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[bookmark: _Toc512462801]Abstract
This report covers the investigation into the aging of two different continuously annealed steel products, both at ambient room temperature and at an accelerated rate at a temperature of 80°C. By taking samples of DC01 formable steel and HC380LA High Strength Low Alloy steel and subjecting them to a series of tensile tests and grain size measurement involving optical microscopy, a range of mechanical properties and crystal structures were looked at in order to determine whether the steel products were affected by aging. Based on the theories of Cottrell and Bilby involving the interactions of interstitial atoms with dislocations sites within the crystal lattices of steel, it was expected that the steel chemistry will have an important factor on determining how the steel products will respond to the influences of aging. It was found based on data derived from tensile testing that DC01 grade steel will be susceptible to aging over time, while HC380LA will be found resistant to aging. The theory of the Hundy equation and how it relates the time spent at an elevated temperature to that of an equivalent period of time aging at an ambient room temperature was also tested and found to work in principle.
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The Product Development department at Tata Steel UK wishes to make changes to the way the coil release systems operate at Port Talbot with respect to mechanical properties and the aging of material, while maintaining the existing conformance to the relevant Euronorm Standards. Currently most coils that are held at Port Talbot with a release test older than four months cannot be dispatched until it has been resampled and retested. This rule in the release logic does not take into account material grade or susceptibility to ageing. Some steel grades are resistant to ageing and could theoretically have no change in its mechanical properties well beyond this four month limit; other steel grades are known to be susceptible to aging and exhibit symptoms of aging in a shorter period of time. This is an important issue as changes in the mechanical properties for strength and elongation due to aging can result in customers having issues with yield point elongation and ‘Lüders bands’ that are visible on the steel surface after panel pressing. These bands can still show even after painting and is an issue that can result in customer complaints. Other issues can arise from higher than required strength of the material causing issues with forming operations at the customer, such as splitting or cracking on bends or in areas of severe material deformation such as complex geometries in thin panel pressings.
The biggest drawback to having to re-sample every coil held in stock after four months from the date of the release test is the costs incurred by the business; every coil will have to be unpacked, resampled on the inspection rewind line, tested and then repacked before the coil can be dispatched. All of these operations are labour intensive and divert personnel that could be manning other process lines in the dispatch bays or packing other coils for other customers. In addition, this creates an additional number of crane and coil movements which increases the risk of the outer laps of the coil being damaged from coming into contact with the lifting tongs of cargo cranes. The removal of these damaged coils laps adds additional costs and results in a loss of coil yield that should have been dispatched to the customer.
Significant savings could be made by not having to unnecessarily re-sample coils if it is of a steel grade that is known to be resistant to ageing and also has the necessary data to support this belief. Also as an additional benefit, material that is more prone to ageing would have to be resampled sooner than the current four months; this would reduce the number of instances of coils younger than four months old, but still sufficiently aged enough to suffer from yield point elongation, from being inadvertently dispatched to customers. Reducing the amount of ‘MET Holds’ (the term used to denote a coil that cannot be released due to awaiting a valid release test) preventing material from being dispatched until it has been resampled and tested, will also help increase material flow through the dispatch bays, which are already experiencing significant levels of material congestion.
Currently the business is lacking in sufficient robust data on a range of its steel products with regards to how the mechanical properties change with age, over a six month timespan, so it has not made been in a position where changes to the release logic could be made. The Product Development department requires this information so that these changes can be implemented as necessary, while maintaining the confidence that the business will still maintain compliance with various Euronorm standards that its customers expect. The data required would consist of tensile tests of aged material of various grades at room temperature, but also of material that has undergone accelerated ageing in a heating oven to simulate longer periods of time, in order to obtain useful data more quickly.
[bookmark: _Toc512462805]Project Aims
While the business case for carrying out a regime of sampling and testing in order to fill the existing gaps in its records with regards to the aging characteristics of its products, there is also a scientific argument as well. Many of the existing theories regarding aging of steel products was established in the 20th century with theories developed through the works and investigations of Hundy, Cottrell and Bilby amongst others. Given the many advances in steel making since that time period with regard to the development of new steel grades, products and manufacturing process, it is worth investigating to see if these original theories will still hold true when applied to today’s modern steel making practices. As such in addition to satisfying the business objectives, this investigation will aim to do the following:
1. To obtain accurate information on how the mechanical properties and crystal structures of various steel products change over time.
2. To compare modern steel grades, chemistries and metallurgy that are thought to be more prone to ageing with others that are thought to have a resistance to aging.
3. To determine if the accelerated ageing of steel in a heating oven produces data that is comparable to the natural ageing of steel at room temperature i.e. how effective is the Hundy equation?
[bookmark: _Toc512462806]Timescales
The overall timescale of this project is set by the maximum length of time at room temperature of the aged samples, which has been requested by Product Development to be six months. As such, it is likely that there will still be data points outstanding by April 2018. It is hoped that there may sufficient data trends visible in the collected data for the room temperature aged material before then. 
It is planned that material will be sampled from the various manufacturing units in October, not accounting for maintenance stops and changes to rolling schedules for particular steel grades. Sample preparation of the room temperature aged samples will take place as soon as the material has been sampled, with testing being carried out at the frequency requested by Product Development. Samples intended for accelerated aging are to be kept frozen to prevent any influences from room temperature aging until availability of the tensile test machine and heating oven allows for them to be tested. 


