Impact of Residual Elements on Annealing Behaviour and Mechanical Properties of S250GD and S280GD Galvanised Structural Steels in the Transition from Basic Oxygen steelmaking (BOS) to Electric Arc Furnace (EAF) Steelmaking
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The UK steel industry is moving from blast furnace and basic oxygen steelmaking (BOS) to electric arc furnace (EAF) production to reduce carbon emissions. EAF steel is made from recycled scrap, which carries residual elements such as copper, nickel, chromium and tin that cannot be removed during refining and are expected to rise over time. These residuals raise strength and reduce ductility, creating a risk that material could fall outside the EN 10346:2015 limits it is sold against. This study assessed whether the existing Zodiac continuous annealing line at Tata Steel Llanwern can continue to deliver compliant S250GD and S280GD galvanised structural steel as residual content rises, without changes to the line.
Three industrial grades were tested across four residual levels and three annealing cycles, with mechanical properties measured by tensile testing and microstructure examined by scanning electron microscopy. All three grades met every EN 10346 requirement across the full residual range and under all cycles. Increasing residuals raised strength and reduced ductility through solid-solution strengthening, while the annealing cycle was consistently a smaller lever than composition. The leaner S250GD grades remained mostly ferritic, while the higher-carbon S280GD developed a second phase consistent with pearlite.
A final trial showed that the strengthening contribution from residuals allowed the intentional manganese addition in S280GD to be reduced while keeping the grade compliant, giving an estimated savings in excess of £1.3 million per annum. The rising residual content of EAF steel can therefore be used as a strengthening contribution rather than only managed as a risk.
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[bookmark: _Toc230110201][bookmark: _Toc230975658]Introduction
The global steel industry is undergoing a major change driven by the need to reduce carbon emissions. In 2019 the UK became the first major economy to set a legally binding net-zero emissions target for 2050 (Gov.uk, 2019). For the steel sector, meeting this target requires moving away from the blast furnace and basic oxygen steelmaking (BOS) route that has dominated UK production for more than seventy years. Tata Steel has announced a £1.25 billion investment to replace its two blast furnaces at Port Talbot with a single electric arc furnace (EAF), which will become the largest decarbonisation project in the UK steel industry to date (Tata Steel, 2023; BBC News, 2024).
The two routes differ in their metallic feed. BOS uses molten iron from the blast furnace as its primary input, with scrap only a small share of the charge, whereas EAF melts recycled scrap as its main raw material. The carbon saving comes from removing the blast furnace stage, the largest single source of emissions in conventional steelmaking. The trade-off is that scrap contains a wider range of chemical compositions than primary iron, and several of the elements that arrive with scrap cannot be removed during refining.
These elements are known as residual or tramp elements. The most important for low-carbon steels are copper (Cu), nickel (Ni), chromium (Cr) and tin (Sn), with smaller contributions from molybdenum (Mo). These enter the scrap stream from end-of-life products, including electrical wiring, tin-plated packaging and recycled alloy steel (Daehn, et al., 2017). Once these elements are in the melt, conventional refining processes cannot remove them at commercial scale.
The residual content of scrap is not fixed and is expected to rise over time. Dworak et al. (2022) modelled European scrap supply to 2050 and found dirtier scrap being generated faster than the industry can use it, with the same pattern shown globally for copper (Daehn, et al., 2017). Both studies indicate that EAF-produced steel will, on average, contain more residuals in future than it does today, and that Cu, Ni, Cr and Sn will rise together rather than one at a time. The composition range tested in the present study, defined by Tata Steel, was selected to span the residual levels expected over the working life of the Port Talbot EAF.
The change in feedstock therefore creates a direct question for downstream processing. The Zodiac line at Tata Steel Llanwern is a continuous annealing and hot-dip galvanising line that has been refined over decades around BOS-produced steel, where residual content is low and predictable. Its annealing cycles, line speeds and furnace temperatures were chosen to deliver the required mechanical properties for that range of compositions. As the Port Talbot EAF comes online, Llanwern will be processing strip from steel with steadily rising residual content. Tata Steel sells these products to customers against EN 10346:2015 (CEN, 2015), which sets the mechanical property requirements that compliant material must meet. Significant reconfiguration of an established galvanising line is not commercially feasible. Whether the existing Zodiac processing windows can continue to deliver EN 10346:2015 compliance under EAF-derived compositions, without major changes to the line, is the question this study addresses.
S250GD and S280GD are galvanised structural steels widely used in cold-formed construction, including studs, purlins, roofing and cladding (Canadian Sheet Steel Building Institute, 2011). They are supplied as cold-rolled strip with a hot-dip zinc coating, and must achieve the right combination of strength, ductility and corrosion resistance to be roll-formed into thin-walled sections without cracking (Yandzio, et al., 2015). They represent consistent, ongoing demand on the Zodiac line, making their performance under EAF-derived compositions an industrially relevant question.
[bookmark: _Toc230110202][bookmark: _Toc230975659]Aim
The aim of this study is to assess how rising residual content affects the strength, ductility and microstructure of S250GD and S280GD galvanised structural steels processed on the Zodiac continuous annealing line, to determine whether existing Zodiac processes can continue to deliver EN 10346 compliance, and to identify whether composition optimisation is possible.
[bookmark: _Toc230110203][bookmark: _Toc230975660]Objectives
To meet this aim, five objectives are addressed:
i. Measure how the strength, ductility and formability of S250GD and S280GD change as residual content increases.
ii. Compare the effect of the Zodiac annealing cycle against the effect of residual content.
iii. Examine the microstructure of the tested samples and link what is seen to the mechanical property trends.
iv. Check whether each composition and annealing condition meets the mechanical property minimums set out in EN 10346:2015.
v. Identify whether composition optimisation is possible across the tested grades.
Together, these objectives test whether existing industrial continuous annealing windows remain appropriate as residual content rises, and whether residuals can be used as a strengthening contribution to optimise the grades.
[bookmark: _Toc230110204][bookmark: _Toc230975661]Timing Plan
[bookmark: _Toc230304310][bookmark: _Toc230304671][image: ]Figure 1.2.1‑1 Gantt chart showing the project timing plan from August 2025 to July 2026.
The project ran from August 2025 to July 2026, with the phases shown in Figure 1.2.1-1 Experimental work, comprising CASIM annealing and tensile testing, ran alongside the literature review through to the end of 2025, with data analysis, microstructural imaging and write-up following from January 2026. The research was also presented externally, with a talk to IOM3 in January 2026 and a presentation at the UWTSD Medr event in May 2026.
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[bookmark: _Toc230110206][bookmark: _Toc230975663]Residual Elements in Low-Carbon Steels
This section reviews how residual elements affect the mechanical behaviour of low-carbon ferritic steels, focusing on solid-solution strengthening and the strength-ductility balance.
[bookmark: _Toc230110207][bookmark: _Toc230975664]Solid-Solution Strengthening
The mechanical properties of low-carbon steels are strongly influenced by substitutional alloying additions and residual elements in the ferrite lattice. Solid-solution strengthening is the main mechanism by which these elements contribute to strength. Atoms such as Cu, Ni, Cr and Sn replace iron atoms in the lattice and distort the surrounding crystal because they differ from iron in size and bonding (Jiang, et al., 2019). These distortions interact with mobile dislocations, increasing the stress needed to move them through the lattice and therefore raising the yield strength.
For residual elements specifically, Davis et al. (2025) estimate that at scrap-derived levels Cu contributes approximately 38 MPa and Sn approximately 120 MPa per wt.% in low-carbon ferritic steels, with smaller contributions from Cr and Ni. These estimates are particularly relevant to scrap-based steelmaking, where multiple residuals are expected to rise together rather than appearing in isolation. Davis et al. (2025) derived these values from controlled compositional trials, supported by atom probe tomography (APT) to confirm whether the residual atoms were sitting in solid solution or had formed precipitates. The distinction matters because Cu in particular can form precipitates on cementite rather than staying in solution, which would change its contribution. These values are drawn from a limited compositional range and a single-source dataset, so they are best treated as indicative rather than predictive across the full residual range examined here in this study.
Duan et al. (2022) confirm the same effect in a comparable low-carbon steel, with residual additions raising both yield and tensile strength. This contribution is small in single-phase ferritic steels but becomes more significant where phase transformation also contributes (Kang & Chen, 2013).
[bookmark: _Toc230110208][bookmark: _Toc230975665]Strength–Ductility Trade-Off
Before considering how residual elements affect the strength-ductility balance, it is useful to establish the microstructural phases involved. Low-carbon steels of the type examined here consist primarily of ferrite, the soft body-centred-cubic phase that forms the bulk of the microstructure. Where carbon content is sufficient, a second phase, pearlite, forms during cooling. Pearlite is a two-phase structure of alternating ferrite and cementite (Fe₃C), and typically forms at the ferrite grain boundaries (Bhadeshia & Honeycombe, 2017).The amount of pearlite that forms increases with carbon and manganese content, so leaner grades are predominantly ferritic while higher-carbon grades contain a greater pearlite fraction.
Solid-solution strengthening is consistently accompanied by a reduction in ductility, as the restricted dislocation motion that raises strength also reduces the material's ability to accommodate plastic strain before necking. Duan et al. (2022) demonstrate this trade-off in a low-carbon steel with residual additions, where yield and tensile strength increase while total elongation falls across three increasing impurity levels. The same study also shows that residual additions of Cu, Ni, Cr and Sn alter the phase transformations that occur during cooling, increasing the proportion of pearlite that forms in the final microstructure. This is particularly important for steels with higher carbon and manganese content, where pearlite forms a meaningful fraction of the as-supplied microstructure.
Where pearlite is present, it raises yield strength more than ultimate tensile strength, which increases the yield-to-tensile ratio (Y/T) and reduces strain hardening. This effect is well established in ferritic-pearlitic steels (Elwazri, et al., 2005). Where pearlite is present, Cu has also been reported to preferentially form precipitates on cementite rather than staying in solid solution in the ferrite, which reduces its solid-solution contribution (Davis, et al., 2025). The strengthening response of residuals in ferritic-pearlitic steels is therefore not the same as in single-phase ferritic steels.
In low-carbon steels below approximately 0.6 wt.% C, the pearlite formed is typically discontinuous, producing a weaker Y/T effect than well-formed pearlite but still present where pearlite forms a meaningful fraction (Houin, et al., 1981). In single-phase ferritic steels with no pearlite, the strengthening response from residual elements is more proportional, with yield strength and ultimate tensile strength rising together.
[bookmark: _Toc230110209][bookmark: _Toc230975666]Strain Hardening and Formability
Strain hardening governs how a material distributes plastic strain and is a primary control on formability in sheet steels. It is quantified by the strain hardening exponent (n-value), with higher n-values indicating greater capacity to distribute strain and delay necking, which improves formability in deep drawing and stretch forming.
The n-value is closely linked to the yield-to-tensile ratio (Y/T). Strain hardening raises UTS more than YS, so steels with a higher n-value typically have a lower Y/T. Both measures are used together to assess formability in low-carbon strip steels (Kim, et al., 2011).
For low-carbon ferritic strip steels, published n-value benchmarks provide context for the present results. Čada (2011) reports a mean strain hardening exponent of 0.227 for low-carbon deep-drawing strip steel. These values represent the upper formability range for low-carbon structural grades and are used as a comparison point in Chapter 4.
