adjusted to use samples with oxide scale formed during hot rolling and industrially relevant processing. This improved the relevance of the pickling trials and reduced the risk of misleading results from unrepresentative scale. continuing with a process that may not have represented the real downstream conditions being investigated.
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[bookmark: _Toc230869988]Figure 3: Example steel sample used during the early method development stage. 
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[bookmark: _Toc230869989]Figure 4 Laboratory furnace initially used to generate oxide scale during preliminary heat treatment trials.
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[bookmark: _Toc230869990]Figure 5 Laboratory furnace initially used to generate oxide scale during preliminary heat treatment trials.

[bookmark: _Toc230956792]3.4 Pickling Procedure
Pickling trials were carried out using hydrochloric acid under controlled laboratory conditions. A 16% hydrochloric acid solution with inhibitor was used to reflect the acid system relevant to industrial pickling practice.
Each sample was weighed before pickling to determine its initial mass. Samples were then immersed in the acid solution for fixed time intervals of:
30 seconds. 
180 seconds. 
1200 seconds. 
3600 seconds. 
These time intervals were selected to capture both early-stage scale attack and longer-duration dissolution behaviour. The shorter times were used to assess initial pickling response, while the longer exposure times were used to investigate more complete scale removal and potential base metal dissolution.
Following immersion, each sample was removed from the acid, rinsed to remove residual acid, dried and reweighed. The spent pickling solution from each test was retained for chemical analysis using ICP-OES.
The use of fixed pickling intervals allowed direct comparison between steels and enabled trends in mass loss and dissolved metal concentration to be assessed as a function of exposure time.
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[bookmark: _Toc230869991]Figure 6 Steel samples undergoing hydrochloric acid pickling trials at defined immersion times.
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[bookmark: _Toc230869992]Figure 7 Spent pickling liquors retained for ICP-OES analysis following acid immersion testing.




[bookmark: _Toc230956793]3.5 Mass Loss Measurements
Material removal during pickling was quantified using gravimetric mass loss measurements. Each sample was weighed before and after pickling, and the difference between the initial and final mass was used to calculate total material loss.
Weight loss was calculated using:
Weight Loss (g) = Initial Mass (g) − Final Mass (g)
Percentage weight loss was calculated using:
Percentage Weight Loss (%) = (Weight Loss / Initial Mass) × 100
Percentage loss was used to allow comparison between samples of slightly different initial masses. This was important because the samples were not identical in mass, and percentage loss provided a more meaningful basis for comparison than absolute weight loss alone.
Masses were recorded in grams, generally to four decimal places where the balance output allowed. This was important because the mass losses were small, particularly at shorter pickling times. As a result, small differences in weighing, drying or handling could have a noticeable effect when expressed as percentage mass loss.
The mass loss data was used to assess:
· the effect of pickling time on material removal. 
· differences between steel families. 
· differences between low, mid and high residual conditions. 
· whether higher residual steels showed slower, faster or more complex pickling behaviour than initially expected. 
Where retests were carried out, the original and repeat results were compared to assess consistency and identify variability in the measured response. However, repeat testing was not available for every sample condition, so the results were interpreted as comparative trends rather than as fully statistical kinetic data.

[bookmark: _Toc230956794]3.6 Spent Liquor Analysis Using ICP-OES
Spent pickling liquors were analysed using Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES). This technique was used to determine the concentration of dissolved metallic elements present in the acid after pickling.
The main elements of interest were:
· iron (Fe). 
· copper (Cu). 
· chromium (Cr). 
· nickel (Ni). 
· manganese (Mn). 
· zinc (Zn). 
· aluminium (Al). 
· calcium (Ca). 
· magnesium (Mg). 
· sodium (Na). 
· potassium (K). 
Iron was expected to be the dominant dissolved species because the oxide scale and steel substrate are iron based. Copper, chromium and nickel were of particular interest because they are key residual elements associated with EAF steelmaking and may provide evidence of residual-bearing surface regions dissolving during pickling.
Calibration standards were run before sample analysis to verify instrument response. Where values were below the detection limit, they were recorded using the less-than notation provided by the analysis output, such as <0.05 ppm. This was important because several residual elements were present at low concentrations, meaning that Cu, Cr and Ni values were more sensitive to analytical uncertainty than Fe.
The ICP-OES results were used to:
· compare dissolved metal concentrations between steels. 
· assess how liquor chemistry changed with pickling time. 
· determine whether higher mass loss corresponded with higher Fe concentration. 
· investigate whether Cu, Cr and Ni entered solution during pickling. 
· support interpretation of the relationship between residual chemistry and pickling behaviour. 
This analysis was important because mass loss alone does not identify which elements entered the liquor. ICP-OES therefore provided a chemical basis for interpreting the pickling response and assessing the composition of the spent acid.
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[bookmark: _Toc230869993]Figure 8: Prepared spent liquor samples prior to ICP-OES analysis.


[bookmark: _Toc230956795]3.7 Oxide Scale Microscopy
Oxide scale characterisation using optical microscopy was included to provide physical evidence of scale morphology and to support interpretation of the pickling and ICP-OES results.
Selected samples were prepared for metallographic examination by sectioning and mounting so that the oxide scale could be viewed in cross-section. The mounted samples were then prepared using grinding and polishing procedures to produce a suitable surface for microscopic analysis.
Microscopy was used to assess:
· total oxide scale thickness. 
· scale uniformity. 
· layering within the oxide scale. 
· cracking within the scale. 
· voids or porosity. 
· scale adhesion to the steel substrate. 
· the condition of the scale/metal interface. 
This analysis was included because pickling behaviour is strongly influenced by the physical condition of the oxide scale. A dense and adherent scale may be more difficult to pickle, whereas a cracked, porous or poorly adhered scale may allow faster acid penetration.
Scale thickness measurements were taken from selected cross-sectional images. These measurements were used to compare scale development between samples. However, because scale thickness can vary locally across a sample, the microscopy results were treated as representative observations from the measured regions rather than as complete measurements of the entire sample surface.
The microscopy results were therefore used to determine whether differences in pickling behaviour were linked to scale structure and morphology rather than residual chemistry alone.
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[bookmark: _Toc230869994]Figure 9 Resin-mounted samples prepared for cross-sectional oxide scale analysis using optical microscopy.

[bookmark: _Toc230956796]3.8 X-Ray Diffraction Analysis
X-ray diffraction (XRD) was used to identify the oxide phases present within selected oxide scales. This was important because different iron oxide phases may show different stability and dissolution behaviour during hydrochloric acid pickling.
The principal phases expected in hot-rolled steel oxide scale were:
· wüstite (FeO). 
· magnetite (Fe₃O₄). 
· hematite (Fe₂O₃). 
The XRD data was reviewed with Dr Gareth Davies to support phase identification and interpretation. The analysis was used to determine whether steels with different residual contents produced different oxide phase balances.
The XRD results were interpreted alongside microscopy, mass loss data and ICP-OES results. This provided a more complete understanding of how oxide scale characteristics influenced pickling behaviour. However, XRD was treated as semi-quantitative because thin, discontinuous or locally damaged oxide scale may allow the metallic substrate to contribute to the detected signal.
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[bookmark: _Toc230869995]Figure 10 XRD equipment used for oxide phase analysis.
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[bookmark: _Toc230869996]Figure 11 Sample loaded for XRD analysis.
[bookmark: _Toc230956797]3.9 Data Processing and Analysis
The experimental data was organised by steel family, residual condition and pickling duration. The main steel families were analysed separately to determine whether trends were consistent within each family.
The main data analysis steps included:
· calculation of weight loss and percentage weight loss. 
· comparison of percentage loss against pickling time. 
· comparison of low, mid and high residual conditions within each family. 
· calculation of family-average values where appropriate. 
· comparison of original and retest results. 
· analysis of ICP-OES results against pickling time. 
· comparison of dissolved Fe, Cu, Cr and Ni concentrations with gravimetric mass loss. 
· comparison of oxide scale thickness and morphology with pickling response. 
· comparison of XRD phase balance with measured pickling behaviour. 
The data was plotted using line graphs to assess trends over time. Particular attention was given to the interval between 180 seconds and 1200 seconds, as this was expected to represent a key stage of oxide scale removal.
The results were interpreted in relation to the original hypothesis that higher residual steels would pickle more slowly or less efficiently. Where the results did not follow this expected trend, interpretation focused on the possible role of steel family, oxide scale morphology, scale adhesion, phase balance and interfacial behaviour.
[bookmark: _Toc230956798]3.10 Experimental Uncertainty, Repeatability and Measurement Limitations
Several sources of experimental uncertainty were considered when interpreting the results. For the gravimetric mass loss measurements, uncertainty was influenced by balance resolution, sample handling, drying consistency and the relatively small mass changes measured during short pickling times. Because some samples had low absolute mass losses, small weighing differences could represent a relatively large percentage of the measured change.
Repeat testing was carried out where sample availability allowed. These retests provided an indication of repeatability and helped identify whether key trends were consistent. For example, repeat tests were useful in assessing whether high-loss behaviours were isolated results or part of a wider family-level trend. However, retesting was not available for every sample, meaning full statistical treatment with error bars and confidence intervals was not possible across the full dataset.
ICP-OES uncertainty may have been introduced through calibration, detection limits, sample dilution and matrix effects from the hydrochloric acid solution. Calibration standards were used before analysis to verify instrument response, and results below the detection limit were reported using the less-than notation provided by the analysis output. Fe concentrations were generally much higher than Cu, Cr and Ni concentrations, so the residual element values were more sensitive to analytical uncertainty.
Microscopy measurements were also subject to uncertainty because oxide scale thickness varied across the surface of each sample. The measured values therefore represent the analysed cross-sectional regions rather than the whole sample. In addition, oxide scale was fragile and could be damaged during cutting, mounting, polishing or handling.
XRD results were also treated with caution. Where oxide scale was thin or discontinuous, the XRD signal could include contribution from the underlying metallic substrate. This was important when interpreting metallic iron detected in the XRD results.
Overall, the uncertainty and repeatability limitations mean that the results should be interpreted as comparative trends between steel families and residual conditions, rather than precise kinetic constants.

[bookmark: _Toc230956800]4. Results
[bookmark: _Toc230956801]4.1 Overview of Results
This chapter presents the results from the hydrochloric acid pickling trials, ICP-OES analysis of the spent liquors, and oxide scale characterisation using optical microscopy and XRD. The pickling and ICP-OES data form the main results, while microscopy and XRD were used to support interpretation by assessing oxide scale thickness, morphology and phase composition.
The main steel families investigated were Grade A, Grade B, Grade C and Grade D. Samples were pickled for 30 s, 180 s, 1200 s and 3600 s.
Raw experimental data is provided in Appendix, while the main results section focuses on the key trends required to interpret pickling behaviour.
[bookmark: _Toc230956802]4.2 Residual Chemistry of Selected Steels
The selected steels represented residual element levels relevant to future EAF production. The main residuals considered were Cu, Cr and Ni, with copper forming the clearest residual ladder across the selected families.
Copper increased from 0.093 to 0.296 wt.% in the Grade A family and from 0.093 to 0.297 wt.% in the Grade B family. The Grade C family increased from 0.020 to 0.287 wt.% Cu, while the Grade D family increased from 0.020 to approximately 0.290 wt.% Cu. Chromium also increased across the residual ladders, although less strongly than copper. Nickel showed smaller changes but remained relevant because of its potential influence on oxide scale behaviour and interfacial chemistry.
These chemistry ladders confirmed that the selected steels were suitable for assessing whether increased residual content affected pickling behaviour and spent liquor composition.
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[bookmark: _Toc230201380][bookmark: _Toc230869998]Figure 13: Copper, nickel, tin and chromium levels across the selected steel families.
[bookmark: _Toc230956803]4.3 Pickling Trial Results
[bookmark: _Toc230956804]4.3.1 General Pickling Behaviour
Percentage mass loss increased with pickling time across the main steel families. Losses were low at 30 s, increased by 180 s, and rose most strongly between 180 s and 1200 s. This suggests that the main oxide scale removal stage occurred within this interval. Further loss occurred by 3600 s, which may include increased contribution from base metal dissolution after scale penetration or removal.