[bookmark: _Toc512462807]Scientific Theory and Literature Review
Iron is a naturally occurring polycrystalline metal, the structure of which at room temperature is that of a tightly packed lattice of iron atoms in a packing arrangement known as a unit cell, which is a repeating pattern that exists throughout the entire lattice; this in turn forms a crystal, also referred to as a grain. These crystals can vary in size and exist in different planes of orientation to each other with the region where two or more crystals meet being known as the grain boundary.
At room temperature, pure iron exists in the form of a body-centred cubic arrangement (bcc) known as ferrite and is stable up to 910°C, (figure 1). Above this temperature, the packaging arrangement of the iron atoms changes and becomes face-centred cubic (fcc), known as austenite. The austenitic phase of pure iron remains stable up to 1390°C at which point it reverts back to a bcc arrangement in a phase known as delta-ferrite.
[image: ]
[bookmark: _Toc512462857]Figure 1: Crystal structures of iron. Face-centred cubic, left. Body-centred cubic, right. (Llewellyn & Hudd, 2000)
Steel is primarily an alloy of iron and carbon. Ferritic iron can accommodate up to 0.022% carbon within its crystal structure at the eutectoid temperature of 727°C, as indicated by the iron-carbon phase diagram (figure 2) though at room temperature the solubility of carbon in iron is as low as 0.005%; exceeding the 0.022% solubility limit of carbon in ferrite, results in the excess carbon forming a carbide phase known as cementite, Fe3C. If the metal is allowed to cool slowly from 727°C, a grain structure consisting of alternating plate like layers of ferrite and cementite will form, known as pearlite. Rapid cooling on the other hand, will not allow the excess carbon time to diffuse out of the lattice structure of iron and it will be trapped inside, heavily distorting the lattice. This forms an acicular or needle like structure known as martensite.
When forming alloys with iron, carbon is described as an interstitial alloying element, in that it forms alloys with iron not through the process of atomic substitution, where one atom substitutes itself for another in the lattice when forming an solution, but through occupying the spaces and gaps in between the larger iron atoms making up the crystal lattice. As the bcc structure of ferrite has spaces in-between the iron atoms in its structure, interstitial atoms such as carbon are able to diffuse throughout the lattice structure (Davis, 2003). However, it must also be noted that interstitial atoms such as carbon do have an impact on the lattice structure and will distort it slightly in a non-spherical manner when they occupy these spaces, as the diameter of the carbon interstitial atom is larger than the width of the space it is trying to occupy in the bcc structure of iron (Reed-Hill, 1973).
[image: ]
[bookmark: _Toc512462858]Figure 2: Iron-carbon phase diagram showing ferrite and austenite phases (Davis, 2003)
[bookmark: _Toc512462808]Vacancies and Dislocations
The theoretical structure of metal lattices assumes that all positions of the lattice structure are filled with the relevant atoms in a perfectly ordered pattern. In reality, this is not the case and the crystal structures of metals will often contain point defects in the form of missing atoms from the lattice, known as vacancies. The existence of vacancies within the lattice is important, for if they were not there, atoms would not be able to move positions within the lattice and so diffusion would not be possible.
A line of defects within the crystal lattice is known as a dislocation. Dislocations exist in two forms; edge dislocations and screw dislocations. It is considered that dislocations demarcate slip planes of displacement within the lattice where one part of the lattice has sheared and the other has not (Reed-Hill, 1973). Edge dislocations are at the edge of an incomplete plane of atoms within a crystal and are perpendicular to the plane of atoms in a displacement in the lattice, while screw dislocations exist parallel to the displacement with the crystal structure in the area existing in the form of a single plane in the form of a helical ramp, as opposed to the typical parallel planes of atoms (Davis, 2003). Figure 3 shows a diagram through a section of an edge dislocation perpendicular to the plane of the page, donated by ┴:
[image: ]
[bookmark: _Toc512462859]Figure 3: Section through an edge dislocation (Davis, 2003)
It is worth noting that dislocations can consist of both edge and screw type components and also that dislocation lines do not have to be straight either (figure 4).
[image: ]
[bookmark: _Toc512462860]Figure 4: Two component dislocation. White circles are above the slip plane, black dots below the slip plane. (Reed-Hill, 1973)
As dislocations demarcate the boundary between areas of the lattice that have slipped with those that have not, they cannot have an end point inside of the crystal lattice; either the dislocation must reach the surface of the crystal or the dislocation forms a closed loop (Reed-Hill, 1973). 
As the existence of a dislocation can be as the result of an area of significant displacement and slip within the lattice, they are also sites of localised stresses and strains within the lattice structure as well. For example, in screw dislocations a state of shear strain is set up in the lattice that is considered to be symmetrical with the dislocation being at the centre as the lattice spirals around it. Edge dislocations in comparison are more complicated in that the lattice above the edge of dislocation is in a state of biaxial compressive stress, below the edge the lattice exists in biaxial tensile stress while a shear state exists along the slip planes (Reed-Hill, 1973).
[bookmark: _Toc512462809]Interactions between Dislocations and Interstitial Atoms
Interstitial atoms are able to interact with both type of dislocation as they cause non-spherical expansions of the crystal lattice and so are attracted to the expanded regions of edge dislocations as well as the enlarged interstitial sites that exist close to screw dislocations; they also are drawn to dislocations due the interactions of the strain fields associated with the dislocation (Reed-Hill, 1973). 
The rate at which interstitial atoms travel towards dislocations is related to the rate at which the can diffuse through the crystal lattice; elevated temperatures results in faster rates of diffusion and so interstitial atoms such as carbon and nitrogen will accumulate at dislocations more quickly. This in turn may either result in the formation of a new crystalline phase at the dislocation that in turn attracts more interstitial atoms to the dislocation, or, if there is no mutual attraction between the interstitial atoms, a state of equilibrium may develop instead of the formation of a new phase (Reed-Hill, 1973). 
Irrespective of the mechanism, the end result is invariably a concentrated build-up of interstitial atoms at the site of the dislocation that is far higher than the rest of the crystal lattice; this is referred to as the dislocation’s atmosphere, of which the number of atoms present is temperature dependant. At high temperatures the concentration of interstitial atoms in these atmospheres starts to decrease as the interstitial atoms move away from the dislocation; given a high enough temperature the concentration of interstitial atoms becomes so low that the atmosphere ceases to exist (Reed-Hill, 1973).
[bookmark: _Toc512462810]The Aging of Steel
The aging of steel, also referred to as strain aging, is the name given to describe the situation where low carbon steels will gradually over time experience an increase in yield strength and ultimate tensile strength along with a corresponding loss of ductility in the form of reduced percentage elongation and the return of yield point elongation. Cottrell and Bilby first theorised in 1949 that aging is a result of the pinning of dislocations within the crystal restructure of the metal by the migration of carbon atoms to the dislocation sites (Loporcaro, et al., 2016). This pinning effectively immobilises the dislocation, preventing it from moving along the slip plane of any deformation until a sufficiently high stress is applied that either frees the dislocation from these pinning atoms or creates new dislocations from sites of stress concentration (Cottrell, 1967). This theory was then expanded upon by the work of Hundy in 1954 that showed that interstitial nitrogen also performs a significant contribution (Loporcaro, et al., 2016) and later again in 1958 by Morgan, who stated that there are several stages to strain aging