[bookmark: _Toc230110210][bookmark: _Toc230975667]Influence of Residual Elements on Recrystallisation and Annealing Behaviour
This section reviews how residual elements affect recrystallisation during annealing, and whether slowed recrystallisation could limit ductility under the short cycles of industrial continuous annealing.
[bookmark: _Toc230110211][bookmark: _Toc230975668]Recrystallisation Fundamentals
Following cold rolling, low-carbon steels have a highly deformed, high-dislocation-density structure. Annealing restores ductility through recovery, recrystallisation and grain growth, driven by the stored deformation energy.
In industrial continuous annealing, the steel passes through the furnace quickly, so heating, soaking and cooling all happen within minutes. This is very different from the slow, fixed-temperature conditions used in many laboratory studies. Ferry et al. (2001) show that in this regime recrystallisation often begins during heating, with the final grain structure depending on heating rate, peak temperature and soaking time. Recrystallisation may therefore be incomplete at the end of the cycle if any of these parameters fall short, particularly in steels where solute atoms slow grain boundary movement, an effect known as solute drag, discussed in detail in Section 2.2.2. Similar sensitivity to processing variation has been reported in production-scale heating studies (Poyraz & Ögel, 2020), and is relevant to interpreting variation between test specimens in continuously annealed sheet. Poyraz and Ögel (2020) report on intercritical annealing of cold-rolled steels rather than the subcritical industrial cycles examined here, so their findings establish that processing variation matters in continuously annealed sheet, without quantifying the magnitude expected at the cycle temperatures used in this study.
Beyond recrystallisation, the phases that form during cooling are also governed by composition and cooling conditions. As a low-carbon steel cools from the annealing temperature, ferrite forms first, followed by pearlite where sufficient carbon remains. The temperatures and times at which these transformations occur as the steel cools can be represented on a continuous cooling transformation (CCT) diagram, which maps the phases that form for a given cooling path (Bhadeshia & Honeycombe, 2017). Alloying and residual elements shift these transformation boundaries. Carbon and manganese lower the temperature at which ferrite begins to form and delay the onset of transformation, while residual elements such as Cu, Cr, Ni and Mo further shift the transformation behaviour (Davis, et al., 2025). These predicted shifts provide a basis for anticipating how a change in composition will affect the phases present in the final microstructure.
[bookmark: _Toc230110212][bookmark: _Toc230975669]Effect of Residual Elements on Recrystallisation
Residual elements such as Cu, Sn, Cr and Ni primarily affect recrystallisation through a mechanism known as solute drag. Foreign atoms gather at grain boundaries during annealing and slow their movement. This slows both the formation of new grains and their growth into the surrounding deformed material. The effect is element-specific, with some residuals slowing recrystallisation far more strongly than others.
Dastur et al. (2026) quantify this for a low-alloy C-Mn steel, showing Sn causes the largest slowing of recrystallisation, with Cu weaker over a similar range. Davis et al. (2025) report a similar pattern, with Sn slowing recrystallisation more strongly than Mo, which is conventionally added to delay it. Even at low Sn levels, recrystallisation can therefore be measurably slowed, increasing the likelihood of incomplete recrystallisation under short industrial cycles. Both studies report findings from low-alloy C-Mn compositions tested under controlled laboratory conditions, rather than the industrially processed galvanised structural grades examined here, so direct transfer of the magnitudes reported is not assumed.
In industrial scrap, however, these elements rise together rather than in isolation, so single-element findings do not transfer directly to industrially processed steels.
Residual additions also alter the microstructure entering the annealing cycle, increasing pearlite formation and refining grain size (Duan, et al., 2022), so the starting structure differs between steels of the same grade but different residual content.
[bookmark: _Toc230110213][bookmark: _Toc230975670]Compensation by Annealing Temperature
Higher annealing temperatures help atoms move more easily through the steel, which can partly offset the slowing effect of solute drag. Valdes-Tabernero et al. (2019) show that recrystallisation completeness in low-carbon steels is strongly affected by heat treatment conditions, with shorter cycles producing less recrystallised, less ductile material. In practice, however, industrial annealing lines have only a narrow temperature range available, so the extent to which higher temperatures can fully compensate for residual-driven slowing is limited. Whether this compensation is sufficient in steels with elevated residual content is one of the questions addressed in the present work. The Valdes-Tabernero (2019) study is based on ultrafast-heated low-carbon steels rather than galvanised structural grades under standard continuous annealing, so its findings inform rather than directly predict the cycle response observed here.
[bookmark: _Toc230110214][bookmark: _Toc230975671]Influence of Industrial Processing Conditions
This section examines how annealing temperature and composition act together, and whether residual strengthening could offset part of the intentional alloying addition.
[bookmark: _Toc230110215][bookmark: _Toc230975672]Annealing Temperature
Annealing temperature is the main processing variable controlling how the steel's structure changes during annealing. At low temperatures the deformed structure from cold rolling only partly recovers, with dislocations rearranging but new strain-free grains not fully forming, leaving the steel stronger but less ductile (Poyraz & Ögel, 2020). At higher temperatures recrystallisation completes more readily, though if temperature is pushed too high the new grains coarsen and strength falls.
The best balance is therefore reached at intermediate temperatures, where the steel has fully recrystallised but the grains have not coarsened. In industrial continuous annealing this window is narrow, and changes within the operational range produce only minor property changes compared with the much larger effect of composition.
[bookmark: _Toc230110216][bookmark: _Toc230975673]Composition vs Processing Interaction
Annealing behaviour cannot be considered independently of composition. Substitutional and residual elements change how the steel responds to a given thermal cycle, so two steels of the same nominal grade can produce different properties under identical annealing conditions (Davis, et al., 2025).
For low-carbon galvanised structural grades, the main intentional additions are carbon and manganese, both raising strength through solid-solution strengthening and increased pearlite fraction. Manganese is used in both S250GD and S280GD, but the higher yield strength of S280GD requires substantially more. Iza-Mendia and Gutiérrez (2013) estimate the manganese contribution at approximately 32 MPa per 1 wt.% in low-carbon steels, so the Mn levels used in S280GD contribute meaningfully to meeting the specification. This contribution estimate by Iza-Mendia and Gutiérrez (2013) is generalised across low-carbon ferritic-pearlitic steels, however, and its accuracy will depend on the specific carbon level and pearlite fraction present in the grade in question. 
The interaction becomes more complex as residual content rises. Residual elements such as Cu, Sn and Cr add their own solid-solution strengthening on top of the Mn contribution, so at sufficient levels they may provide some of the strength Mn was specified to deliver. This raises the question of whether part of the intentional Mn addition could be offset by residual-element strengthening, particularly under cost pressure in scrap-based routes (Kang & Chen, 2013). To the author's knowledge this has not been examined for low-carbon galvanised structural grades under industrial annealing, and is addressed directly here.
[bookmark: _Toc230110217][bookmark: _Toc230975674]Industrial Continuous Annealing Constraints
Industrial continuous annealing lines impose constraints absent from laboratory heat treatments. Line speed, furnace length and strip thickness together set the heating rate, peak temperature and soaking time, and these cannot be varied freely without affecting production throughput. Setting furnace temperature within these limits is therefore a balance between several factors, including line speed, composition and prior processing (Sanz-Garcia, et al., 2014).
Temperature uniformity across the strip is also difficult to maintain, with variation along the coil producing corresponding variation in properties. This sets the context for evaluating whether existing annealing windows remain appropriate as residual content increases.
[bookmark: _Toc230110218][bookmark: _Toc230975675]Research Gap and Justification for the Present Study
The literature establishes that residual elements affect the strength and ductility of low-carbon steels through solid-solution strengthening, modified phase transformations and solute drag during recrystallisation. Three gaps emerge when these findings are applied to industrially processed galvanised structural grades.
First, most residual-element work focuses on advanced high-strength, medium-Mn or dual-phase steels, where retained austenite, transformation-induced plasticity or martensite dominate the response. The mechanisms relevant to S250GD and S280GD differ, and published work on these grades concerns structural performance and coating behaviour rather than annealing response or the effect of residuals. Evidence on how combined residuals affect continuously annealed structural grades is therefore limited.
Second, most studies isolate one residual element at a time, whereas scrap-based steels contain Cu, Ni, Cr and Sn simultaneously, with combined effects that may differ from the sum of individual contributions. Much existing work also uses batch annealing or idealised heat treatments rather than the short cycles of industrial continuous annealing, so it remains unclear whether existing annealing windows can compensate for elevated residual content.
Third, although the strengthening effect of residuals is well established, no published work to the author's knowledge has examined whether it could offset intentional alloying additions such as manganese in cost-driven composition design.
This study addresses these gaps directly, examining combined residual variation across three galvanised structural grades covering S250GD and S280GD under industrial continuous annealing, with a final trial evaluating whether residual-element strengthening could partially substitute for manganese in S280GD.
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[bookmark: _Toc230975677]Materials and Composition Design
[bookmark: _Toc230975678]Grades Selected
Three industrial grades were investigated, covering two EN 10346:2015 specifications. For confidentiality, the internal Tata Steel grade identifiers are not disclosed. The grades are referred to as Grade A, Grade B and Grade C throughout this study.
· Grade A is an S250GD
· Grade B is an S250GD
· Grade C is an S280GD
The three grades were chosen to span the range of low-carbon galvanised structural grades currently produced on the Zodiac line at Tata Steel Llanwern.
[bookmark: _Toc230975679]Composition Conditions and Combined Residual Index
For each grade, four compositional conditions were tested. The base condition was representative of current BOS production. Three progressively elevated conditions (low, mid and high) were representative of compositions expected from scrap-based EAF production. The compositions were specified by Tata Steel based on anticipated residual content in EAF feedstock and changing the compositions were out of scope.
Across the four conditions for each grade, C and Mn stay effectively constant. Any difference in mechanical response between conditions can therefore be attributed to the change in residual content rather than to a change in base composition.
To summarise composition progression across the four conditions for plotting and analysis, a combined residual index was used:
Combined Residual Index = Cu + Ni + Cr + 5Sn + 10Mo
The formula is taken from Tata Steel internal composition guidance (Tata Steel, 2026) and is not derived from a published equation. It reflects current Tata Steel BOS practice, where the index is used to summarise progression in residual content across heats and compositions for the same grade. The higher weightings on Sn and Mo reflect the stronger known effects of these elements per unit weight, consistent with published solid-solution strengthening coefficients (Davis, et al., 2025), though the specific weighting values are internal to Tata Steel and are not examined further here. The index is used in this study only as a single-value summary for ordering the four conditions per grade. Individual element concentrations are reported in the composition tables below and form the basis for any element-specific interpretation.
[bookmark: _Toc230975680]Grade A - S250GD
	Condition
	C
	Mn
	Cr
	Mo
	Ni
	Cu
	Sn
	Combined Residual Index