The original expectation was that higher residual steels may pickle more slowly due to more complex, adherent or resistant oxide scales. However, the results did not show a consistent reduction in pickling response with increasing residual content. Instead, the response was strongly dependent on steel family.

[bookmark: _Toc230956805]4.3.2 Family-Level Pickling Response
When grouped by family, the average final percentage mass loss at 3600 s followed the general order:
Grade A > Grade B > Grade C > Grade D
The Grade A family showed the strongest overall response, with an average final loss of approximately 1.21%. The Grade B family also showed high dissolution, with an average final loss of approximately 1.05%. The Grade C family showed a moderate response, with an average final loss of approximately 0.78%, while the Grade D family had the lowest average response among the main residual steel groups, at approximately 0.63%.
[image: ]
Figure 14 Average mass loss by steel family
[bookmark: _Toc230956806]4.3.3 Pickling Behaviour Within Steel Families
The Grade A family showed consistently high pickling losses. At 3600 s, the Low, Mid and High conditions reached approximately 1.000%, 1.316% and 1.282% respectively. Retests of the Mid and High samples also remained high, reaching 1.238% and 1.235%. This indicates that the high reactivity of the Grade A family was repeatable. 
Figure 15 Percentage mass loss versus pickling time for the Grade A family.
The Grade B family also showed high dissolution. At 3600 s, the Low, Mid and High conditions reached approximately 0.998%, 1.169% and 1.633% respectively. Retests were lower but still showed substantial mass loss, indicating some sample-to-sample variation while maintaining the overall high-reactivity trend. 
Figure 16 Percentage mass loss versus pickling time for the Grade B family.
The Grade C family showed a more moderate response. Final losses ranged from approximately 0.616% in the Base condition to 0.928% in the Mid condition. The High condition reached 0.787%, meaning the residual ladder did not produce a simple increasing or decreasing trend. 
Figure 17 Percentage mass loss versus pickling time for the Grade C family.

The Grade D family had the lowest average response. The Base, Low, Mid and High 2 conditions reached approximately 0.573%, 0.508%, 0.775% and 0.537% respectively at 3600 s. The Mid condition was therefore more reactive than the High 2 condition, again showing that increasing residual level did not directly control pickling loss. 
Figure 18 Percentage mass loss versus pickling time for the Grade D family.
The comparator steels showed much lower pickling losses. Grade E_EAF_MID reached only 0.066% at 3600 s, while Grade F Mid reached 0.050%. These samples provide a useful contrast to the more reactive EAF residual families.
[bookmark: _Toc230956807]4.3.4 Repeatability and Statistical Treatment
Repeat tests were carried out where sample availability allowed. These retests provided useful evidence of repeatability, particularly in the Grade A family, where the Mid and High retests remained close to the original high-loss results. This supports the conclusion that the Grade A family showed genuinely high pickling response rather than an isolated outlier.
Some variation was observed between original and retest samples, particularly in the Grade B family. This variation may reflect local differences in oxide scale condition, scale fragility, sample surface condition or the small absolute mass changes involved in the gravimetric measurements.
Full statistical treatment, including standard deviation and error bars, was not possible across all steel families because repeat testing was not available for every sample condition. For this reason, the results are interpreted as comparative trends rather than precise kinetic constants. This limitation is considered further in Section 6.
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[bookmark: _Toc230870003]Figure 19 Summary of repeatability quality.
[bookmark: _Toc230956808]4.4 ICP-OES Analysis of Spent Pickling Liquors
ICP-OES was used to measure dissolved metallic species in the spent liquors, with focus on Fe, Cu, Cr and Ni. Iron was the dominant dissolved element in all samples, as expected from dissolution of iron oxide scale and possible base metal attack. Copper, chromium and nickel were also detected, confirming that residual-bearing material entered the liquor during pickling.

[bookmark: _Toc230956809]4.4.1 Iron Concentration
Fe concentration increased strongly with pickling time. At 3600 s, average Fe concentrations were approximately 940 ppm for Grade A , 643 ppm for Grade B, 626 ppm for Grade C and 857 ppm for Grade D.

[bookmark: _Toc230870004]Figure 20 Percentage Fe versus pickling time for the Grade A family.
 
[bookmark: _Toc230870005]Figure 21 Percentage Fe versus pickling time for the Grade B family.
 
[bookmark: _Toc230870006]Figure 22 Percentage Fe versus pickling time for the Grade C family.
 
[bookmark: _Toc230870007]Figure 23 Percentage Fe versus pickling time for the Grade D family.
Fe broadly followed the mass loss trend, but the relationship was not perfectly linear. This indicates that gravimetric mass loss and dissolved Fe are related but not identical measures. Physical scale detachment, incomplete oxide dissolution, local substrate attack and differences in scale morphology may all have influenced the relationship.
[bookmark: _Toc230956810]4.4.2 Copper Concentration
Copper generally increased with pickling time. At 3600 s, average Cu concentrations were approximately 1.98 ppm for Grade A, 1.63 ppm for Grade B, 1.56 ppm for Grade D and 0.68 ppm for Grade C.

[bookmark: _Toc230870008]Figure 24 Cu versus pickling time for the Grade A family.
 
[bookmark: _Toc230870009]Figure 25 Cu versus pickling time for the Grade B family.
 
[bookmark: _Toc230870010]Figure 26 Cu versus pickling time for the Grade C family.
 
[bookmark: _Toc230870011]Figure 27 Cu versus pickling time for the Grade D family.
The presence of copper in solution confirms that copper-bearing surface material entered the liquor during pickling. However, Cu concentration did not directly predict total mass loss. Some high-copper steels showed high mass loss, while others did not. Copper therefore appears to be an important indicator of residual-bearing surface dissolution, but not a standalone predictor of pickling rate.
[bookmark: _Toc230956811]4.4.3 Chromium and Nickel Concentrations
Chromium and nickel were also detected and generally increased with pickling duration. At 3600 s, the Grade A family showed the highest average Cr and Ni concentrations, at approximately 1.31 ppm Cr and 2.02 ppm Ni. The other families showed lower values.

Cr and Ni support the conclusion that residual-bearing material entered the spent liquor, but neither element showed a direct one-to-one relationship with mass loss. Their role appears secondary compared with the combined influence of steel family, oxide scale morphology and scale accessibility.
(Chromium and Nickle vs Time Graphs can be found in Appendix A)
[bookmark: _Toc230956812]4.5 Relationship Between Mass Loss and ICP-OES Results
The relationship between percentage mass loss and Fe concentration showed a general positive trend, confirming that higher mass loss was usually associated with greater dissolution of iron-containing material.
[
[bookmark: _Toc230870012]Figure 28 Grade A Fe vs % Loss.

[bookmark: _Toc230870013]Figure 29 Grade B Fe vs % Loss.

[bookmark: _Toc230870014]Figure 30 Grade C Fe vs % Loss.

[bookmark: _Toc230870015]Figure 31 Grade D Fe vs % Loss.
The relationship between percentage mass loss and Fe concentration showed a general positive trend. Samples with higher mass loss usually produced higher dissolved Fe concentrations.
This supports the reliability of the mass loss and ICP-OES datasets. However, the relationship was not perfectly linear, showing that mass loss and dissolved metal concentration should be interpreted together rather than as identical indicators.
The relationship between Cu concentration and percentage mass loss was weaker. Copper entered the liquor during pickling, but total dissolution remained more strongly dependent on steel family and scale condition than on copper content alone.

[bookmark: _Toc230870016]Figure 32 Grade A Cu vs % Loss.

[bookmark: _Toc230870017]Figure 33 Grade B Cu vs % Loss.

[bookmark: _Toc230870018]Figure 34 Grade C Cu vs % Loss.

[bookmark: _Toc230870019]Figure 35 Grade D Cu vs % Loss.
Cr and Ni showed similar behaviour. They confirmed that residual-bearing material entered solution, but they did not directly control total mass loss. Overall, the ICP-OES results support the pickling trends while also showing that liquor chemistry provides additional information beyond gravimetric mass loss alone.
Raw ICP-OES datasets and additional element plots are provided in Appendix. 

[bookmark: _Toc230956813]4.6 Optical Microscopy Results
Optical microscopy was used to assess oxide scale thickness, morphology and continuity. The results showed large differences in scale thickness between samples, but no simple relationship between residual level and scale thickness.
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[bookmark: _Toc230870020]Figure 36 Summary of average oxide scale thickness and key morphology observations.
Average measured scale thickness ranged from approximately 4.0 µm in sample 24105 to over 40 µm in samples such as Grade C Base, Grade D Low and Grade A Low. However, thickness alone did not explain pickling behaviour. Several samples with thick scales still showed high pickling losses, while some thinner scales also dissolved readily.
The Grade C family showed no consistent thickness increase with residual level. The Base and Mid samples were relatively thick, while the High sample was the thinnest in the family. The Grade D family also showed non-linear behaviour, with the Low sample having the thickest scale and the Mid/High 2 samples showing moderate thicknesses. In the Grade A family, scale thickness decreased from Low to High residual condition, despite the family showing one of the highest pickling responses. The Grade B family showed a more progressive increase in thickness from Low to High, but all samples displayed non-uniform and porous scale morphology.
A common feature across many EAF samples was that the oxide scales were porous, irregular, fragmented or locally discontinuous. These features may have allowed acid to penetrate through the scale, meaning that scale morphology was more important than thickness alone.
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[bookmark: _Toc230870021]Figure 37 Representative optical microscopy images showing porous and discontinuous oxide scale morphology.

Detailed individual microscopy images and measurements are provided in Appendix.

[bookmark: _Toc230956814]4.7 XRD Analysis of Oxide Scale
XRD was used to identify the crystalline phases present in selected oxide scales. The main phases identified were magnetite (Fe₃O₄), hematite (Fe₂O₃), wüstite (FeO) and metallic iron (Fe). The individual XRD diffractograms are provided in Appendix X, while the quantified phase data is summarised in this section.
The raw XRD phase composition included metallic iron. This is significant because metallic Fe may indicate that the XRD signal included contribution from the underlying steel substrate. This is most likely where the oxide scale was thin, discontinuous, locally damaged or partially removed before analysis.

[bookmark: _Toc230870022]Figure 38 Raw XRD phase composition including metallic Fe.
The raw XRD data showed that several samples contained measurable metallic Fe. Samples Grade E and Grade F showed only metallic Fe in the XRD output, suggesting that little crystalline oxide was detected or that the metallic substrate dominated the signal. Other samples, including Grade B High, Grade B Mid and Grade A High, also showed relatively high metallic Fe contributions. This supports the microscopy observations that some oxide scales were thin, locally discontinuous or damaged.
To compare oxide phase balance more clearly, metallic Fe was excluded and the oxide phases were normalised. This allowed the relative proportions of magnetite, hematite and wüstite to be compared without the metallic substrate contribution dominating the results.
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[bookmark: _Toc230870023]Figure 39 Normalised oxide phase balance excluding metallic Fe.