and that Cottrell and Bilby’s original work only explained the initial stages of aging such as the increase in yield strength and the return of the yield point (Morgan, 1958). Morgan went on to state that the later stages of aging, such as the loss of ductility, are as the result of the formation of precipitates of carbon and nitrogen at dislocation sites that causes excessive levels of localised work hardening when the dislocation is freed from the interstitial atmosphere pinning it in place. By combining Cottrell and Bilby’s early work with Morgan’s theory of precipitate formation, a unified model that adequately explains all stages of the aging process, supported by observations and experimental data, was presented (Morgan, 1958). 
The work of Baird in 1971 showed that nitrogen is the main interstitial element responsible for the pinning of dislocations at temperatures below 100°C, with carbon taking on a greater role at temperatures above this, while Erasmus in 1987 goes on to claim that nitrogen is solely responsible for the aging of steel at ambient temperatures (Loporcaro, et al., 2016).
[bookmark: _Toc512462811]The Return of Yield Point and Lüders Bands
As has already been mentioned, one of the key indicators of steel being affected by aging is the return of its yield point along with the formation of Lüders bands. The presence of a yield point is readily identified when carrying out a tensile test and occurs when there is sharp change from elastic deformation in steel to that of plastic deformation and consists of an initial high figure for the yield point that rapidly drops off to a lower value known as the lower yield point. After this the steel starts to plastically deform along a visible band of discontinuous yielding that can move through the material, known as a Lüders band. This is seen on a tensile stress-strain graph as a jagged horizontal line after the lower yield point and is known as the yield point elongation. After the whole test piece has yielded the graph will then continue to rise as the recorded strain increases with recorded stress as normal (Bhadeshia & Honeycombe, 2006).
The return of the yield point can be proven to be a mechanism of aging and the interaction of interstitial atoms with dislocations by carrying out a modified tensile test. Firstly the tensile test of a steel sample that has been decarburised does not display any signs of yield point. Secondly if a tensile test is interrupted after the yield point has been measured and the sample allowed to rest for a period of time, it will be found that on recommencing the tensile test that a new yield point will be measured that is higher than the original (Bhadeshia & Honeycombe, 2006). If the test is interrupted and then resumed without allowing the sample to rest then there will be no return of a new yield point as there has not been sufficient time for interstitial atoms to return to the dislocation sites and pin them once more. This is illustrated in figure 5:
[image: ]
[bookmark: _Toc512462861]Figure 5: Yield points on a tensile graph. A) Initial yield point B) No yield point on immediate re-testing C) Return of yield point after aging (Cottrell, 1967)
Lüders bands typically will not appear on aged material unless it undergoes some form of mechanical deformation, such as the pressing operation for forming automotive body panels, by which point it may be already too late. As these bands will still remain visible after automotive painting operations and may be considered unsightly by potential customers, their unwanted appearance will cause problems for automotive manufactures as the affected panels will either have to be sent away for rework, incurring additional costs, or be scrapped entirely if they are too badly affected to be worth salvaging. Figure 6 shows an illustration of a typical Lüders band.
[image: ]
[bookmark: _Toc512462862]Figure 6: Illustration of a typical Lüders band (Cottrell, 1967)
[bookmark: _Toc512462812]The Hundy Equation
Hundy’s work in 1954 not only identified the importance of the effects of interstitial nitrogen has on dislocations, but also investigated the effects of temperature on strain-aging and was able to correlate the time spent aging at room temperature with the time spent aging at elevated temperatures (Loporcaro, et al., 2016). This relationship is defined by Hundy equation below:

Where:
· tr is the aging time at room temperature Tr
· t is the aging time at the elevated temperature T
· K is a constant and varies depending on the interstitial atom thought to be involved in the aging process; it is 4400 for carbon atoms and 4000 for nitrogen atoms and is calculated based on the respective activation energy for the diffusion of carbon or nitrogen in iron.
· All temperatures are in Kelvin.
As the ambient temperature of the laboratory is known to be 21°C and the requested test temperature for the accelerated aging tests is 80°C at one hour time intervals, this equation can be used to calculate the equivalent room temperature aging time according to Hundy. As the accelerated aging temperature is at 80°C, then based on the work of Baird and Erasmus it is known that interstitial nitrogen will be the main cause of dislocation pinning and so the appropriate K factor to use is 4000. Based on this calculation the equivalent time at a room temperature of 21°C for aging when compared to accelerated aging at 80°C for an hour is that of a week. However, based on past experience and from carrying out some of their own accelerated aging tests, the team from Product Development have found irregularities in the Hundy equation and that an accelerated aging test at 80°C for one hour is more likely to reflect the aging response of steel that has aged at room temperature for one month. They had also determined that a more suitable constant to use is 5300. This is supported by the work carried out by Bhagat, Baek and Lee who have found that predictions made using the original Hundy equation was greatly overestimating the aging response when compared with experimental data involving bake hardening grade sheet steel. By utilising a new constant of 5030 derived from the activation energy calculated from their own test data, as opposed to using the original values of 4400/4000, they were able to achieve more accurate predictions from the Hundy equation (Bhagat, et al., 2008). When this alternative constant is used, the Hundy equation then calculated the equivalent aging time at room temperature be 25 days, reflecting the observations and experiences of the Product Development team.
[bookmark: _Toc512462813]Steel Chemistry
One of the ways in which the effects of aging can be mitigated is by putting the material through a temper rolling operation after it has been annealed. Temper rolling imparts a small reduction in gauge in the steel strip that is sufficient to unpin the dislocations and remove the yield point in order to prevent the formation of Lüders bands when the panels are pressed by the customer (Hudd, 2005). However, this effect will last only for a limited period of time before the interstitial atoms diffuse back to the dislocation sites and pin them in position once more and also does not prevent any potential loss in ductility. Another method is via the use of alloying additions and adjusting the steel chemistry so that the amount of free soluble interstitial carbon and nitrogen available to diffuse to dislocation sites is severely reduced. This method of controlling the aging of steel may be seen to be preferable to that of mechanical methods such as temper rolling, as controlling aging through adjusting the chemical composition of the steel can almost entirely eliminate the effects of aging as well as maintain the necessary level of ductility that is required for certain deep drawing operations (Morgan, 1958).
Traditionally additions of aluminium, vanadium or boron were found to prevent steel from aging (Morgan, 1958). These elements would react with free soluble carbon and nitrogen in the steel to form stable carbides or nitrides, preventing them from diffusing to dislocations and pinning them in place with dislocation atmospheres. However, vanadium additions can be expensive and adding too much boron can start to have the opposite effect as boron itself is an interstitial atom and could also be attracted to dislocation sites if in large enough concentrations (Pussegoda, 1978). Other alloying additions found to have anti-aging properties in steels later on were titanium and niobium, both of which also form stable carbides and nitrides. Out of these alloying additions, titanium, aluminium and boron react most strongly with nitrogen, with titanium having the highest affinity for nitrogen to form titanium nitrides (Silk, et al., 2007) .
Given the importance steel chemistry can have on the aging of steel, the chemistries of two different continuously annealed steel products that form part of this investigation will be looked at in further detail.
[bookmark: _Toc512462814]Low carbon steel - DC01  
DC01 is part of a family of cold rolled, annealed steels developed to fulfil a range of cold forming operations. Typical applications include the automotive, tubes, radiators and domestic appliance markets (Tata Steel Europe, 2017). It complies with European standard EN 10130:2006 and has the following mechanical properties:
	Max yield strength (Re) N/mm2
	Tensile strength (Rm) N/mm2
	Minimum elongation after fracture (A80)%