	Base
	0.082
	0.332
	0.0217
	0.001
	0.0191
	0.021
	0.0142
	0.143

	Low
	0.079
	0.337
	0.0856
	0.001
	0.0394
	0.103
	0.0391
	0.443

	Mid
	0.076
	0.342
	0.103
	0.001
	0.0393
	0.208
	0.0385
	0.553

	High
	0.080
	0.337
	0.142
	0.001
	0.0404
	0.311
	0.038
	0.694


[bookmark: _Toc230304799]Table 3.1.3‑1 Chemical composition of Grade A (S250GD) under the four residual conditions (wt.%).
The four conditions span a combined residual range from 0.14 wt.% at base to 0.69 wt.% at high. Across this range, Cu rises from 0.02 wt.% to 0.31 wt.%, Cr rises from 0.02 wt.% to 0.14 wt.%, and Sn rises from 0.014 wt.% to 0.038 wt.%. Ni rises by a smaller amount.
[bookmark: _Toc230975681]Grade B - S250GD
	Condition
	C
	Mn
	Cr
	Mo
	Ni
	Cu
	Sn
	Combined Residual Index

	Base
	0.107
	0.431
	0.0214
	0.001
	0.019
	0.0202
	0.0192
	0.167

	Low
	0.111
	0.438
	0.0773
	0.001
	0.0789
	0.098
	0.0317
	0.423

	Mid
	0.106
	0.440
	0.0997
	0.001
	0.1085
	0.207
	0.0296
	0.572

	High
	0.110
	0.432
	0.130
	0.001
	0.107
	0.311
	0.0311
	0.714


[bookmark: _Toc230304800]Table 3.1.4‑1 Chemical composition of Grade B (S250GD) under the four residual conditions (wt.%).
Grade B spans a combined residual range from 0.17 wt.% at base to 0.71 wt.% at high. Cu, Cr and Sn rise by similar amounts to Grade A. The distinguishing feature of Grade B is Ni, which rises from 0.02 wt.% to over 0.10 wt.% in the mid and high conditions, around five times the Ni level seen in Grade A at the same condition. Grade B also has a higher baseline C and Mn than Grade A, around 0.11 wt.% C and 0.43 wt.% Mn.
[bookmark: _Toc230975682]Grade C - S280GD
	Condition
	C
	Mn
	Cr
	Mo
	Ni
	Cu
	Sn
	Combined Residual Index

	Base
	0.159
	0.844
	0.0205
	0.001
	0.0188
	0.0199
	0.0125
	0.131

	Low
	0.156
	0.859
	0.0802
	0.000
	0.040
	0.0955
	0.041
	0.421

	Mid
	0.154
	0.843
	0.104
	0.000
	0.0395
	0.207
	0.0398
	0.549

	High
	0.157
	0.866
	0.139
	0.000
	0.0408
	0.312
	0.0394
	0.689


[bookmark: _Toc230304801]Table 3.1.5‑1 Chemical composition of Grade C (S280GD) under the four residual conditions (wt.%).
Grade C spans a combined residual range from 0.13 wt.% at base to 0.69 wt.% at high. Cu, Cr and Sn rise by similar amounts to Grades A and B. The distinguishing feature of Grade C is the higher baseline C and Mn content, around 0.16 wt.% C and 0.84 wt.% Mn, roughly double the levels in Grade A and higher than Grade B.
[bookmark: _Toc230975683][bookmark: _Toc230110225]Industrial Context of the Zodiac Galvanising Line
[bookmark: _Toc230975684]Line Overview
The materials in this study are processed on the Zodiac line at Tata Steel's Llanwern Works, located to the east of Newport in South Wales. The Zodiac line is the only automotive galvanising line in the UK and produces coated steel strip for automotive, engineering, industry strip and solar markets. It is capable of processing a wide range of steel grades, including low-carbon structural steels, high-strength low-alloy steels and advanced high-strength steels such as dual-phase grades (Tata Steel, 2024). The line operates at a production rate of approximately 12 kt per week.
S250GD and S280GD together account for around 5.6% of total Zodiac output. They are not the dominant products on the line but represent consistent ongoing demand.
On the line, cold-rolled coils are unwound, welded into a continuous strip, and cleaned before entering the furnace. The strip is annealed in an oxygen-free atmosphere at between 650 and 840°C depending on grade, then cooled to approximately 460°C before entering the molten zinc bath for coating (Tata Steel, 2024).
[bookmark: _Toc230975685]Operational Constraints
The Zodiac line operates over a strip speed range of approximately 30 to 162 m/min, with speed adjusted to balance line throughput and thermal demand. Within a given product run, heating rate, soak duration and cooling rate are set by the chosen line speed combined with the fixed furnace length, so the cycle is constrained by the line's operational envelope rather than freely variable. Within this envelope, temperature is the primary thermal variable available for routine adjustment.
[bookmark: _Toc230975686]Laboratory Replication of Industrial Annealing
[bookmark: _Toc230975687]Laboratory Processing Route
[bookmark: _Toc230304311][bookmark: _Toc230304672][image: A diagram of a factory