[bookmark: _Toc230870024]Figure 40 Normalised oxide phase balance by sample.
Most samples were magnetite-dominant after normalisation. The most magnetite-rich samples included Grade A Mid, Grade D Low, Grade B Mid, Grade C Base, Grade B High and Grade A High. Samples Grade A Low and Grade D Mid were hematite-rich, with Grade D Mid containing approximately 82% hematite. Sample Grade C High showed the highest wüstite proportion, at approximately 22.4%.
The XRD data did not show a simple relationship between residual level and oxide phase balance. For example, within the Grade A family, sample Grade A Low was hematite-rich, while samples Grade A Mid and Grade A High were magnetite-dominant. In the Grade C family, oxide phase balance varied from magnetite-dominant to mixed magnetite/hematite, while sample Grade C High showed the highest wüstite content.
The XRD results also did not identify one oxide phase that fully explained the pickling response. Several high-loss samples were magnetite-rich, while sample Grade D Mid was hematite-rich but still showed relatively high mass loss within the Grade D family. Therefore, phase composition alone was not sufficient to predict pickling behaviour.

4.8 Integrated Summary of Results
The combined pickling, ICP-OES, microscopy and XRD results showed that pickling behaviour was not controlled by residual chemistry alone. Mass loss increased with pickling time across the sample set, with Grade A and Grade B showing the highest overall response, Grade C showing moderate behaviour and Grade D showing the lowest average response among the main EAF residual steel families.
ICP-OES analysis supported the gravimetric results, as Fe concentration generally increased with pickling time. Cu, Cr and Ni were also detected in the spent liquors, confirming that residual-bearing material entered solution during acid exposure. However, these elements did not show a direct relationship with total mass loss.
Optical microscopy showed substantial variation in oxide scale thickness and morphology. Several samples had porous, fragmented or locally discontinuous scales, suggesting that acid access through the scale may have been more important than thickness alone. XRD confirmed mixed oxide phase compositions, mainly magnetite, hematite and wüstite, but no single phase fully explained the pickling response.
Overall, the results indicate that pickling behaviour depended on the combined influence of steel family, residual chemistry, scale morphology, phase balance and acid accessibility.


[bookmark: _Toc230956816]5. Discussion

[bookmark: _Toc230956817]5.1 Overview
This study investigated whether increased residual element content, particularly copper, chromium and nickel, influenced oxide scale behaviour, hydrochloric acid pickling performance and spent liquor chemistry in steels representative of future EAF production. The work links directly to the industrial context discussed in Sections 2.1 and 2.2, where increased scrap use during EAF steelmaking was identified as a likely source of higher and more variable residual element levels.
The original expectation was that higher residual levels may produce more complex, adherent or chemically resistant oxide scales, causing slower or less efficient pickling. This was based on the literature discussed in Sections 2.5, 2.6, 2.7 and 2.8, where steel composition, copper enrichment, oxide scale adhesion and residual-element interactions were shown to influence scale formation and surface behaviour.
The results only partly supported this expectation. Residual elements were clearly relevant, as Cu, Cr and Ni were detected in the spent pickling liquors and the selected steels showed defined residual chemistry ladders. However, higher residual content did not consistently reduce mass loss. Instead, pickling behaviour was controlled by the interaction between steel family, oxide morphology, oxide phase balance, scale continuity and acid accessibility.
The key interpretation is therefore that residual elements did not act as a simple linear control on pickling rate. Their influence was conditional: residuals may slow pickling if they contribute to a dense and adherent scale, but they may also increase apparent dissolution if they promote cracking, porosity, scale disruption or acid access to the oxide/metal interface.
[bookmark: _Toc230956818]5.2 Evaluation of the Original Hypothesis
The original hypothesis was that increased residual content, especially copper, would slow pickling by forming oxide scales that were more resistant to acid attack. This hypothesis was reasonable because Section 2.7 identified copper as a residual element capable of enriching near the scale/metal interface, while Section 2.8 showed that residual elements can interact and influence high-temperature surface behaviour. Section 2.6 also showed that scale adhesion, porosity and cracking affect oxide removal.
The experimental results did not fully support the hypothesis. Higher residual samples did not consistently show lower mass loss. The Grade A Mid and Grade A High samples both produced high final percentage mass losses, while the Grade B High sample produced one of the highest losses in the dataset. This contrasts with the simple assumption that increasing residual content should directly reduce pickling response.
However, the hypothesis should not be rejected completely. The results suggest that the hypothesis was too simplified rather than completely wrong. Residual elements may have influenced the scale, but their final effect depended on whether the scale behaved as a protective barrier or as a damaged, permeable layer. Where the scale was porous, cracked or discontinuous, acid could penetrate through defects and attack lower oxide layers or the substrate. Under these conditions, higher residual content would not necessarily slow pickling. Future work is needed to prove repeatability of these findings on a larger scale and to also provide more evidence to the claim.
This revised interpretation is better aligned with the critical synthesis in Section 2.9, where the literature showed that residual effects are conditional and can vary depending on steel chemistry, reheating environment, interface condition and scale structure.
[bookmark: _Toc230956819]5.3 Linking Scale Condition, Steel Family and Pickling Response
[bookmark: _Toc230956820]To interpret the results, it is useful to consider how the starting oxide scale condition, acid access and spent liquor chemistry may have interacted during pickling. This interpretation does not prove the effect of each individual alloying element, but it helps explain why residual content alone did not predict the measured response.
Before pickling, each sample already had an oxide scale formed during previous high-temperature processing. The clear differences between the steel families suggest that the starting scale condition was not controlled by residual content alone. Steel grade, residual chemistry, thermal history and surface condition may all have influenced the scale thickness, continuity, phase balance and adhesion before acid exposure. For this reason, steel family should be treated as an important influence on pickling behaviour, rather than assuming that Cu, Cr and Ni alone controlled the response.
Once the samples were exposed to hydrochloric acid, the physical condition of the scale became critical. A dense and continuous scale would be expected to slow acid penetration, while a porous, cracked or discontinuous scale would allow acid to reach lower oxide layers or the steel substrate more easily. This is consistent with the microscopy results, where several samples with relatively thick or residual-rich scales still showed high mass loss because the scale was not compact or fully protective.
The ICP-OES results also support this interpretation. Where the acid mainly dissolved iron oxides, mass loss and Fe concentration increased as the scale was removed. Where acid penetrated through damaged or discontinuous scale, localised attack of lower oxide layers or exposed substrate may have contributed to higher mass loss. The detection of Cu, Cr and Ni in the spent liquors shows that residual-bearing material was exposed or dissolved during pickling, but these elements did not directly predict total mass loss.
Overall, the results suggest that pickling behaviour was controlled less by residual content alone and more by how residual chemistry, steel family and scale condition affected acid access. In practical terms, a residual-rich scale may only slow pickling if it remains dense and protective. If the scale is porous or broken, acid can still penetrate and produce high mass loss.
5.4 Influence of Steel Family and Residual Chemistry
A key finding was that steel family had a stronger influence on pickling behaviour than residual level alone. Grade A and Grade B showed the highest average mass loss, while Grade C showed a moderate response and Grade D showed the lowest average response among the main EAF sample groups. This supports the literature discussed in Sections 2.2, 2.5 and 2.8, where steel behaviour during oxidation was shown to depend on the wider alloy system, processing history and scale condition rather than one residual element in isolation.
Copper remained important because it formed the clearest residual ladder and was detected in the spent liquors. This confirms that copper-bearing material was exposed or dissolved during acid attack. However, high copper content did not consistently produce lower mass loss. Grade A High and Grade B High contained elevated copper but still showed high pickling losses, while Grade D High 2 also contained elevated copper but showed a lower response. This partly supports Section 2.7: copper is relevant, but it is not a standalone predictor of pickling rate.
The most likely explanation is that copper’s effect depends on the structure of the scale formed above the interfacial region. If copper enrichment is associated with a dense and adherent scale, it may reduce acid access. If the scale is cracked, porous or discontinuous, acid can bypass any local protective effect and attack iron-rich oxides or exposed substrate. This helps explain why steels with similar residual levels behaved differently.
Chromium and nickel were also detected in the liquors, supporting Section 2.8, where they were identified as residuals capable of modifying oxide chemistry and residual interactions. However, neither element showed a direct relationship with total mass loss. Their effect appeared secondary compared with steel family and scale condition, which is likely because their concentrations were residual-level additions rather than high alloy contents. Their main significance may therefore be for spent liquor chemistry, acid regeneration and waste treatment rather than direct control of pickling rate.
5.5 Relationship Between Mass Loss and ICP-OES Results
The strongest ICP-OES relationship was between pickling time, mass loss and dissolved Fe concentration. Fe generally increased with exposure time and broadly followed the gravimetric trends, supporting Sections 2.4 and 2.11. This confirms that hydrochloric acid removed iron-containing oxide scale and, in some cases, may also have attacked exposed surface material.
However, Fe concentration and mass loss were not perfectly linear. This is expected because mass loss measures all material removed from the specimen, while ICP-OES only measures dissolved species in the liquor. Some oxide may have detached physically rather than fully dissolving, and localised attack may have varied between samples. The ICP-OES results therefore support the mass loss data, but they should not be treated as identical measures of pickling behaviour.