	280
	270 - 410
	28


[bookmark: _Toc512462889]Table 1: Mechanical properties of a DC01 grade steel (Tata Steel Europe, 2017)
The steel chemistry of DC01 is that typical of a low carbon aluminium killed steel, though this specific cast chemistry also contains a small amount of boron to bind with any remaining free nitrogen that hasn’t already been bound with aluminium. These boron additions are often made in order to tackle problems associated with the rapid cooling of coil ends and edges that can result in the incomplete precipitation of nitrogen in these steels (Silk, et al., 2007).
The average cast chemistries of the two DC01 grade steel coils sampled are listed in table 2, with a specific focus on the alloying elements that are known to have an effect on aging.
	ID
	C %
	N2 %
	Al %
	Ti %
	Nb %
	V %
	B %

	DC01 Coil 1
	0.0450
	0.0028
	0.028
	0.001
	0.001
	0.001
	0.0030

	DC01 Coil 2
	0.0410
	0.0035
	0.031
	0.001
	0.001
	0.001
	0.0028


[bookmark: _Toc512462890]Table 2: Average cast chemistries for DC01 grade steel samples, focussed on elements related to aging (Tata Steel, 2018)
As can be seen from looking at table 2, there are low levels of nitrogen present, but also an equivalent level of boron and a greater amount of aluminium, along with trace amounts of titanium, niobium and vanadium. There is enough carbon in the steel to provide the strength necessary to achieve the desired mechanical properties and it would appear that there is sufficient aluminium and boron to bind with any soluble nitrogen in the steel to prevent the nitrogen from interacting with dislocations in the short term after temper rolling. However, there may still be the potential for aging as a result of carbon interactions with dislocations sites over a longer period of time and especially at elevated temperatures where carbon becomes more active when interacting with dislocations and the formation of dislocation atmospheres consisting of carbon atoms. Based on this, it is likely this product will age over time and there will be a visible increase in strength, a loss of ductility and a return of the yield point as a result.
[bookmark: _Toc512462815]High Strength Low Alloy (HSLA) steel - HC380LA  
HC380LA is a steel product from the HSLA family of steels. Like DC01, it is also a cold rolled, continuously annealed product; however, it is tailored for applications where high strength and low weight/ thin gauge are required. Typical markets include automotive, construction and precision tubes and HC380LA complies with European standard EN 10268:2006+A1:2013 (Tata Steel Europe, 2017). Specified mechanical properties of HC380LA are shown in table 3.
	Min - Max yield strength (Rp0.2) N/mm2
	Min – Max Tensile strength (Rm) N/mm2
	Minimum elongation after fracture (A)%