AI-generated content may be incorrect.]Figure 3.3.1‑1 Laboratory processing route from vacuum induction melting through to the annealed product.
The processing route up to the continuous annealing simulator (CASIM) stage was completed before the present study began. Each of the twelve samples had been melted at Swansea University using vacuum induction melting (VIM), then hot rolled, pickled and cold rolled into thin strip. The same route was used for every sample, so all twelve arrived at the CASIM in the same physical state. The experimental work of this study began at the CASIM stage.
[bookmark: _Toc230975688]Continuous Annealing Simulator (CASIM)
The CASIM replicates industrial continuous annealing cycles under controlled laboratory conditions. It allows precise control of heating, soaking and cooling stages and produces a thermal profile representative of the Zodiac line.
[bookmark: _Toc230304312][bookmark: _Toc230304673][image: ]
Figure 3.3.2‑1 CASIM machine during an annealing cycle.
Samples were prepared to approximate dimensions of 360 mm × 100 mm with a maximum thickness of 1.8 mm and were cleaned before testing. 
[bookmark: _Toc230304313][bookmark: _Toc230304674][image: ]
Figure 3.3.2‑2 Thermocouple positions across the central region of a CASIM sample.
Each sample was instrumented with five thermocouples spot-welded across the central region, alongside a control thermocouple at the centre. These thermocouples covered an area of approximately 80 mm × 50 mm and recorded the temperature-time profile across the sample during the cycle.
[bookmark: _Toc230975689]Cycle Definitions Per Grade
Three thermal cycles were applied to each grade, representing the lower, typical and upper bounds of annealing temperatures observed on the Zodiac line for that grade. Cycle definitions were based on two years of historical Zodiac operating data, with the heating temperature and soak temperature varied between cycles. Cycles 1, 2 and 3 correspond to the low, normal and high temperature conditions respectively.
During each cycle, the thermocouples confirmed the sample reached its target heating and soak temperatures. Any sample falling outside the target window was re-run, so all samples reported here met their target conditions.
The cycle temperatures applied to each grade are summarised in Tables 3.3.1 to 3.3.3.
[bookmark: _Toc230975690]Grade A - S250GD
	Cycle
	Heating Temperature (°C)
	Soak Temperature (°C)

	Cycle 1
	630
	710

	Cycle 2
	650
	740

	Cycle 3
	700
	765


[bookmark: _Toc230304802]Table 3.3.4‑1 Heating and soak temperatures applied to Grade A across the three thermal cycles.
[bookmark: _Toc230975691]Grade B - S250GD
	Cycle
	Heating Temperature (°C)
	Soak Temperature (°C)

	Cycle 1
	630
	690

	Cycle 2
	650
	720

	Cycle 3
	710
	750


[bookmark: _Toc230304803]Table 3.3.5‑1 Heating and soak temperatures applied to Grade B across the three thermal cycles.
[bookmark: _Toc230975692]Grade C - S280GD
	Cycle
	Heating Temperature (°C)
	Soak Temperature (°C)

	Cycle 1
	660
	730

	Cycle 2
	680
	750

	Cycle 3
	710
	780


[bookmark: _Toc230304804]Table 3.3.6‑1 Heating and soak temperatures applied to Grade C across the three thermal cycles.
[bookmark: _Toc230975693]Sample Extraction
Following CASIM annealing, each sample was sectioned for mechanical and microstructural characterisation. Two tensile specimens were extracted from the upper and lower regions of the strip, at the positions of thermocouples T4 and T5. A metallographic specimen was extracted from the central region, at the location monitored by thermocouples T1, T2 and T3. This linked each mechanical and microstructural measurement to the recorded thermal history at the specific point on the sample where the specimen came from.
[bookmark: _Toc230975694]Mechanical Testing
[bookmark: _Toc230975695]Tensile Testing Standard and Specimen Geometry
Tensile testing was carried out in accordance with ISO 6892-1:2019 (ISO, 2019), which specifies the method for tensile testing of metallic materials at room temperature. Specimens were prepared as sub-size flat strip samples consistent with the requirements for thin sheet material defined in the standard. The original cross-sectional area and gauge length of each specimen were measured before testing.
[bookmark: _Toc230304314][bookmark: _Toc230304675][image: ]
Figure 3.4.1‑1 Zwick 1474 tensile testing machine used for tensile testing.
Testing was conducted on a Zwick 1474 tensile testing machine. Load was applied in uniaxial tension until fracture, and an extensometer was used to measure strain throughout the test. Two tensile specimens were tested for each composition and cycle combination, providing within-condition variability that is reported as ranges throughout Chapter 4 rather than aggregated to a single mean. ISO 6892-1:2019 specifies the calibration, measurement and reporting requirements followed for all tests. The Zwick 1474 was subject to Tata Steel's measurement systems analysis (MSA) calibration protocols, ensuring consistency in load and strain measurement across the testing programme.
[bookmark: _Toc230975696]Mechanical Property Requirements (EN 10346:2015)
S250GD and S280GD are produced to EN 10346:2015 (CEN, 2015), which sets the mechanical property requirements that compliant material must meet. The standard defines a minimum yield strength, a minimum ultimate tensile strength and a minimum total elongation for each grade. The minimum values for the two grades tested in this study are summarised in Table 3.4.2-1.
	Grade
	Minimum YS (MPa)
	Minimum UTS (MPa)
	Minimum A80 (%)