[bookmark: _Toc230956824]5.6 Influence of Oxide Scale Thickness and Morphology
Optical microscopy showed that oxide scale thickness varied significantly between samples. However, thickness alone did not explain pickling behaviour. This supports Section 2.6, where scale morphology, adhesion and cracking were shown to be as important as scale thickness.
For example, sample Grade A Low had a relatively thick scale, averaging approximately 42.2 µm, but still showed high mass loss. This suggests that the scale was not acting as a compact protective barrier. In contrast, sample 24105 had a very thin oxide layer, averaging approximately 4.0 µm, but showed very low pickling loss. Therefore, a thicker scale did not automatically mean slower pickling, and a thinner scale did not automatically mean greater dissolution.
The key controlling factor appears to have been acid accessibility. Many EAF samples showed porous, rough, fragmented or locally discontinuous scales. These features provide pathways for acid to penetrate through the oxide and reach lower oxide layers or the steel substrate. Once this occurs, pickling may accelerate even if the scale is chemically complex.
This provides a mechanistic explanation for why some high-residual samples did not pickle more slowly. Residual elements may have altered the scale, but the resulting scale was not necessarily more protective. In some cases, residual-rich steels may form scales that are disrupted or less adherent, producing higher apparent mass loss.
[bookmark: _Toc230956825]5.7 Interpretation of XRD Results
The XRD analysis identified mixed oxide phases, mainly magnetite, hematite and wüstite, with metallic iron also detected in several samples. This supports Section 2.4, where hot-rolled steel scale was described as a layered or mixed oxide system rather than a single uniform oxide.
The XRD results did not identify one oxide phase that controlled pickling behaviour. Several high-loss samples were magnetite-dominant, including samples from the Grade A and Grade B families. Sample Grade D Mid was strongly hematite-rich but still showed relatively high mass loss within the Grade D family. Sample Grade C High had the highest normalised wüstite content but did not produce the highest overall loss.
This shows that oxide phase balance alone was not sufficient to explain pickling performance. The same oxide phase may behave differently depending on whether it is present in a dense, continuous layer or in a cracked, porous scale. Therefore, phase composition must be interpreted alongside morphology.
The detection of metallic iron is also important. It suggests that the XRD beam detected exposed or near-surface substrate in some samples, probably due to thin, discontinuous or damaged scale. This agrees with the microscopy observations and supports the proposed mechanism that acid access and scale continuity were central to the measured pickling response.
5.10 Integrated Interpretation
Overall, the results show that the original assumption that higher residual content would simply slow pickling was too narrow. The literature correctly identified residual elements as important for oxide scale behaviour, but the experimental results show that their effect depends on the physical and chemical condition of the scale.
The main finding is that pickling behaviour was controlled by the interaction between steel family, residual chemistry, oxide morphology, phase balance and acid accessibility. Copper, chromium and nickel entered the spent liquors, confirming their involvement, but they did not directly predict total mass loss. Similarly, scale thickness and XRD phase balance were useful supporting evidence, but neither explained the pickling response alone.
For future EAF production, pickling behaviour should therefore not be predicted from copper content or residual level alone. A more reliable approach would combine residual chemistry with oxide scale characterisation and grade-specific pickling trials. This directly addresses the research gap identified in Section 2.12 and supports the need for further work on residual-bearing steels under realistic industrial conditions.
6. Limitations and Future Work
6.1 Sample Size, Repeatability and Statistical Confidence
One of the main limitations of this study was the relatively small sample size within each steel family and residual level. Although the results showed clear comparative trends, each condition was represented by a limited number of specimens. This increases uncertainty because individual sample behaviour may not fully represent the wider steel family or residual category.
This was particularly important for the gravimetric pickling results, where the measured mass losses were small. Minor differences caused by balance uncertainty, drying, handling, surface contamination or local oxide detachment could therefore produce relatively large percentage changes. For this reason, the percentage mass loss values should be interpreted as comparative trends rather than precise kinetic constants.
Future work should include at least three repeats per condition so that mean values, standard deviations and error bars can be calculated. This would improve confidence in the trends and allow clearer comparison between steel families, residual levels and pickling times. It would also be beneficial to normalise mass loss by exposed surface area, using units such as mg/cm² or g/m², rather than relying only on percentage mass loss.
6.2 Oxide Scale Fragility and Pre-Test Condition
A further limitation was the fragile and variable condition of the oxide scale. Some samples showed porous, cracked or loosely attached oxide layers, meaning that scale may have been damaged or partially detached during cutting, handling, mounting, polishing or transfer before testing. This could influence the results in two ways. If scale was lost before pickling, less oxide would be available to dissolve. Alternatively, if scale detached physically during acid exposure, it could contribute to mass loss without being fully reflected in the ICP-OES liquor chemistry.
Future testing should therefore include tighter control and documentation of the oxide scale condition before pickling. Each sample should be photographed before testing to record whether the scale is intact, cracked, detached, porous or damaged. Consistent cutting, handling and preparation procedures should also be used to minimise pre-test scale damage. This would help separate true chemical dissolution from physical scale loss.
6.3 Microscopy, XRD and Further Characterisation
Optical microscopy provided useful evidence of scale thickness and morphology, but it only examined selected cross-sectional regions. Since oxide scale thickness varied across the sample surface, measurements from one area may not fully represent the whole sample. This was particularly relevant where the scale was uneven, nodular, cracked or locally discontinuous.
XRD also provided useful information on oxide phase composition, but the results should be treated as semi-quantitative. In some samples, metallic iron was detected strongly, suggesting that the XRD signal may have included the underlying steel substrate where the oxide scale was thin, damaged or discontinuous. XRD also provides an average surface measurement and does not show how oxide phases are layered through the scale thickness.
Future work should increase the number of microscopy images and measurement points per sample. SEM-EDS analysis is also recommended to investigate the distribution of Cu, Cr and Ni within the oxide scale, particularly at the oxide/metal interface, cracks, pores and locally detached regions. This would help determine whether residual elements are influencing scale adhesion, porosity, interfacial behaviour or localised dissolution. XRD should also be expanded across more samples but interpreted alongside microscopy and SEM-EDS rather than as a standalone technique.
6.4 Laboratory Pickling Conditions and Time Resolution
The pickling trials were carried out under controlled laboratory conditions, which allowed direct comparison between samples. However, these conditions do not fully replicate industrial pickling, where factors such as acid flow, agitation, temperature control, inhibitor behaviour, strip movement, line speed, liquor ageing and mechanical scale cracking may influence removal behaviour. Therefore, the results provide useful comparative data but should not be transferred directly to plant operation without further validation.
The selected time intervals of 30 s, 180 s, 1200 s and 3600 s allowed short, medium and long exposure behaviour to be assessed. However, the largest increase in mass loss often occurred between 180 s and 1200 s, and no intermediate points were included in this range. Future work should include additional intervals such as 300 s, 600 s and 900 s to define the main scale removal stage more accurately.
6.5 Future Industrial Application
The results suggest that future EAF pickling behaviour should not be assessed using residual content alone. Steel family, residual chemistry, oxide scale thickness, morphology, phase balance and spent liquor chemistry should be considered together. Future process development should therefore aim to develop grade-specific pickling guidance rather than relying only on copper content or general residual thresholds.
Industrial validation is also required before applying these findings to plant operation. Future trials should use representative acid concentration, temperature, inhibitor use, agitation, strip movement and exposure times. Linking this work with wider industrial research programmes such as ReselScale would also be valuable, as this could place the findings within a larger dataset on residual elements, scale behaviour, descaling, rolling and pickling.
Overall, this study provides useful preliminary evidence that residual-bearing EAF steels may show complex and family-dependent pickling behaviour. However, further repeat testing, improved scale documentation, SEM-EDS analysis, expanded XRD and industrial validation are required before firm operational conclusions can be made.
.
[bookmark: _Toc230956846]8. Conclusion
This project investigated the influence of residual element content on oxide scale behaviour, hydrochloric acid pickling response and spent liquor composition in steels representative of future EAF production at Tata Steel Port Talbot. The study was based on the expectation that increased residual levels, particularly copper, chromium and nickel, may slow or complicate pickling by producing more complex, adherent or chemically resistant oxide scales.
The results showed that pickling response generally increased with exposure time, with the largest increase in percentage mass loss typically occurring between 180 s and 1200 s. However, increased residual content did not consistently reduce pickling response. Instead, steel family had a stronger influence than residual level alone. Grade A and Grade B showed the highest overall pickling response, Grade C showed moderate behaviour, and Grade D showed the lowest average response among the main EAF residual steel families.
ICP-OES analysis supported the mass loss results, with iron concentration generally increasing with pickling time. Copper, chromium and nickel were also detected in the spent liquors, confirming that residual-bearing material entered solution during acid exposure. However, these elements did not show a direct one-to-one relationship with total mass loss. Copper formed the clearest residual chemistry ladder, but it was not a standalone predictor of pickling behaviour.
Optical microscopy and XRD helped explain this behaviour. Microscopy showed that oxide scale thickness varied considerably, but thickness alone did not control pickling response. Many scales were porous, fragmented, irregular or locally discontinuous, which may have allowed acid to penetrate through the scale and attack lower oxide layers or the steel substrate. XRD confirmed mixed oxide phases, mainly magnetite, hematite and wüstite, but no single oxide phase fully explained the measured pickling behaviour.
Overall, the original hypothesis was only partly supported. Residual elements were clearly involved in the system, but increased residual content did not consistently slow pickling. The findings suggest that residual elements influence pickling indirectly through their effect on oxide scale formation and surface condition, rather than acting as a simple linear control on dissolution rate.
The main conclusion is that future EAF steels should not be assessed on residual content alone when considering pickling performance. A more reliable approach should combine steel family, residual chemistry, oxide morphology, oxide phase composition and spent liquor chemistry. This is important for Tata Steel Port Talbot because future scrap-based EAF production may require more grade-specific understanding of pickling behaviour, acid management and spent liquor monitoring.
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Grade A EAF Low-High %Loss vS Time 

3335_EAF_LOW	
30	180	1200	3600	4.2060988433223548E-2	0.1778774289985155	0.85377212045949402	0.99957182300049185	3335_EAF_MID	
30	180	1200	3600	7.9290962592288877E-2	0.20473027144656303	1.1565092819196514	1.315845384626283	3335_EAF_HIGH	
30	180	1200	3600	6.8689810553501027E-2	0.21865889212828818	0.88023088023087936	1.2818062684285199	3607_EAF_MID Retest 	
30	180	1200	3600	7.6887590342906403E-2	0.37324444907382659	0.87092292045665465	1.2376598037217155	3607_EAF_HIGH Retest	
30	180	1200	3600	7.0985162709123126E-2	0.30063451226387	0.7619158402884747	1.2350470593127441	% Loss	
3607_EAF_LOW	3607_EAF_LOW	3607_EAF_LOW	3607_EAF_LOW	3607_EAF_MID	3607_EAF_MID	3607_EAF_MID	3607_EAF_MID	3607_EAF_HIGH	3607_EAF_HIGH	3607_EAF_HIGH	3607_EAF_HIGH	30	180	1200	3600	30	180	1200	3600	30	180	1200	3600	4.2060988433223548E-2	0.1778774289985155	0.85377212045949402	0.99957182300049185	7.9290962592288877E-2	0.20473027144656303	1.1565092819196514	1.315845384626283	6.8689810553501027E-2	0.21865889212828818	0.88023088023087936	1.2818062684285199	Time (S)



%Loss




Grade B EAF Low-High %Loss vS Time 

3827_EAF_LOW	
30	180	1200	3600	0.10194219745011873	0.33661348775423933	0.41623014412322495	0.99779670769188122	3827_EAF_MID	
30	180	1200	3600	9.7084760389419045E-2	0.33736717021333729	0.67086687667715816	1.1689979052638695	3827_EAF_HIGH	
30	180	1200	3600	6.0619027242889416E-2	0.15029375597759423	0.94513472008935251	1.6330351570626118	3827_EAF_MID Retest 	
30	180	1200	3600	0.10384215991692382	0.35329167655355681	0.63930479063460943	0.85456744839427867	3827_EAF_LOW Retest	
30	180	1200	3600	9.4840932230576991E-2	0.27237195113647822	0.3868608004501633	0.58721245118441312	3827_EAF_HIGH Retest 	
30	180	1200	3600	5.7470263492440304E-2	0.14060044661318624	0.92776954035162806	1.0804938561592539	% Loss	
3607_EAF_LOW	3607_EAF_LOW	3607_EAF_LOW	3607_EAF_LOW	3607_EAF_MID	3607_EAF_MID	3607_EAF_MID	3607_EAF_MID	3607_EAF_HIGH	3607_EAF_HIGH	3607_EAF_HIGH	3607_EAF_HIGH	30	180	1200	3600	30	180	1200	3600	30	180	1200	3600	4.2060988433223548E-2	0.1778774289985155	0.85377212045949402	0.99957182300049185	7.9290962592288877E-2	0.20473027144656303	1.1565092819196514	1.315845384626283	6.8689810553501027E-2	0.21865889212828818	0.88023088023087936	1.2818062684285199	Time (S)



%Loss




Grade C EAF Low-High %Loss vS Time 

3832 Low	
30	180	1200	3600	5.6789224608660982E-2	0.13441537711914253	0.53051162656595185	0.86356325249465005	3832 Mid	
30	180	1200	3600	6.4470110559377042E-2	0.21054358525647537	0.42112676056337456	0.92815781453467661	3832 High	
30	180	1200	3600	0.10705778443915112	0.1964020465423304	0.40714770413933699	0.78738974289620534	3832 Base	
30	180	1200	3600	5.5616579302283885E-2	0.24369540812134624	0.58077334556014448	0.61556349708463109	3832 Base Retest	
30	180	1200	3600	8.1218563428836169E-2	0.30739454659303522	0.53851719915395069	0.62440030360749454	3832 High Retest	
30	180	1200	3600	9.9946507503018672E-2	0.218843028401324	0.46183762761303176	0.8371634931057097	Time (S)
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Grade D EAF Low-High %Loss vS Time 

3554 Low	
30	180	1200	3600	7.8733418913135428E-2	0.18013994342711528	0.34702994056188774	0.50821453685355267	3554 Mid	
30	180	1200	3600	7.9539993703089784E-2	0.18663047166610316	0.6762252595652487	0.77530509691314375	3554 High 2	
30	180	1200	3600	4.7218196916168922E-2	0.15685044310249843	0.34512657474625147	0.53650876733839203	3554 Base	
30	180	1200	3600	5.7559478127395258E-2	0.16705254828404906	0.40864577708372246	0.5732790687497249	3554 Mid Retest	
30	180	1200	3600	0.11213595299766771	0.25400984088440554	0.61226366753820927	0.82284128085655284	3554 High Retest	
30	180	1200	3600	6.9189676256687843E-2	0.22511682787101517	0.3738975889473784	0.54143771049196465	% Loss	
3607_EAF_LOW	3607_EAF_LOW	3607_EAF_LOW	3607_EAF_LOW	3607_EAF_MID	3607_EAF_MID	3607_EAF_MID	3607_EAF_MID	3607_EAF_HIGH	3607_EAF_HIGH	3607_EAF_HIGH	3607_EAF_HIGH	30	180	1200	3600	30	180	1200	3600	30	180	1200	3600	4.2060988433223548E-2	0.1778774289985155	0.85377212045949402	0.99957182300049185	7.9290962592288877E-2	0.20473027144656303	1.1565092819196514	1.315845384626283	6.8689810553501027E-2	0.21865889212828818	0.88023088023087936	1.2818062684285199	Time (S)
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Grade A EAF Fe (ppm)
 vS Time 

3607_EAF_MID	
30	180	1200	3600	131.63999999999999	263.52	924.94999999999993	1219.1499999999999	3607_EAF_HIGH	
30	180	1200	3600	62.643000000000001	309.70999999999998	1000.6	920.95	3607_EAF_LOW	
30	180	1200	3600	29.437999999999999	95.638999999999996	538.58399999999995	724.62400000000002	3607_EAF_MID Retest 	
30	180	1200	3600	63.372999999999998	373.74200000000002	901.12800000000004	1386.8309999999999	3607_EAF_HIGH Retest	
30	180	1200	3600	40.529000000000003	143.50899999999999	418.85500000000002	447.67399999999998	3554 Low	
30	180	1200	3600	4.5999999999999375E-3	1.2099999999999334E-2	1.8799999999999706E-2	3.1800000000000495E-2	Time (S)



%Loss




Grade B EAF Fe (ppm)
 vS Time 

3827_EAF_MID	
30	180	1200	3600	36.646999999999998	304.31200000000001	456.404	418.762	3827_EAF_HIGH	
30	180	1200	3600	42.915999999999997	278.553	266.63600000000002	544.16300000000001	3827_EAF_LOW	
30	180	1200	3600	39.71	162.619	454.45299999999997	524.40300000000002	3827_EAF_LOW Retest	
30	180	1200	3600	63.372999999999998	373.74200000000002	901.12800000000004	1386.8309999999999	3827_EAF_MID Retest 	
30	180	1200	3600	63.110999999999997	481.47399999999999	1049.0619999999999	730.51700000000005	3827_EAF_HIGH Retest 	
30	180	1200	3600	71.299000000000007	187.489	254.95699999999999	222.178	3554 Low	
30	180	1200	3600	4.5999999999999375E-3	1.2099999999999334E-2	1.8799999999999706E-2	3.1800000000000495E-2	Time (S)



%Loss




Grade C EAF Fe (ppm)
 vS Time 

3832 High	
30	180	1200	3600	33.526000000000003	173.4	465.54	690.55	3832 Mid	
30	180	1200	3600	49.637	222.28000000000003	585.15	812.25	3832 Low	
30	180	1200	3600	43.753999999999998	97.550000000000011	585.94999999999993	753.80000000000007	3832 Base	
30	180	1200	3600	47.414000000000001	181.46	193.01499999999999	389.47	3832 Base Retest	
30	180	1200	3600	34.533000000000001	356.93200000000002	691.76499999999999	698.97500000000002	3832 High Retest	
30	180	1200	3600	61.052	101.298	232.61799999999999	411.392	Time (S)



%Loss




3554 EAF Fe (ppm)
 vS Time 

3554 High 2	
30	180	1200	3600	39.619500000000002	162.47	612.66899999999998	731.99199999999996	3554 Mid	
30	180	1200	3600	60.217399999999998	164.965	484.87400000000002	578.02200000000005	3554 Low	
30	180	1200	3600	61.17	165.39000000000001	247.2	551.07600000000002	3554 Base	
30	180	1200	3600	42.283999999999999	248.4	423.23	705.15	3554 Mid Retest	
30	180	1200	3600	91.242999999999995	301.875	1072.9639999999999	1515.173	3554 High Retest	
30	180	1200	3600	43.502000000000002	37.442999999999998	221.57400000000001	1059.309	Time (S)



%Loss




Grade A EAF Cu (ppm)
 vS Time 

3607_EAF_HIGH	
30	180	1200	3600	0.16	0.42	0.71	0.85	3607_EAF_MID	
30	180	1200	3600	0.64	0.98	1.77	2.2599999999999998	3607_EAF_LOW	
30	180	1200	3600	0.08	0.11	0.44	0.27	3554 Base	
30	180	1200	3600	42.283999999999999	248.4	423.23	705.15	3607_EAF_MID Retest 	
30	180	1200	3600	0.38	1.17	3.47	3.07	3607_EAF_HIGH Retest	
30	180	1200	3600	0.34	1.05	3.13	3.43	Time (S)



%Loss




Grade B EAF Cu (ppm)
 vS Time 

3827_EAF_HIGH	
30	180	1200	3600	0.25	0.89	0.85	2.54	3827_EAF_MID	
30	180	1200	3600	0.13	0.72	0.95	0.75	3827_EAF_LOW	
30	180	1200	3600	0.27	0.38	0.13	0.37	3827_EAF_LOW Retest	
30	180	1200	3600	1.06	0.71	1.1400000000000001	0.79	3827_EAF_MID Retest 	
30	180	1200	3600	0.26	0.77	1.74	1.9	3827_EAF_HIGH Retest 	
30	180	1200	3600	0.38	1.17	3.07	3.47	3554 Base	
30	180	1200	3600	42.283999999999999	248.4	423.23	705.15	Time (S)



%Loss




Grade C EAF Cu (ppm)
 vS Time 

3832 High	
30	180	1200	3600	0.21	7.0000000000000007E-2	0.11	0.35	3832 Mid	
30	180	1200	3600	0.17	0.21	0.19	0.59	3832 Low	
30	180	1200	3600	0.1	0.09	0.13	0.51	3832 Base	
30	180	1200	3600	0.06	0	0.08	0.06	3832 Base Retest	
30	180	1200	3600	0.06	0.19	0.25	0.2	3832 High Retest	
30	180	1200	3600	1.1100000000000001	0.97	1.41	2.38	Time (S)



%Loss




3554 EAF Cu (ppm)
 vS Time 

3554 High 2	
30	180	1200	3600	0.10500000000000001	0.154	0.14699999999999999	0.21200000000000002	3554 Mid	
30	180	1200	3600	0.10100000000000001	0.11200000000000002	0.254	0.21200000000000002	3554 Low	
30	180	1200	3600	7.0000000000000007E-2	0.09	0	0.14000000000000001	3554 Base	
30	180	1200	3600	0.05	0.08	0.06	0.17	3554 Mid Retest	
30	180	1200	3600	0.48	0.68	1.41	4.03	3554 High Retest	
30	180	1200	3600	0.42	0.21	0.95	4.59	Time (S)



%Loss




Grade A EAF Fe (ppm)
 vS % Loss 

3607_EAF_LOW	
4.2060988433223548E-2	0.1778774289985155	0.85377212045949402	0.99957182300049185	29.437999999999999	95.638999999999996	538.58399999999995	724.62400000000002	3607_EAF_MID	
7.9290962592288877E-2	0.20473027144656303	1.1565092819196514	1.315845384626283	131.63999999999999	263.52	924.94999999999993	1219.1499999999999	3607_EAF_HIGH	
6.8689810553501027E-2	0.21865889212828818	0.88023088023087936	1.2818062684285199	62.643000000000001	309.70999999999998	1000.6	920.95	3607_EAF_MID Retest 	
7.6887590342906403E-2	0.37324444907382659	0.87092292045665465	1.2376598037217155	63.372999999999998	373.74200000000002	901.12800000000004	1386.8309999999999	3607_EAF_HIGH Retest	
7.0985162709123126E-2	0.30063451226387	0.7619158402884747	1.2350470593127441	40.529000000000003	143.50899999999999	418.85500000000002	447.67399999999998	3554 Base	
30	180	1200	3600	0	7.0000000000000007E-2	0.16	0.17	Loss (%)



Fe (ppm)




Grade B EAF Fe (ppm)
 vS % Loss 

3827_EAF_LOW	
0.10194219745011873	0.33661348775423933	0.41623014412322495	0.99779670769188122	39.71	162.619	454.45299999999997	524.40300000000002	3827_EAF_MID	
9.7084760389419045E-2	0.33736717021333729	0.67086687667715816	1.1689979052638695	36.646999999999998	304.31200000000001	456.404	418.762	3827_EAF_HIGH	
6.0619027242889416E-2	0.15029375597759423	0.94513472008935251	1.6330351570626118	42.915999999999997	278.553	266.63600000000002	544.16300000000001	3554 Base	
30	180	1200	3600	0	7.0000000000000007E-2	0.16	0.17	3827_EAF_LOW Retest	
9.4840932230576991E-2	0.27237195113647822	0.3868608004501633	0.58721245118441312	63.372999999999998	373.74200000000002	901.12800000000004	1386.8309999999999	3827_EAF_MID Retest 	
0.10384215991692382	0.35329167655355681	0.63930479063460943	0.85456744839427867	63.110999999999997	481.47399999999999	730.51700000000005	3827_EAF_HIGH Retest 	
5.7470263492440304E-2	0.14060044661318624	0.92776954035162806	1.0804938561592539	71.299000000000007	187.489	254.95699999999999	222.178	Loss (%)



Fe (ppm)