	S250GD
	250
	330
	19

	S280GD
	280
	360
	18


[bookmark: _Toc230304805]Table 3.4.2‑1 Mechanical property minimums for S250GD and S280GD, adapted from EN 10346:2015.
Compliance is determined by mechanical properties alone. The standard does not set a formal maximum tensile strength for these grades, although it notes that a tensile strength range of 140 MPa above the minimum can be expected. This expected range was considered when interpreting the results but was not treated as a rejection limit.
[bookmark: _Toc230975697]Tensile Properties Measured
Four tensile properties were measured for each specimen, three corresponding to the EN 10346:2015 requirements plus uniform elongation as a measure of usable ductility.
Yield strength (YS) is the stress at which the steel begins to deform plastically, reported as either the upper yield strength or the 0.2% proof stress depending on the form of yielding shown. Ultimate tensile strength (UTS) is the maximum stress sustained during loading. Total elongation (A80) is the strain at fracture, measured over an 80 mm gauge length. These three are assessed against the minimum YS, UTS and elongation values set out in EN 10346:2015.
Uniform elongation (Ag) is the strain at maximum load, before localised necking begins. It is not specified by EN 10346:2015 but was measured as a more representative measure of usable ductility for forming applications, where the practical deformation limit is the onset of necking rather than fracture.
[bookmark: _Toc230975698]Supplementary Formability Indicators
Three further indicators were calculated to support interpretation of formability. These sit beyond the EN 10346:2015 requirements and were not used for compliance.
Strain hardening exponent (n-value) describes how quickly strength increases with applied strain. Higher values indicate greater capacity to distribute strain and delay necking, corresponding to better formability. It was determined per ISO 6892-1:2019.
Yield-to-tensile ratio (Y/T = YS / UTS) indicates strain hardening between yielding and fracture. A lower ratio is generally associated with better formability.
Strength-ductility index (SDI = UTS × Ag) combines strength and ductility into a single value, a higher value indicating a better overall balance.
[bookmark: _Toc230975699]Microstructural Analysis
[bookmark: _Toc230975700]Sample Preparation
Metallographic samples were taken in transverse section from the central region of each CASIM-annealed sheet, at the location monitored by thermocouples T1, T2 and T3 as defined in Section 3.3.4. Samples were prepared using standard grinding and polishing techniques, finished to a mirror surface, and etched with 2% Nital to reveal grain structure.
[bookmark: _Toc230975701]Imaging Technique
Imaging used a Thermo Scientific Apreo ChemiSEM scanning electron microscope at 30 kV with the Everhart-Thornley secondary electron (SE) detector, which provides topographic contrast from the etched surface. Each sample was imaged at 50 μm and 10 μm scale bars.
Phase identification was based on the surface relief developed during etching, as described in Section 2.1.2, with ferrite appearing as uniform equiaxed grains and any second phase as a more strongly etched region. Electron backscatter diffraction (EBSD) uses the diffraction pattern produced when the electron beam hits the crystal lattice, which can be matched to known patterns to identify phase, grain orientation, grain size and shape, grain boundary character, and texture (Thermo Fisher Scientific, 2025). On the Apreo ChemiSEM system used here, EBSD is provided by the TruePix detector, which was unavailable during the imaging period. Phases are therefore identified here as consistent with the expected phases on the basis of composition, predicted transformation and visual appearance, rather than confirmed directly.
[bookmark: _Toc230975702]Expected Transformation Behaviour
Continuous cooling transformation (CCT) predictions were used to establish the phases expected to form in each grade. These were generated using JMatPro software and provided by Tata Steel for the base and high residual conditions of each grade. As continuous annealing involves continuous cooling, the CCT diagram is the appropriate representation for this process. The predictions indicate the expected phases and the transformation shift with increased residual content, providing the basis against which the observed microstructures are interpreted in Chapter 4. They are based on the supplied compositions rather than the exact industrial heating and cooling profile, so they cannot give the precise phase fractions formed under the CASIM cycles.
[bookmark: _Toc230975703]Sampling Scope
Microstructural analysis was qualitative and did not include grain size measurement. A subset of conditions was imaged rather than the full matrix. For each grade, Base Cycle 1 and Base Cycle 3 were compared to assess the cycle effect, and Base and High under Cycle 3 to assess the residual effect. The base and high conditions also matched those for which CCT predictions were available, allowing direct comparison against the predicted transformation behaviour. Quantitative grain size measurement, full-matrix characterisation and phase confirmation by EBSD are noted as further work.
[bookmark: _Toc230110252][bookmark: _Toc230975704]Results & Discussions
This chapter presents and interprets the tensile and microstructural results obtained for each of the three grades in turn, with reference to the EN 10346:2015 requirements and the published mechanisms identified in Chapter 2. A final section reports the adjusted Grade C trial, which was carried out to evaluate the practical implications of the strength response observed in the standard Grade C results.
[bookmark: _Toc230110254][bookmark: _Toc230975705]Grade A - S250GD
[bookmark: _Toc230110255][bookmark: _Toc230975706]Tensile Properties of Grade A
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AI-generated content may be incorrect.]Figure 4.1.1‑1 Mechanical Property Response to Combined Residual Content for Grade A, showing Yield Strength, Ultimate Tensile Strength, Total Elongation and Uniform Elongation.
YS rose from 292-311 MPa at the base condition (0.13 wt.%) to 332-342 MPa at the high condition (0.68 wt.%), and UTS rose in parallel from 357-370 MPa to 405-412 MPa. Both metrics exceeded the EN 10346 minimum (250 MPa YS, 330 MPa UTS) at every residual level, and UTS remained within the 330-470 MPa specified range across the full composition window. A80 decreased from 36-45 % to 32–35 %, and Ag from 22.7-27.0 % to 19.4-20.9 %, but both exceeded the 19 % minimum at every condition. Grade A therefore satisfies all four EN 10346 tensile requirements across the full range of residual contents tested, irrespective of annealing cycle.
The rise in strength with residual content is consistent with solid-solution strengthening. In this mechanism, Cu, Sn, Cr and Ni atoms sit in the ferrite lattice and resist dislocation motion (Jiang, et al., 2019; Duan, et al., 2022). Davis et al. (2025) estimate Cu and Sn contributions of around 38 MPa and 120 MPa respectively at scrap-derived levels in low-carbon ferritic steels. Of these elements, Cu shows the largest change across the residual range (0.02 to 0.31 wt.%), while Sn rises only a little (0.014 to 0.038 wt.%). The 40 MPa rise in YS is therefore consistent with Cu as the main contributor, with smaller additions from Cr and Ni. The rise is small (Kang & Chen, 2013) compared to dual-phase systems, where phase-transformation effects dominate. This is consistent with single-phase ferritic strengthening.
The low-residual condition (0.42 wt.%) sat marginally below the base for both YS and UTS, against the overall trend. The most likely cause is differences in recrystallisation between specimens rather than composition itself, as reported in mill-scale heating studies (Ferry, et al., 2001; Poyraz & Ögel, 2020). Slowed recrystallisation from residual solute drag may also contribute (Davis, et al., 2025), though the two cannot be separated from these results. This is considered further in the microstructural analysis in Section 4.1.4.
[bookmark: _Toc230110256][bookmark: _Toc230975707]Formability Indicators of Grade A
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AI-generated content may be incorrect.]Figure 4.1.2‑1 Formability indicator response to Combined Residual Content for Grade A: strain hardening exponent (n), yield-to-tensile ratio (Y/T) and strength–ductility index.
The n-value rose from around 0.19 at the base condition to 0.23 at the high condition, with the high group showing the tightest scatter and highest average values. This rise is consistent with solid-solution effects of the residual elements in ferrite, where solute atoms delay necking (Duan, et al., 2022; Davis, et al., 2025). The values sit within the range reported for low-carbon deep-drawing strip steels by Čada (2011), with the high condition approaching the values associated with good formability. The Y/T stayed roughly constant, from 0.828 at base to 0.822 at high.
The near-constant Y/T here differs from Duan et al. (2022), who measured Y/T rising from 0.65 to 0.72 across increasing impurity levels in a comparable steel. The likely reason is that Duan's higher-impurity steels developed pearlite during cooling, raising YS more than UTS and pushing Y/T up. Whether a second phase is present in the material examined here is considered in Section 4.1.4.
The SDI stayed broadly flat across the residual range at around 14 k. The rise in tensile strength with residual content is offset by the fall in Ag, so the overall balance changes little, consistent with the strength-ductility trade-off in Section 2.1.2. One result in the high condition fell lower, within the scatter between specimens.
[bookmark: _Toc230110257][bookmark: _Toc230975708]Effect of Annealing Temperature on Grade A
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AI-generated content may be incorrect.]Figure 4.1.3‑1 Effect of Annealing Cycle on Grade A Tensile Properties across the Combined Residual Content Range.
Overlaying annealing cycle onto the residual-content response shows no consistent pattern between cycles across the four tensile properties. The residual content trends are those discussed in Section 4.1.1, with the cycle effect now visible as the additional dimension
Within each residual level, the three annealing cycles produced overlapping clusters with no consistent ranking across the four properties. The spread within each cluster was typically 10-20 MPa for strength and 2-4 percentage points for elongation, which is smaller than the change introduced by moving between residual levels, around 33 MPa for YS, 41 MPa for UTS and 4 percentage points for A80. The variation introduced by changing annealing cycle within the Zodiac operating range is therefore smaller than the variation introduced by changing residual content.
Cycle 1, the lowest-temperature cycle, tended to sit at the upper end of the Ag range at the base and low residual levels. This is the opposite of the usual expectation that lower-temperature cycles give less ductile material (Valdes-Tabernero, et al., 2019). The effect was small, around 1-2 percentage points, and whether it reflects a real cycle effect or scatter between specimens is considered in Section 4.1.4.
For industrial practice, the Zodiac annealing window does not offer a useful way to compensate for the property changes caused by higher residuals. All three cycles produced specimens that satisfied the EN 10346 minimum requirements for S250GD across the full residual range tested, so Grade A remains compliant. However, changing the cycle within the operating range did not offset the strength rise and ductility loss caused by moving from base to high residuals.
[bookmark: _Ref229765290][bookmark: _Toc230110258][bookmark: _Toc230975709]Microstructure and Recrystallisation Behaviour
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AI-generated content may be incorrect.]Figure 4.1.4‑1 Predicted CCT diagram for Grade A, base and higher-residual conditions (Tata Steel, 2025).
The predicted transformation behaviour for Grade A is shown in the continuous cooling transformation (CCT) diagram in Figure 4.1.4-1. The diagram is dominated by the ferrite field, with the pearlite transformation reached only at long times. The base and higher-residual curves sit almost on top of one another, indicating that the residual addition has little effect on the transformation behaviour of this lean composition. The prediction is therefore of a predominantly ferritic microstructure with minimal pearlite, largely unchanged by residual content.