Grade C EAF Fe (ppm)
 vS % Loss 

3832 Low	
5.6789224608660982E-2	0.13441537711914253	0.53051162656595185	0.86356325249465005	43.753999999999998	97.550000000000011	585.94999999999993	753.80000000000007	3832 Mid	
6.4470110559377042E-2	0.21054358525647537	0.42112676056337456	0.92815781453467661	49.637	222.28000000000003	585.15	812.25	3832 High	
0.10705778443915112	0.1964020465423304	0.40714770413933699	0.78738974289620534	33.526000000000003	173.4	465.54	690.55	3832 Base	
5.5616579302283885E-2	0.24369540812134624	0.58077334556014448	0.61556349708463109	47.414000000000001	181.46	193.01499999999999	389.47	3832 Base Retest	
8.1218563428836169E-2	0.30739454659303522	0.53851719915395069	0.62440030360749454	34.533000000000001	356.93200000000002	691.76499999999999	698.97500000000002	3832 High Retest	
9.9946507503018672E-2	0.218843028401324	0.46183762761303176	0.8371634931057097	61.052	101.298	232.61799999999999	411.392	Loss (%)



Fe (ppm)




3554 EAF Fe (ppm)
 vS % Loss 

3554 Low	
7.8733418913135428E-2	0.18013994342711528	0.34702994056188774	0.50821453685355267	61.17	165.39000000000001	247.2	551.07600000000002	3554 Mid	
7.9539993703089784E-2	0.18663047166610316	0.6762252595652487	0.77530509691314375	60.217399999999998	164.965	484.87400000000002	578.02200000000005	3554 High 2	
4.7218196916168922E-2	0.15685044310249843	0.34512657474625147	0.53650876733839203	39.619500000000002	162.47	612.66899999999998	731.99199999999996	3554 Base	
5.7559478127395258E-2	0.16705254828404906	0.40864577708372246	0.5732790687497249	42.283999999999999	248.4	423.23	705.15	3554 Mid Retest	
0.11213595299766771	0.25400984088440554	0.61226366753820927	0.82284128085655284	91.242999999999995	301.875	1072.9639999999999	1515.173	3554 High Retest	
6.9189676256687843E-2	0.22511682787101517	0.3738975889473784	0.54143771049196465	43.502000000000002	37.442999999999998	221.57400000000001	1059.309	Loss (%)



Fe (ppm)




Grade A EAF cu (ppm)
 vS % Loss 

3607_EAF_LOW	
4.2060988433223548E-2	0.1778774289985155	0.85377212045949402	0.99957182300049185	0.08	0.11	0.44	0.27	3607_EAF_MID	
7.9290962592288877E-2	0.20473027144656303	1.1565092819196514	1.315845384626283	0.64	0.98	1.77	2.2599999999999998	3607_EAF_HIGH	
6.8689810553501027E-2	0.21865889212828818	0.88023088023087936	1.2818062684285199	0.16	0.42	0.71	0.85	3607_EAF_MID Retest 	
7.6887590342906403E-2	0.37324444907382659	0.87092292045665465	1.2376598037217155	0.38	1.17	3.47	3.07	3607_EAF_HIGH Retest	
7.0985162709123126E-2	0.30063451226387	0.7619158402884747	1.2350470593127441	0.34	1.05	3.13	3.43	3554 Base	
30	180	1200	3600	0	7.0000000000000007E-2	0.16	0.17	Loss (%)



Cu (ppm)




Grade B EAF cu (ppm)
 vS % Loss 

3827_EAF_LOW	0.10194219745011873	0.33661348775423933	0.41623014412322495	0.99779670769188122	0.27	0.38	0.13	0.37	3827_EAF_MID	9.7084760389419045E-2	0.33736717021333729	0.67086687667715816	1.1689979052638695	0.13	0.72	0.95	0.75	3827_EAF_HIGH	6.0619027242889416E-2	0.15029375597759423	0.94513472008935251	1.6330351570626118	0.25	0.89	0.85	2.54	3827_EAF_LOW Retest	
9.4840932230576991E-2	0.27237195113647822	0.3868608004501633	0.58721245118441312	1.06	0.71	1.1400000000000001	0.79	3827_EAF_MID Retest 	
0.10384215991692382	0.35329167655355681	0.63930479063460943	0.85456744839427867	0.26	0.77	1.74	1.9	3827_EAF_HIGH Retest 	
5.7470263492440304E-2	0.14060044661318624	0.92776954035162806	1.0804938561592539	0.38	1.17	3.07	3.47	3554 Base	30	180	1200	3600	0	7.0000000000000007E-2	0.16	0.17	Loss (%)



 cu (ppm)




Grade C EAF cu (ppm)
 vS % Loss 

3832 Low	5.6789224608660982E-2	0.13441537711914253	0.53051162656595185	0.86356325249465005	0.1	0.09	0.13	0.51	3832 Mid	6.4470110559377042E-2	0.21054358525647537	0.42112676056337456	0.92815781453467661	0.17	0.21	0.19	0.59	3832 High	0.10705778443915112	0.1964020465423304	0.40714770413933699	0.78738974289620534	0.21	7.0000000000000007E-2	0.11	0.35	3832 Base	5.5616579302283885E-2	0.24369540812134624	0.58077334556014448	0.61556349708463109	0.06	0	0.08	0.06	3832 Base Retest	
8.1218563428836169E-2	0.30739454659303522	0.53851719915395069	0.62440030360749454	0.06	0.19	0.25	0.2	3832 High Retest	
9.9946507503018672E-2	0.218843028401324	0.46183762761303176	0.8371634931057097	1.1100000000000001	0.97	1.41	2.38	Loss (%)



cu ((ppm)




3554 EAF cu (ppm)
 vS % Loss 

3554 Low	7.8733418913135428E-2	0.18013994342711528	0.34702994056188774	0.50821453685355267	7.0000000000000007E-2	0.09	0	0.14000000000000001	3554 Mid	7.9539993703089784E-2	0.18663047166610316	0.6762252595652487	0.77530509691314375	0.10100000000000001	0.11200000000000002	0.254	0.21200000000000002	3554 High 2	4.7218196916168922E-2	0.15685044310249843	0.34512657474625147	0.53650876733839203	0.10500000000000001	0.154	0.14699999999999999	0.21200000000000002	3554 Base	5.7559478127395258E-2	0.16705254828404906	0.40864577708372246	0.5732790687497249	0.05	0.08	0.06	0.17	3554 Mid Retest	
0.11213595299766771	0.25400984088440554	0.61226366753820927	0.82284128085655284	0.48	0.68	1.41	4.03	3554 High Retest	
6.9189676256687843E-2	0.22511682787101517	0.3738975889473784	0.54143771049196465	0.42	0.21	0.95	4.59	Loss (%)



cu (ppm)




Iron Phases

Magnetite	2509	2493	2494	2492	2490	2489	2488	2524	2520	2510	2502	2487	29	55	13	58	41	41	53	38	43	76	45	59	Hematite	2509	2493	2494	2492	2490	2489	2488	2524	2520	2510	2502	2487	66	6	82	15	18	42	32	12	9	16	13	9	Wustite	2509	2493	2494	2492	2490	2489	2488	2524	2520	2510	2502	2487	1	9	5	13	17	3	15	3	9	1	11	Iron	2509	2493	2494	2492	2490	2489	2488	2524	2520	2510	2502	2487	4	30	14	25	14	48	39	7	42	21	



Normalised XRD oxide phase balance excluding metallic Fe


Magnetite	2509	2493	2494	2492	2490	2489	2488	2524	2520	2510	2502	2487	30.208333333333336	78.571428571428569	13	67.441860465116278	53.947368421052637	47.674418604651166	53	71.698113207547166	70.491803278688522	81.72043010752688	77.586206896551715	74.683544303797476	Hematite	2509	2493	2494	2492	2490	2489	2488	2524	2520	2510	2502	2487	68.75	8.5714285714285712	82	17.441860465116282	23.684210526315791	48.837209302325583	32	22.641509433962263	14.754098360655739	17.204301075268816	22.413793103448274	11.39240506329114	Wustite	2509	2493	2494	2492	2490	2489	2488	2524	2520	2510	2502	2487	1.0416666666666667	12.857142857142858	5	15.116279069767442	22.368421052631582	3.4883720930232558	15	5.6603773584905657	14.754098360655739	1.075268817204301	0	13.924050632911394	



Grade A EAF Low-High %Loss vS Time 

3335_EAF_LOW	
30	180	1200	3600	4.2060988433223548E-2	0.1778774289985155	0.85377212045949402	0.99957182300049185	3335_EAF_MID	
30	180	1200	3600	7.9290962592288877E-2	0.20473027144656303	1.1565092819196514	1.315845384626283	3335_EAF_HIGH	
30	180	1200	3600	6.8689810553501027E-2	0.21865889212828818	0.88023088023087936	1.2818062684285199	3607_EAF_MID Retest 	
30	180	1200	3600	7.6887590342906403E-2	0.37324444907382659	0.87092292045665465	1.2376598037217155	3607_EAF_HIGH Retest	
30	180	1200	3600	7.0985162709123126E-2	0.30063451226387	0.7619158402884747	1.2350470593127441	% Loss	
3607_EAF_LOW	3607_EAF_LOW	3607_EAF_LOW	3607_EAF_LOW	3607_EAF_MID	3607_EAF_MID	3607_EAF_MID	3607_EAF_MID	3607_EAF_HIGH	3607_EAF_HIGH	3607_EAF_HIGH	3607_EAF_HIGH	30	180	1200	3600	30	180	1200	3600	30	180	1200	3600	4.2060988433223548E-2	0.1778774289985155	0.85377212045949402	0.99957182300049185	7.9290962592288877E-2	0.20473027144656303	1.1565092819196514	1.315845384626283	6.8689810553501027E-2	0.21865889212828818	0.88023088023087936	1.2818062684285199	Time (S)



%Loss




Grade B EAF Low-High %Loss vS Time 

3827_EAF_LOW	
30	180	1200	3600	0.10194219745011873	0.33661348775423933	0.41623014412322495	0.99779670769188122	3827_EAF_MID	
30	180	1200	3600	9.7084760389419045E-2	0.33736717021333729	0.67086687667715816	1.1689979052638695	3827_EAF_HIGH	
30	180	1200	3600	6.0619027242889416E-2	0.15029375597759423	0.94513472008935251	1.6330351570626118	3827_EAF_MID Retest 	
30	180	1200	3600	0.10384215991692382	0.35329167655355681	0.63930479063460943	0.85456744839427867	3827_EAF_LOW Retest	
30	180	1200	3600	9.4840932230576991E-2	0.27237195113647822	0.3868608004501633	0.58721245118441312	3827_EAF_HIGH Retest 	
30	180	1200	3600	5.7470263492440304E-2	0.14060044661318624	0.92776954035162806	1.0804938561592539	% Loss	
3607_EAF_LOW	3607_EAF_LOW	3607_EAF_LOW	3607_EAF_LOW	3607_EAF_MID	3607_EAF_MID	3607_EAF_MID	3607_EAF_MID	3607_EAF_HIGH	3607_EAF_HIGH	3607_EAF_HIGH	3607_EAF_HIGH	30	180	1200	3600	30	180	1200	3600	30	180	1200	3600	4.2060988433223548E-2	0.1778774289985155	0.85377212045949402	0.99957182300049185	7.9290962592288877E-2	0.20473027144656303	1.1565092819196514	1.315845384626283	6.8689810553501027E-2	0.21865889212828818	0.88023088023087936	1.2818062684285199	Time (S)



%Loss




Grade C EAF Low-High %Loss vS Time 

3832 Low	
30	180	1200	3600	5.6789224608660982E-2	0.13441537711914253	0.53051162656595185	0.86356325249465005	3832 Mid	
30	180	1200	3600	6.4470110559377042E-2	0.21054358525647537	0.42112676056337456	0.92815781453467661	3832 High	
30	180	1200	3600	0.10705778443915112	0.1964020465423304	0.40714770413933699	0.78738974289620534	3832 Base	
30	180	1200	3600	5.5616579302283885E-2	0.24369540812134624	0.58077334556014448	0.61556349708463109	3832 Base Retest	
30	180	1200	3600	8.1218563428836169E-2	0.30739454659303522	0.53851719915395069	0.62440030360749454	3832 High Retest	
30	180	1200	3600	9.9946507503018672E-2	0.218843028401324	0.46183762761303176	0.8371634931057097	Time (S)



%Loss




Grade D EAF Low-High %Loss vS Time 

3554 Low	
30	180	1200	3600	7.8733418913135428E-2	0.18013994342711528	0.34702994056188774	0.50821453685355267	3554 Mid	
30	180	1200	3600	7.9539993703089784E-2	0.18663047166610316	0.6762252595652487	0.77530509691314375	3554 High 2	
30	180	1200	3600	4.7218196916168922E-2	0.15685044310249843	0.34512657474625147	0.53650876733839203	3554 Base	
30	180	1200	3600	5.7559478127395258E-2	0.16705254828404906	0.40864577708372246	0.5732790687497249	3554 Mid Retest	
30	180	1200	3600	0.11213595299766771	0.25400984088440554	0.61226366753820927	0.82284128085655284	3554 High Retest	
30	180	1200	3600	6.9189676256687843E-2	0.22511682787101517	0.3738975889473784	0.54143771049196465	% Loss	
3607_EAF_LOW	3607_EAF_LOW	3607_EAF_LOW	3607_EAF_LOW	3607_EAF_MID	3607_EAF_MID	3607_EAF_MID	3607_EAF_MID	3607_EAF_HIGH	3607_EAF_HIGH	3607_EAF_HIGH	3607_EAF_HIGH	30	180	1200	3600	30	180	1200	3600	30	180	1200	3600	4.2060988433223548E-2	0.1778774289985155	0.85377212045949402	0.99957182300049185	7.9290962592288877E-2	0.20473027144656303	1.1565092819196514	1.315845384626283	6.8689810553501027E-2	0.21865889212828818	0.88023088023087936	1.2818062684285199	Time (S)



%Loss




Grade C EAF Low-High Weight Loss (g)
 vS Time 

3607_EAF_LOW	
30	180	1200	3600	2.7999999999996916E-3	1.1900000000000688E-2	5.5000000000000604E-2	6.7700000000000315E-2	3607_EAF_MID	
30	180	1200	3600	4.5000000000001705E-3	1.4299999999999535E-2	7.749999999999968E-2	9.2900000000000205E-2	3607_EAF_HIGH	
30	180	1200	3600	4.9999999999998934E-3	1.5000000000000568E-2	6.0999999999999943E-2	9.389999999999965E-2	3607_EAF_MID Retest 	
30	180	1200	3600	4.4999999999992824E-3	2.1499999999999631E-2	6.0799999999999521E-2	8.4999999999999964E-2	Time (S)



%Loss




Grade B EAF Low-High Weight Loss (g)
 vS Time 

3827_EAF_MID	
30	180	1200	3600	7.2000000000000952E-3	2.4699999999999278E-2	4.5999999999999375E-2	8.6500000000000021E-2	3827_EAF_HIGH	
30	180	1200	3600	3.3999999999991815E-3	1.1000000000000121E-2	6.7700000000000315E-2	0.10989999999999966	3607_EAF_HIGH Retest	
30	180	1200	3600	6.8000000000001393E-3	2.0000000000000462E-2	2.7499999999999858E-2	4.1200000000000792E-2	3827_EAF_LOW Retest	
30	180	1200	3600	7.6999999999998181E-3	2.6799999999999713E-2	4.6200000000000685E-2	6.5700000000000536E-2	3827_EAF_LOW	
30	180	1200	3600	7.6999999999998181E-3	2.6100000000000456E-2	2.9399999999999871E-2	7.1100000000000385E-2	Time (S)



%Loss




Grade C EAF Low-High Weight Loss (g)
 vS Time 

3832 Low	
30	180	1200	3600	3.8999999999997925E-3	8.0000000000000071E-3	3.6800000000000388E-2	5.5299999999999905E-2	3832 Mid	
30	180	1200	3600	4.6999999999997044E-3	1.5399999999999636E-2	2.9899999999999594E-2	6.7000000000000171E-2	3832 High	
30	180	1200	3600	8.0000000000000071E-3	1.18999999999998E-2	2.7000000000000135E-2	5.2399999999999558E-2	3827_EAF_MID Retest 	
30	180	1200	3600	5.6999999999991502E-3	2.1599999999999397E-2	3.8699999999999513E-2	4.3600000000000527E-2	3832 Base	
30	180	1200	3600	3.9999999999995595E-3	1.7799999999999372E-2	4.1800000000000281E-2	3.6000000000000476E-2	Time (S)



%Loss




Grade D EAF Low-High Weight Loss (g)
 vS Time 

3554 Low	
30	180	1200	3600	4.5999999999999375E-3	1.2099999999999334E-2	1.8799999999999706E-2	3.1800000000000495E-2	3554 Mid	
30	180	1200	3600	4.8000000000003595E-3	1.1000000000000121E-2	4.2400000000000659E-2	4.8600000000000421E-2	3554 High 2	
30	180	1200	3600	2.9000000000003467E-3	9.9999999999997868E-3	2.0299999999999763E-2	3.279999999999994E-2	3554 Base	
30	180	1200	3600	3.8999999999997925E-3	1.1400000000000077E-2	2.7999999999999581E-2	3.9299999999999891E-2	3827_EAF_HIGH Retest 	
30	180	1200	3600	7.0999999999994401E-3	1.3600000000000279E-2	3.0400000000000205E-2	5.6099999999999817E-2	Time (S)



%Loss




Grade A EAF Fe (ppm)
 vS Time 

3607_EAF_MID	
30	180	1200	3600	131.63999999999999	263.52	924.94999999999993	1219.1499999999999	3607_EAF_HIGH	
30	180	1200	3600	62.643000000000001	309.70999999999998	1000.6	920.95	3607_EAF_LOW	
30	180	1200	3600	29.437999999999999	95.638999999999996	538.58399999999995	724.62400000000002	3607_EAF_MID Retest 	
30	180	1200	3600	63.372999999999998	373.74200000000002	901.12800000000004	1386.8309999999999	3607_EAF_HIGH Retest	
30	180	1200	3600	40.529000000000003	143.50899999999999	418.85500000000002	447.67399999999998	3554 Low	
30	180	1200	3600	4.5999999999999375E-3	1.2099999999999334E-2	1.8799999999999706E-2	3.1800000000000495E-2	Time (S)



%Loss




Grade B EAF Fe (ppm)
 vS Time 

3827_EAF_MID	
30	180	1200	3600	36.646999999999998	304.31200000000001	456.404	418.762	3827_EAF_HIGH	
30	180	1200	3600	42.915999999999997	278.553	266.63600000000002	544.16300000000001	3827_EAF_LOW	
30	180	1200	3600	39.71	162.619	454.45299999999997	524.40300000000002	3827_EAF_LOW Retest	
30	180	1200	3600	63.372999999999998	373.74200000000002	901.12800000000004	1386.8309999999999	3827_EAF_MID Retest 	
30	180	1200	3600	63.110999999999997	481.47399999999999	1049.0619999999999	730.51700000000005	3827_EAF_HIGH Retest 	
30	180	1200	3600	71.299000000000007	187.489	254.95699999999999	222.178	3554 Low	
30	180	1200	3600	4.5999999999999375E-3	1.2099999999999334E-2	1.8799999999999706E-2	3.1800000000000495E-2	Time (S)



%Loss




Grade C EAF Fe (ppm)
 vS Time 

3832 High	
30	180	1200	3600	33.526000000000003	173.4	465.54	690.55	3832 Mid	
30	180	1200	3600	49.637	222.28000000000003	585.15	812.25	3832 Low	
30	180	1200	3600	43.753999999999998	97.550000000000011	585.94999999999993	753.80000000000007	3832 Base	
30	180	1200	3600	47.414000000000001	181.46	193.01499999999999	389.47	3832 Base Retest	
30	180	1200	3600	34.533000000000001	356.93200000000002	691.76499999999999	698.97500000000002	3832 High Retest	
30	180	1200	3600	61.052	101.298	232.61799999999999	411.392	Time (S)



%Loss




Grade D EAF Fe (ppm)
 vS Time 

3554 High 2	
30	180	1200	3600	39.619500000000002	162.47	612.66899999999998	731.99199999999996	3554 Mid	
30	180	1200	3600	60.217399999999998	164.965	484.87400000000002	578.02200000000005	3554 Low	
30	180	1200	3600	61.17	165.39000000000001	247.2	551.07600000000002	3554 Base	
30	180	1200	3600	42.283999999999999	248.4	423.23	705.15	3554 Mid Retest	
30	180	1200	3600	91.242999999999995	301.875	1072.9639999999999	1515.173	3554 High Retest	
30	180	1200	3600	43.502000000000002	37.442999999999998	221.57400000000001	1059.309	Time (S)



%Loss




Grade A EAF Cu (ppm)
 vS Time 

3607_EAF_HIGH	
30	180	1200	3600	0.16	0.42	0.71	0.85	3607_EAF_MID	
30	180	1200	3600	0.64	0.98	1.77	2.2599999999999998	3607_EAF_LOW	
30	180	1200	3600	0.08	0.11	0.44	0.27	3554 Base	
30	180	1200	3600	42.283999999999999	248.4	423.23	705.15	3607_EAF_MID Retest 	
30	180	1200	3600	0.38	1.17	3.47	3.07	3607_EAF_HIGH Retest	
30	180	1200	3600	0.34	1.05	3.13	3.43	Time (S)



%Loss




Grade B EAF Cu (ppm)
 vS Time 

3827_EAF_HIGH	
30	180	1200	3600	0.25	0.89	0.85	2.54	3827_EAF_MID	
30	180	1200	3600	0.13	0.72	0.95	0.75	3827_EAF_LOW	
30	180	1200	3600	0.27	0.38	0.13	0.37	3827_EAF_LOW Retest	
30	180	1200	3600	1.06	0.71	1.1400000000000001	0.79	3827_EAF_MID Retest 	
30	180	1200	3600	0.26	0.77	1.74	1.9	3827_EAF_HIGH Retest 	
30	180	1200	3600	0.38	1.17	3.07	3.47	3554 Base	
30	180	1200	3600	42.283999999999999	248.4	423.23	705.15	Time (S)



%Loss




Grade C EAF Cu (ppm)
 vS Time 

3832 High	
30	180	1200	3600	0.21	7.0000000000000007E-2	0.11	0.35	3832 Mid	
30	180	1200	3600	0.17	0.21	0.19	0.59	3832 Low	
30	180	1200	3600	0.1	0.09	0.13	0.51	3832 Base	
30	180	1200	3600	0.06	0	0.08	0.06	3832 Base Retest	
30	180	1200	3600	0.06	0.19	0.25	0.2	3832 High Retest	
30	180	1200	3600	1.1100000000000001	0.97	1.41	2.38	Time (S)