[bookmark: _Toc230304680]Figure 4.1.4‑2 Grade A microstructure. Composite figure: Base Cycle 1, Base Cycle 3 and High Cycle 3 at 50 μm and 10 μm.
The observed microstructure is shown in Figure 4.1.4-2. The wider 50 μm images (a–c) show a uniform, equiaxed ferrite grain structure across the field in all three conditions, matching the mostly ferritic structure predicted for this lean 0.08 wt.% carbon composition. At the higher 10 μm magnification (d–f), the individual ferrite grains and the lines between them can be seen clearly, with clean grain interiors and little sign of a second phase inside or between the grains. Some bright features are present along the grain boundaries and where they meet, most clearly in the Base Cycle 1 condition (d), but there is no clear sign of a widespread second phase in any condition. The cycle comparison between Base Cycle 1 (a, d) and Base Cycle 3 (b, e) shows broadly similar grain structure, with Base Cycle 1 showing slightly more bright boundary features. The residual comparison between Base Cycle 3 (b, e) and High Cycle 3 (c, f) shows no visible change in grain structure or any second phase forming as residual content increases.
The microstructure supports the mechanical response in Sections 4.1.1 and 4.1.2. The steel is almost entirely ferrite, with little sign of a second phase. A second phase such as pearlite would raise YS more than UTS and push the ratio up, as described in Section 2.1.2, so its absence fits the flat Y/T seen here. The strength rise therefore points to the residual elements sitting in the ferrite and making it harder to deform, as described in Section 2.1.1, rather than to a second phase. The grain structure also looks similar across the two cycles, which fits the small cycle effect in the tensile data. The dip at the low-residual condition in Section 4.1.1 cannot be resolved from these images; neither recrystallisation differences between specimens nor residual solute drag can be confirmed without quantitative grain size measurement and recrystallisation assessment by EBSD, which was not carried out.
[bookmark: _Toc230110262][bookmark: _Toc230975710]Grade A Summary
Grade A satisfied all four EN 10346 tensile requirements at every residual level and under all three Zodiac annealing cycles. Increasing residuals raised strength and reduced ductility by small amounts, consistent with solid-solution strengthening dominated by Cu, and the mostly ferritic microstructure in Section 4.1.4 supports this single-phase behaviour. Formability stayed strong, with n-value rising and Y/T effectively constant. The annealing cycle was a much smaller lever than residual content, so changing the Zodiac cycle cannot offset residual effects, but does not need to since the grade remained compliant throughout. Grade A is therefore robust to the residual increases expected under higher scrap usage.
[bookmark: _Toc230110263][bookmark: _Toc230975711]Grade B – S250GD
[bookmark: _Toc230110264][bookmark: _Toc230975712]Tensile Properties of Grade B
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AI-generated content may be incorrect.]Figure 4.2.1‑1 Mechanical Property Response to Combined Residual Content for Grade B, showing Yield Strength, Ultimate Tensile Strength, Total Elongation and Uniform Elongation.
YS rose from 320-370 MPa at the base condition (0.31 wt.%) to 345-360 MPa at the high condition (0.70 wt.%), and UTS rose from 385-410 MPa to 430-450 MPa. Both metrics exceeded the EN 10346 minimum (250 MPa YS, 330 MPa UTS) at every residual level, and UTS remained within the 330-470 MPa specified range across the full composition window. A80 decreased from 33-41 % to 29-34 %, and Ag from 22-28 % to 19-22 %, but both exceeded the 19 % minimum at every condition.
The strength response follows the solid-solution strengthening mechanism described in Section 2.1.1, with Cu, Sn, Cr and Ni acting as obstacles to dislocation motion in ferrite. The YS rise is smaller than in Grade A, around 15 MPa compared with 40 MPa, while the UTS rise is larger, around 45 MPa compared with 41 MPa. The reasons for this difference between Grade A and Grade B responses are explored further in the microstructural analysis in Section 4.2.4.
The mid condition (0.55 wt.%) sat at or below the base for YS, against the overall trend. As in Grade A, the most likely cause is differences in recrystallisation between specimens rather than composition itself, with slowed recrystallisation from residual solute drag a possible contributor that cannot be separated from these results. This is considered further in Section 4.2.4.
[bookmark: _Toc230110265][bookmark: _Toc230975713]Formability Indicators of Grade B
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AI-generated content may be incorrect.]Figure 4.2.2‑1 Formability indicator response to Combined Residual Content for Grade B: strain hardening exponent (n), yield-to-tensile ratio (Y/T) and strength-ductility index.
The n-value rose from 0.13-0.22 at the base condition to 0.23-0.27 at the high condition, a larger rise than the 0.04 spread seen in Grade A. This is consistent with the same solid-solution effect, where solute atoms in the ferrite delay necking, and the values sit at the upper end of the range seen for Grade A.
The Y/T fell from 0.82-0.86 at base to 0.79-0.83 at high, a clear downward trend, in contrast to the flat Y/T of Grade A. In Grade B, UTS rises more steeply than YS with increasing residuals, which pulls Y/T down. This is consistent with the rising n-value across the same range, both indicating increased strain hardening before necking, a relationship reported in formability studies by Kim et al. (2011).
The SDI dropped slightly from 13-16.5 k at base to 13-15 k at high. As in Grade A, the strength gain is largely offset by reduced Ag, so the balance changes little, with one lower result in the high condition within the scatter between specimens.
[bookmark: _Toc230110266][bookmark: _Toc230975714]Effect of Annealing Temperature on Grade B
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AI-generated content may be incorrect.]Figure 4.2.3‑1 Effect of Annealing Cycle on Grade B Tensile Properties across the Combined Residual Content Range.
The residual content trends are those discussed in Section 4.2.1, with the cycle effect now visible as the additional dimension. Within each residual level, the three annealing cycles produced overlapping clusters with no consistent ranking across the four properties. The spread within each cluster was typically 10-25 MPa for strength and 2-5 percentage points for elongation, which is smaller than the change introduced by moving between residual levels. The variation introduced by changing annealing cycle within the Zodiac operating range is therefore smaller than the variation introduced by changing residual content, matching the finding for Grade A.
Cycle 3, the highest-temperature cycle, tended to sit at the upper end of the A80 cluster at the base condition. The effect is small, around 2-3 percentage points, but fits the usual expectation that higher-temperature cycles give more fully recrystallised, more ductile material (Valdes-Tabernero, et al., 2019). Whether this reflects a real cycle effect or scatter is considered in Section 4.2.4.
As in Grade A, the Zodiac annealing window did not offer a useful way to compensate for the property changes caused by higher residuals, and changing the cycle within the operating range did not offset the strength rise and ductility loss from moving base to high.
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AI-generated content may be incorrect.]Figure 4.2.4‑1 Predicted CCT diagram for Grade B, base and higher-residual conditions (Tata Steel, 2025).
The predicted transformation behaviour for Grade B is shown in the continuous cooling transformation (CCT) diagram in Figure 4.2.4-1. The diagram is dominated by the ferrite field, with a pearlite transformation reached at intermediate to long times. Compared with Grade A, the pearlite field is more developed, consistent with the slightly higher carbon content of Grade B. The base and higher-residual curves are close together, with the residual addition producing only a small shift in the transformation behaviour. The prediction is therefore of a predominantly ferritic microstructure with a minor pearlite fraction, only modestly affected by residual content.

[bookmark: _Toc230304324] 
[bookmark: _Toc230304685]Figure 4.2.4‑2 Grade B microstructure. Composite figure: Base Cycle 1, Base Cycle 3 and High Cycle 3 at 50 μm and 10 μm.
The observed microstructure is shown in Figure 4.2.4-2. The wider 50 μm images, a to c, show a uniform, equiaxed ferrite grain structure across the field in all three conditions. At the higher 10 μm magnification, d to f, the individual ferrite grains can be seen clearly, with a bright phase present along the grain boundaries and where they meet. This boundary phase is a little more pronounced than in Grade A, which fits the slightly higher carbon content. The structure appears mostly ferritic, however, with only a small amount of boundary phase and no developed second phase. The cycle comparison between Base Cycle 1, a and d, and Base Cycle 3, b and e, shows broadly similar grain structure. The residual comparison between Base Cycle 3, b and e, and High Cycle 3, c and f, shows no clear change in the grain structure or boundary phase as residual content increases.
The microstructure supports the mechanical response in Sections 4.2.1 and 4.2.2. The mostly ferritic structure, with only a small amount of boundary phase, fits the strength rise being driven mainly by the residual elements in the ferrite rather than a developed second phase, as described in Section 2.1.1. A developed pearlite fraction would raise YS more than UTS and push Y/T up, as described in Section 2.1.2, so the falling Y/T here is consistent with a mostly ferritic structure, the fall reflecting increased strain hardening from the residual elements rather than a pearlite effect. The grain structure also looks similar across the two cycles, which fits the small cycle effect in the tensile data. The dip at the mid-residual condition in Section 4.2.1 cannot be resolved from these images; neither recrystallisation differences between specimens nor residual solute drag can be confirmed without quantitative grain size measurement and recrystallisation assessment by EBSD, which was not carried out.
[bookmark: _Toc230110271][bookmark: _Toc230975716]Grade B Summary
Grade B satisfied all four EN 10346 tensile requirements at every residual level and under all three Zodiac annealing cycles. Increasing residuals raised strength and reduced ductility by small amounts, consistent with solid-solution strengthening, and the mostly ferritic microstructure in Section 4.2.4 supports this. Formability improved across the range, with n-value rising and Y/T falling, both pointing to greater strain hardening before necking. The annealing cycle was a much smaller lever than residual content, so changing the Zodiac cycle cannot offset residual effects, but does not need to since the grade remained compliant throughout. Grade B is therefore robust to the residual increases expected under higher scrap usage.
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AI-generated content may be incorrect.]Figure 4.3.1‑1 Mechanical Property Response to Combined Residual Content for Grade C, showing Yield Strength, Ultimate Tensile Strength, Total Elongation and Uniform Elongation.
YS rose from 325-355 MPa at the base condition (0.13 wt.%) to 370-395 MPa at the high condition (0.69 wt.%), and UTS rose from 440-465 MPa to 480-505 MPa. Both metrics exceeded the EN 10346 minimum at every residual level. UTS at the high condition sits at the upper end of the expected range for S280GD, around 500 MPa, but remains within specification. A80 decreased from 29-33 % to 25-32 % but exceeded the 18 % minimum at every condition. Ag decreased from 17.5-18.7 % to 16-17.3 % across the same range.
The strength response follows the same solid-solution strengthening mechanism described in Section 2.1.1, with Cu, Sn, Cr and Ni acting as obstacles to dislocation motion. The YS rise is larger than in Grade A and Grade B, around 45 MPa across the residual range, and the UTS rise of around 40 MPa is comparable to Grade B. The higher carbon and manganese content of Grade C means a second phase is more likely to form alongside ferrite, which is examined in Section 4.3.4.
The low-residual condition (0.42 wt.%) sat at or marginally below the base for YS, against the overall trend. As in Grades A and B, the most likely cause is differences in recrystallisation between specimens rather than composition itself, with slowed recrystallisation from residual solute drag a possible contributor that cannot be separated from these results. This is considered further in Section 4.3.4.
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AI-generated content may be incorrect.]Figure 4.3.2‑1 Formability indicator response to Combined Residual Content for Grade C: strain hardening exponent (n), yield-to-tensile ratio (Y/T) and strength-ductility index.
The n-value fell from 0.23-0.25 at the base condition to 0.20-0.22 at the high condition, a downward trend across the residual range. This is the opposite of Grades A and B, where n-value rose. The Y/T rose from 0.72-0.75 at base to 0.73-0.78 at high, again the opposite of the falling Y/T seen in Grade B.
A rising Y/T with a falling n-value indicates reduced strain hardening as residuals increase. As described in Section 2.1.2, this is the pattern expected where a second phase such as pearlite is present, raising YS more than UTS (Duan, et al., 2022). Grade C has higher carbon and manganese than Grades A and B, so a second phase is more likely to form. Whether this is present in the microstructure is examined in Section 4.3.4.
The SDI stayed broadly flat across the residual range at around 13-15 k, with one lower result in the low condition within the scatter between specimens.
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AI-generated content may be incorrect.]Figure 4.3.3‑1 Effect of Annealing Cycle on Grade C Tensile Properties across the Combined Residual Content Range.
The residual content trends are those discussed in Section 4.3.1, with the cycle effect now visible as the additional dimension. Within each residual level, the three annealing cycles produced distinguishable clusters for some properties, with Cycle 1, the lowest-temperature cycle, sitting noticeably below Cycles 2 and 3 for both YS and UTS at the base condition. The spread between cycles at the base condition was around 25-30 MPa for YS, larger than seen in Grades A and B.
This cycle effect was more pronounced in Grade C than in Grades A or B. Cycle 1 also sat at the lower end of the A80 cluster at the base condition, consistent with less complete recrystallisation at the lower annealing temperature (Valdes-Tabernero, et al., 2019). At higher residual levels the cluster overlap increased, and the cycle effect became smaller. Whether this reflects incomplete recrystallisation at Cycle 1 is considered in Section 4.3.4.
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AI-generated content may be incorrect.]Figure 4.3.4‑1 Predicted CCT diagram for Grade C, base and higher-residual conditions (Tata Steel, 2025).
The predicted transformation behaviour for Grade C is shown in the continuous cooling transformation (CCT) diagram in Figure 4.3.4-1. Compared with Grades A and B, the pearlite field is clearly developed, reflecting the higher carbon and manganese content of Grade C. A meaningful pearlite fraction is therefore predicted alongside ferrite, rather than the predominantly ferritic structure expected for the leaner grades. The higher-residual curves are shifted to lower temperatures and longer times relative to the base, indicating that residual content has a more pronounced effect on the transformation behaviour of Grade C than of Grades A or B. The prediction is therefore of a ferrite-plus-pearlite microstructure, with residual content shifting the transformation more noticeably than in the leaner grades.


[bookmark: _Toc230304690]Figure 4.3.4‑2 Grade C microstructure. Composite figure: Base Cycle 1, Base Cycle 3 and High Cycle 3 at 50 μm and 10 μm.
[bookmark: _Toc230110276]The observed microstructure is shown in Figure 4.3.4-2. The Base Cycle 3 and High Cycle 3 conditions show a clear two-phase structure of equiaxed ferrite grains with a second phase distributed along the grain boundaries and where they meet, seen most clearly at the higher 10 μm magnification, e and f. This second phase is much more developed than the boundary phase seen in Grades A and B and is consistent with the meaningful pearlite fraction predicted in the CCT diagram for this higher carbon and manganese composition. The High Cycle 3 condition, f, shows the most pronounced second phase, with the bright phase more heavily distributed through the structure. The Base Cycle 1 images, a and d, were of lower contrast and the second phase is less clearly resolved, so this condition is not relied on for the second-phase comparison. Re-imaging of the Base Cycle 1 condition is noted as further work. The lower contrast of the Base Cycle 1 image also means the more pronounced cycle effect seen in the tensile data for Grade C cannot be examined directly from these images.
The microstructure supports the mechanical response reported in Sections 4.3.1 and 4.3.2. The clear second phase, consistent with pearlite, fits the rising Y/T and falling n-value reported in Section 4.3.2. As described in Section 2.1.2, a second phase such as pearlite raises YS more than UTS, which pushes the Y/T up and reduces strain hardening. Cu may also have contributed differently in Grade C than in the leaner grades, since Cu can preferentially form precipitates on cementite in pearlite-containing steels rather than staying in solid solution (Davis, et al., 2025), although this cannot be confirmed from the present analysis. This is the opposite of the falling ratio seen in the leaner Grades A and B, and the developed second phase seen here is consistent with this difference. The more developed second phase at High Cycle 3 compared with Base Cycle 3 is also consistent with the residual content shifting the transformation, as predicted in the CCT diagram. The dip at the low-residual condition in Section 4.3.1 cannot be resolved from these images; neither recrystallisation differences between specimens nor residual solute drag can be confirmed without quantitative grain size measurement and recrystallisation assessment by EBSD, which was not carried out.
[bookmark: _Toc230975722]Grade C summary
Grade C met all EN 10346 tensile requirements across the residual range and all three annealing cycles, with UTS at high residuals approaching the upper end of the expected range. Increasing residuals raised strength and reduced both ductility and strain hardening, and the developed second phase seen in Section 4.3.4 supports this phase-transformation behaviour. The strength headroom shown by Grade C identified an opportunity to assess whether intentional manganese addition could be partially offset by residual-element strengthening, which is examined in the following section.
[bookmark: _Toc230110277][bookmark: _Toc230975723]Rationale for Manganese Reduction
Grade C met all EN 10346 requirements across the residual range, with strength rising steadily as residuals increased. Since manganese is intentionally added to this grade to achieve the required strength level, this raised the question of whether part of that manganese addition could be offset by the strengthening contribution from residuals, in line with the project aim of assessing whether higher scrap-related residuals could allow reduced intentional alloying additions while still meeting the S280GD specification.
The cost case for this is direct. Based on the Grade C bill of materials, a 325 t heat requires around 3,625 kg of Mn alloy at 11.15 kg/t. Reducing the manganese aim by 0.20 wt.% would remove around 900 kg of Mn alloy per heat at 8.38 kg/t, an estimated saving of £1,485 per heat. At a typical annual production of 300,000 t of Grade C (around 923 heats per year), this represents an estimated annual savings in excess of £1.3 million
	Condition
	C
	Mn
	Cr
	Mo
	Ni
	Cu
	Sn
	Combined Residual Index

	Base
	0.159
	0.844
	0.020
	0.001
	0.019
	0.020
	0.013
	0.131

	Low
	0.156
	0.859
	0.080
	0.000
	0.040
	0.096
	0.041
	0.421

	Mid
	0.154
	0.843
	0.104
	0.000
	0.040
	0.207
	0.040
	0.549

	High
	0.157
	0.866
	0.139
	0.000
	0.041
	0.312
	0.039
	0.689

	Adjusted
	0.158
	0.583
	0.082
	0.001
	0.049
	0.199
	0.020
	0.440


[bookmark: _Toc230304806]Table 4.3.6‑1 Chemical composition comparison between the original Grade C conditions and the adjusted Grade C composition.
Table 4.3.6-1 compares the original Grade C compositions with the adjusted composition. Manganese was reduced from around 0.84-0.87 wt.% to around 0.58 wt.%, while the combined residual content of the adjusted composition was around 0.440 wt.%, placing it between the original low and mid residual conditions. This made it a useful test of whether residual strengthening could compensate for reduced manganese while keeping the grade compliant.
The adjusted Grade C composition was tested using the same mechanical property approach as the original Grade C material, allowing a direct comparison under the same residual and annealing conditions.
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[bookmark: _Toc230304330][bookmark: _Toc230304691][image: A screenshot of a computer screen

AI-generated content may be incorrect.]Figure 4.3.7‑1 Mechanical Property Response to Combined Residual Content for Grade C including the Adjusted condition.
The Adjusted composition, at 0.58 wt.% Mn and 0.440 wt.% combined residuals, produced YS values of around 355-380 MPa and UTS values of around 465-480 MPa. Both metrics exceeded the EN 10346 minimum and sat within the expected range for S280GD. A80 was around 28-32 %, exceeding the 18 % minimum, and Ag was around 18-19 %.
Relative to the standard Grade C range, the Adjusted YS and UTS sit between the original Low and Mid conditions, in line with the Adjusted composition's residual content placing it between those two levels. Ag was higher than the original Mid and High conditions, comparable with Base.
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AI-generated content may be incorrect.]Figure 4.3.8‑1 Formability indicator response to Combined Residual Content for Grade C including the Adjusted condition.
The Adjusted composition produced n-values of around 0.23-0.26, at the top of the Grade C range and comparable with the Base condition. This is consistent with its lower residual level, since n-value fell with increasing residuals across the Grade C range. As the Adjusted composition changed both the manganese and the residual level together, however, the individual contribution of each to the retained n-value cannot be separated from this single trial.
Y/T was around 0.75-0.78 and the SDI around 14-15 k, both within the Grade C range.