%Loss




Grade D EAF Cu (ppm)
 vS Time 

3554 High 2	
30	180	1200	3600	0.10500000000000001	0.154	0.14699999999999999	0.21200000000000002	3554 Mid	
30	180	1200	3600	0.10100000000000001	0.11200000000000002	0.254	0.21200000000000002	3554 Low	
30	180	1200	3600	7.0000000000000007E-2	0.09	0	0.14000000000000001	3554 Base	
30	180	1200	3600	0.05	0.08	0.06	0.17	3554 Mid Retest	
30	180	1200	3600	0.48	0.68	1.41	4.03	3554 High Retest	
30	180	1200	3600	0.42	0.21	0.95	4.59	Time (S)



%Loss




Grade A EAF Ni (ppm)
 vS Time 

3607_EAF_HIGH	
30	180	1200	3600	0.12	0.44	1.3	1.57	3607_EAF_MID	
30	180	1200	3600	0.28999999999999998	0.66	1.8	2.58	3607_EAF_LOW	
30	180	1200	3600	0.08	0.17	1.28	1.59	3554 Base	
30	180	1200	3600	0.05	0.08	0.06	0.17	Time (S)



%Loss




Grade B EAF Ni (ppm)
 vS Time 

3827_EAF_HIGH	
30	180	1200	3600	0.08	0.54	0.66	1.34	3827_EAF_MID	
30	180	1200	3600	0.06	0.61	1.18	1.05	3827_EAF_LOW	
30	180	1200	3600	0.09	0.45	0.73	1.42	3554 Base	
30	180	1200	3600	0.05	0.08	0.06	0.17	Time (S)



%Loss




Grade C EAF Ni (ppm)
 vS Time 

3832 High	
30	180	1200	3600	0.05	0.14000000000000001	0.41	1.0900000000000001	3832 Mid	
30	180	1200	3600	7.0000000000000007E-2	0.28999999999999998	0.84	1.47	3832 Low	
30	180	1200	3600	0.06	0.06	0.68	0.77	3832 Base	
30	180	1200	3600	0.06	0.13	0.55000000000000004	0.32	Time (S)



%Loss




Grade D EAF Ni (ppm)
 vS Time 

3554 High 2	
30	180	1200	3600	0	0.13400000000000001	0.35799999999999998	0.47000000000000003	3554 Mid	
30	180	1200	3600	5.2000000000000005E-2	0.13	0.48600000000000004	0.46100000000000002	3554 Low	
30	180	1200	3600	0.05	0.16	0.21	0.53	3554 Base	
30	180	1200	3600	0	0.1	0.22	0.4	Time (S)



%Loss




Grade A EAF Cr (ppm)
 vS Time 

3607_EAF_HIGH	
30	180	1200	3600	0.11	0.34	0.98	0.81	3607_EAF_MID	
30	180	1200	3600	0.16	0.27	1.33	2.19	3607_EAF_LOW	
30	180	1200	3600	0	0.08	0.64	0.99	3554 Base	
30	180	1200	3600	0	0.1	0.22	0.4	Time (S)



%Loss




Grade B EAF Cr (ppm)
 vS Time 

3827_EAF_HIGH	
30	180	1200	3600	0.08	0.27	0.35	0.43	3827_EAF_MID	
30	180	1200	3600	7.0000000000000007E-2	0.28999999999999998	0.39	0.46	3827_EAF_LOW	
30	180	1200	3600	0.18	0.12	0.69	0.6	3554 Base	
30	180	1200	3600	0	0.1	0.22	0.4	Time (S)



%Loss




Grade C EAF Cr (ppm)
 vS Time 

3832 High	
30	180	1200	3600	0	0.09	0.31	1.06	3832 Mid	
30	180	1200	3600	0.06	0.28999999999999998	0.54	1.4	3832 Low	
30	180	1200	3600	0.05	0.06	0.62	0.45	3832 Base	
30	180	1200	3600	0	0.05	0.15	0.1	Time (S)



Cr (ppm)




Grade D EAF Cr (ppm)
 vS Time 

3554 High 2	
30	180	1200	3600	0	0.17699999999999999	0.50800000000000001	0.64	3554 Mid	
30	180	1200	3600	0	0.151	0.69500000000000006	0.45700000000000002	3554 Low	
30	180	1200	3600	0	0.1	0.18	0.38	3554 Base	
30	180	1200	3600	0	7.0000000000000007E-2	0.16	0.17	Time (S)



Cr (ppm)
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Magnetite, syn

 JSmithers_2488

 Fe3 O4; Magnetite, syn; SQ: 53 [%]

 Fe2 O3; Hematite, syn; SQ: 32 [%]

 Fe.9646 O; Wuestite; SQ: 7 [%]

 Fe O; W\PIustite, syn; SQ: 8 [%]
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Position [°2θ] (Cobalt (Co))
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 JSmithers_2524

 Fe2.950 O4; SQ: 38 [%]

 Fe; Iron, syn; SQ: 48 [%]

 Fe O; Wuestite, syn; SQ: 3 [%]

 Fe2 O3; Hematite; SQ: 12 [%]
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image12.emf
Anonymised grade Residual level Cr Ni Cu Sn

Grade A Low 0.08 0.079 0.093 0.02

Grade A Mid 0.106 0.109 0.171 0.02

Grade A High 0.142 0.108 0.296 0.02

Grade B Low 0.084 0.078 0.093 0.028

Grade B Mid 0.113 0.106 0.185 0.02

Grade B High 0.144 0.109 0.297 0.022

Grade C Base 0.02 0.022 0.02 0.006

Grade C Low 0.08 0.043 0.099 0.012

Grade C Mid 0.11 0.044 0.187 0.013

Grade C High 0.154 0.043 0.287 0.013

Grade D Base 0.02 0.021 0.02 0.004

Grade D Low 0.081 0.043 0.1 0.016

Grade D Mid 0.11 0.043 0.189 0.016

Grade D High 2 0.146 0.044 0.29 0.016

Grade E Mid 0.115 0.108 0.178 0.022

Grade F Mid 0.109 0.041 0.189 0.023


image13.emf
Steel family Average % mass loss across all pickling times Average final % mass loss at 3600 sRelative pickling response

Grade A 0.61% 1.21%Highest

Grade B 0.51% 1.05%High

Grade C 0.39% 0.78%Moderate

Grade D 0.35% 0.63%Lowest of main EAF families


image14.emf
Anonymised grade Residual condition Original 3600 s mass loss (%) Retest 3600 s mass loss (%) Difference (%)Interpretation

Grade A Mid 1.316 1.238 -0.078

Good 

repeatability

Grade A High 1.282 1.235 -0.047

Good 

repeatability

Grade B High 1.633 1.08 -0.553

Higher sample 

variation

Grade D High 2 0.537 0.541 0.004

Very good 

repeatability


image15.emf
Sample Family / condition Average scale thickness Key morphology observation

24873832 Base ~43.0 µmThick, porous, irregular scale

24883832 Low ~19.9 µmThin, porous, fragmented scale

24893832 Mid ~36.3 µmModerately thick, uneven, porous scale

24903832 High ~15.5 µmThin, uneven, locally porous scale

24923554 Base ~18.9 µmThin-to-moderate, irregular scale

24933554 Low ~40.0 µmThick, continuous but locally porous scale

24943554 Mid ~25.5 µm

Moderate, porous and locally discontinuous 

scale

24963554 High 2 ~26.4 µmModerate, uneven and porous scale

25013827 Low ~13.0 µmThin, uneven and locally porous scale

25023827 Mid ~22–23 µmThin-to-moderate, uneven scale

25243827 High ~24.8 µm

Moderate, porous and internally 

heterogeneous scale

25093607 Low ~42.2 µmThick, porous and disrupted scale

25103607 Mid ~28.2 µmModerate, porous and fragmented scale

25203607 High ~14.2 µmThin, porous and locally fragmented scale

241053816 Mid ~4.0 µmVery thin, mostly continuous oxide

241063816 High ~16.2 µmThin-to-moderate, uneven oxide
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image17.emf
Anonymised grade Residual condition Magnetite (%) Hematite (%) Wüstite (%)

Grade A Low 30.2 68.8 1

Grade A Mid 81.7 17.2 1.1

Grade A High 70.5 14.8 14.8

Grade B Mid 77.6 22.4 0

Grade B High 71.7 22.6 5.7

Grade C Base 74.7 11.4 13.9

Grade C Low 53 32 15

Grade C Mid 47.7 48.8 3.5

Grade C High 53.9 23.7 22.4

Grade D Base 67.4 17.4 15.1

Grade D Low 78.6 8.6 12.9

Grade D Mid 13 82 5
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 Fe; SQ: 100 [%]


image35.emf
Position [°2θ] (Cobalt (Co))
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 JSmithers_2489

 Fe3 O4; Magnetite, syn; SQ: 41 [%]

 Fe2 O3; Hematite, syn; SQ: 42 [%]

 Fe O; Wuestite, syn; SQ: 3 [%]

 Fe; Iron; SQ: 14 [%]
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 JSmithers_2490

 Fe3 O4; Magnetite; SQ: 41 [%]

 Fe O; Wuestite, syn; SQ: 17 [%]

 Fe; SQ: 25 [%]

 Fe2 O3; Hematite,syn; SQ: 18 [%]
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 JSmithers_2492

 Fe3 O4; Magnetite, syn; SQ: 58 [%]

 Fe; SQ: 14 [%]

 Fe O; W\PIustite, syn; SQ: 13 [%]

 Fe2 O3; SQ: 15 [%]
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 JSmithers_2493

 Fe3 O4; Magnetite, syn; SQ: 55 [%]

 Fe; Iron; SQ: 30 [%]

 Fe O; Wuestite, syn; SQ: 9 [%]

 Fe2 O3; Hematite, syn; SQ: 6 [%]
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 Fe2 O3; SQ: 82 [%]

 Fe3 O4; SQ: 13 [%]

 Fe O; SQ: 5 [%]
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 JSmithers_2501

 Fe2.950 O4; SQ: 45 [%]

 Fe O; Wuestite; SQ: 7 [%]

 Fe2 O3; Hematite, syn; SQ: 12 [%]

 Fe; Iron, syn; SQ: 37 [%]
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 JSmithers_2502

 Fe2.929 O4; Magnetite; SQ: 45 [%]

 Fe2 O3; Hematite, syn; SQ: 13 [%]

 Fe; SQ: 42 [%]
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 Fe3 O4; Magnetite; SQ: 29 [%]

 Fe2 O3; SQ: 66 [%]

 Fe; SQ: 4 [%]

 Fe O; Wuestite, syn; SQ: 1 [%]
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 Fe3 O4; Magnetite, syn; SQ: 76 [%]

 Fe; SQ: 7 [%]

 Fe2 O3; Hematite, syn; SQ: 16 [%]

 Fe O; SQ: 1 [%]
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 Fe2.942 O4; SQ: 43 [%]

 Fe; SQ: 39 [%]

 Fe O; Wuestite; SQ: 9 [%]

 Fe2 O3; Hematite; SQ: 9 [%]
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 JSmithers_2487

 Fe3 O4; Magnetite, syn; SQ: 59 [%]

 Fe O; W\PIustite, syn; SQ: 11 [%]

 Fe; SQ: 21 [%]

 Fe2 O3; Hematite - at 153 K; SQ: 9 [%]
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 JSmithers_2488

 Fe3 O4; Magnetite, syn; SQ: 53 [%]

 Fe2 O3; Hematite, syn; SQ: 32 [%]

 Fe.9646 O; Wuestite; SQ: 7 [%]

 Fe O; W\PIustite, syn; SQ: 8 [%]
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