[bookmark: _Toc230110280][bookmark: _Toc230975726]Effect of Annealing Temperature on Adjusted Grade C
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AI-generated content may be incorrect.]Figure 4.3.9‑1 Effect of Annealing Cycle on Grade C Tensile Properties including the Adjusted condition.
The Adjusted composition followed the same cycle response as the standard Grade C material, with Cycle 1 sitting at the lower end of the strength and ductility clusters and Cycles 2 and 3 producing comparable, higher values. The cycle effect was similar in magnitude to that seen in the standard Grade C conditions, and residual content remained the larger lever across the range.
[bookmark: _Toc230975727]Microstructure of the Adjusted Composition
A CCT prediction was not available for the Adjusted composition. However, as its carbon content is unchanged from the standard Grade C, and both carbon and manganese remain sufficient for a second phase to form, a second phase is still anticipated despite the reduced manganese content.


[bookmark: _Toc230304694]Figure 4.3.10‑1 Adjusted Grade C microstructure. Cycle 1 and Cycle 3 at 50 μm and 10 μm.
The Adjusted composition was imaged at Cycle 1 and Cycle 3 to assess both the microstructure and the cycle response, using the same magnifications as the standard grades. The wider 50 μm images, a and b, show an equiaxed ferrite grain structure with a second phase distributed through it in both cycles. At the higher 10 μm magnification, c and d, the second phase can be seen clearly along the grain boundaries and where they meet. The second phase is similar to that seen in the standard Grade C, and the two cycles show broadly similar grain structure and second-phase distribution.
Despite the reduced manganese, a second phase is still present, consistent with the unchanged carbon content and the manganese remaining sufficient for it to form. As described in Section 2.1.2, this second phase, alongside solid-solution strengthening from the residual elements, is one likely contributor to the Adjusted composition meeting the S280GD strength requirements, as shown in Section 4.3.7. The similar microstructure across the two cycles is consistent with the small cycle effect seen in Section 4.3.9.
[bookmark: _Toc230110282][bookmark: _Toc230975728]Adjusted Grade C Summary
The Adjusted composition, with manganese reduced from around 0.85 wt.% to 0.58 wt.%, met all S280GD requirements at a combined residual level of 0.440 wt.%. The second phase was retained despite the reduced manganese and is a likely contributor, alongside residual solid-solution strengthening, to the strength being maintained. Formability stayed strong, with n-value higher than the Mid and High conditions.
Overall, Grade C remained compliant across the full residual range and under all annealing cycles. The Adjusted trial showed that part of the intentional manganese could be replaced by residual-element strengthening while keeping the grade compliant, representing an estimated savings in excess of £1.3 million per annum at typical production volumes.
[bookmark: _Toc230110283][bookmark: _Toc230975729]Conclusions
The introduction set out the question facing the Zodiac continuous annealing line as Tata Steel moves from BOS to EAF steelmaking. The line was developed over decades around BOS-produced steel, where residual content is low and predictable. EAF steelmaking, which melts recycled scrap rather than the ore-based route used for BOS steel, raises the residual content of the steel, and these residuals raise strength and reduce ductility, which could push the mechanical properties outside the EN 10346:2015 limits that compliant material must meet. If that happened, Tata Steel could no longer supply this material to its customers against the specification. Reconfiguring an established galvanising line of this scale is not financially viable, so the question is whether existing Zodiac processing can continue to deliver compliant S250GD and S280GD material as residual content rises, without changes to the line.
This study answers that question. All three grades met every EN 10346 requirement across the full expected residual range and under all three annealing cycles. Existing Zodiac processing can therefore continue to deliver compliant material, using the current annealing cycles, as residual content rises with the move to EAF steelmaking.
The results showed how each grade behaved as residuals rose. Increasing residual content raised strength and reduced ductility in all grades, consistent with solid-solution strengthening from the residual elements in the ferrite. The lower-carbon Grades A and B, both S250GD, showed a mostly ferritic structure and kept good formability, while the higher-carbon Grade C, an S280GD, showed a second phase consistent with pearlite, raising the Y/T and lowering the n-value. The annealing cycle was a smaller lever than residual content in every grade, and changing the cycle within the Zodiac operating range did not offset the property changes from higher residuals. Compliance was maintained throughout, however, so this compensation was not required.
Beyond confirming compliance, the study identified an opportunity to optimise composition. Because the residual elements themselves add strength, the Adjusted Grade C trial showed that the intentional manganese addition could be reduced while keeping the grade compliant and the formability strong. Reducing the manganese added to each heat represents an estimated savings in excess of £1.3 million per annum at predicted production volumes.
Positioning these findings in the wider literature, published work on residual elements in low-carbon steels has been dominated by single-element laboratory studies and by advanced high-strength grades. The industrial context examined here, the transition of a long-established BOS-tuned line to processing EAF-derived steel with rising residual content, is largely a UK situation, since EAF-native economies such as the US built their downstream processing around scrap-derived compositions from the outset. To the author's knowledge, no published work has examined combined residuals in S250GD and S280GD galvanised structural grades under industrial continuous annealing, nor evaluated whether residuals could be used to offset intentional alloying in cost-driven composition design. This study therefore fills the three gaps identified in Section 2.4, covering combined-residual behaviour in continuously annealed structural grades, the relative effect of cycle and composition, and the viability of residual-element strengthening as a substitute for Mn. Beyond the technical contribution, the work supports the wider decarbonisation transition by demonstrating that EAF-derived steel need not be treated only as a quality risk, since in the higher-strength grades it can be designed around as a contribution, enabling reduced alloying without loss of compliance.
 The rising residual content of EAF steel can therefore be treated not only as a risk to be managed but, in the higher-strength grades, as a strengthening contribution that can be used.
[bookmark: _Toc230110284][bookmark: _Toc230975730]Recommended Further Work
 Each limitation below is paired with the further work that would address it.
The compositions were varied using a combined residual index, with Cu, Ni, Cr and Sn rising together rather than independently. This reflects real scrap but means no single element's contribution can be separated from the others. Single-element trials would isolate the individual contributions and show which elements drive the changes seen here.
The number of tensile specimens tested per condition was limited to two, which captures within-condition variability as a range but is not enough for formal statistical analysis. A larger sample set per condition would allow standard deviations and confidence intervals to be calculated, supporting stronger statistical claims about the small differences observed between annealing cycles and between intermediate residual conditions, where ranges currently overlap.
The microstructural analysis was qualitative. Grain size, phase fraction and recrystallisation state were not measured, and phases were identified from visual appearance rather than confirmed. EBSD, unavailable during the imaging period, would have allowed phase identity to be confirmed by crystal structure and produced grain size, recrystallisation state and texture data, in particular separating whether the rising Y/T and falling n-value in Grade C come from an increased pearlite fraction or from solid-solution strengthening alone. Quantitative phase-fraction analysis following ASTM E1245 would also allow the Y/T response in Grade C to be tested against measured pearlite fraction rather than judged by appearance (ASTM International, 2016).
Bulk compositions are known from Tata Steel's analysis, but this does not show where individual residual atoms sit within the microstructure. Atom probe tomography (APT) removes atoms one at a time from a needle-shaped sample and measures the type and position of each, building a three-dimensional map of where every element sat in the material (Davis, et al., 2025). This would show whether Cu, Ni, Cr and Sn are in solid solution within the ferrite, segregated to grain boundaries, or precipitated on cementite, as reported for Cu in ferritic-pearlitic steels. APT would also confirm whether Sn is preferentially segregated at grain boundaries, as reported in static recrystallisation studies (Davis et al., 2025), which would either support or qualify the solute-drag interpretation of the dips seen at intermediate residual levels.
The Adjusted Grade C trial reduced manganese and altered the residual level together, so the separate contributions of each to the retained strength and formability cannot be isolated. A controlled trial varying the two independently would separate the effects.
The Grade C Base Cycle 1 sample was imaged at lower contrast and not relied on for comparison. Re-imaging it would complete the cycle comparison for that grade.
Finally, the work used the CASIM simulator rather than the production line, and the CCT predictions were supplied on a continuous-cooling basis rather than modelled for the exact cycle. A trial on the Zodiac line, including production-scale validation of the Adjusted composition, would confirm that the findings and the manganese saving hold under industrial conditions.
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