	380 - 480
	440 - 560
	19


[bookmark: _Toc512462891]Table 3: Mechanical properties of a HC380LA grade steel (Tata Steel Europe, 2017)
HSLA grade steels achieve these mechanical properties through a combination of grain refinement and precipitation strengthening. This can be achieved by the careful alloying of small amounts of niobium, vanadium or titanium and typically at levels no more than 0.15%, thus earning the designation of micro-alloying or low-alloy steel (Llewellyn & Hudd, 2000).
Grain refinement occurs as a result of these alloy additions inhibiting the recrystallization of austenite during hot rolling, which results in the formation of fine ferrite grains instead. The Hall-Petch equation correlates the increases in yield strength obtained from a corresponding reduction in grain size (Llewellyn & Hudd, 2000). In addition the carbide/ carbo-nitride precipitates that are formed strengthen the steel by impeding further grain growth, ensuring a fine grain size (Silk, et al., 2007).
	ID
	C %
	N2 %
	Al %
	Ti %
	Nb %
	V %
	B %

	HC380
	0.0560
	0.0054
	0.040
	0.001
	0.031
	0.002
	0.0002


[bookmark: _Toc512462892]Table 4: Average cast chemistry for the HC380LA grade steel sample, focussed on elements related to aging (Tata Steel, 2018)
The cast chemistry of the HC380LA coil can be seen in table 4. As can be seen, niobium is the key alloying addition in this grade, with only trace amounts of titanium, vanadium and boron. Compared to the DC01 cast chemistry, this HC380LA sample contains higher levels of carbon, aluminium and nitrogen. It is expected that the formation of niobium carbo-nitride precipitates in this steel will lead to an increase in yield strength by restricting grain growth. Unlike in DC01 grade steels, where the dislocations present can be pinned by atmospheres of soluble carbon that form over time, the majority of carbon and nitrogen exists in the form of carbides or carbo-nitrides. As such it is expected that there will be little change in the materials strength and ductility over time and that there will be no observable yield point, meaning that it is unlikely to age at all.
[bookmark: _Toc512462816]The Continuous Annealing Processing Line (CAPL)
As mentioned earlier, DC01 and HC380LA are both cold rolled continuously annealed products. They are produced at Port Talbot’s Continuous Annealing Processing Line (CAPL). Unlike traditional batch annealing processes which can take several days for an annealing cycle to complete, CAPL can pass a coil through an entire annealing cycle in the space of six minutes. With the inclusion of coil welding systems, accumulators and an in-line temper mill, multiple coils can be passed through the annealing furnace as a continuous feed of strip steel in this relatively short period of time. A schematic illustration of CAPL can be seen in figure 7.
[image: ]
[bookmark: _Toc512462863]Figure 7: Schematic illustration of Port Talbot CAPL (Tata Steel, n.d.)
Annealing is carried out in order to promote recrystallization and grain growth is cold rolled steels, so that the work hardening effects of cold rolling are removed and the relief of internal stresses, allowing for the material to regain its original properties relating to formability and ductility. In continuous annealing the heating and cooling of the steel passing through the annealing furnace needs to be carefully controlled with regards to temperature and furnace atmosphere in order to ensure the desired properties are obtained. This is especially true with regards to controlling grain size and also the formation of carbon precipitates; during the early stages of annealing carbon will be taken into solution. If the carbon is not suitably precipitated back out of the iron, then any remaining carbon left in solution will contribute to unwanted solid solution strengthening and strain aging (Hudd, 2005). The temperature profile for a typical continuous annealing cycle is shown in figure 8.
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[bookmark: _Toc512462864]Figure 8: CAPL annealing cycle profile (Tata Steel, 2017)
[bookmark: _Toc512462817]Comparison of Annealing Cycles
The annealing cycles used for both DC01 and HC380LA grades are very similar, with the main differences being in the initial heating temperatures. Table 5 compares the target temperatures for the different stages of each annealing cycle.
	Product
	Heating
	Soaking
	Slow Cool
	Rapid Cool
	Overage
	2nd Cool

	DC01
	680°C
	680°C
	675°C
	410°C
	350°C
	210°C

	HC380LA
	720°C
	720°C
	675°C
	410°C
	350°C
	160°C


[bookmark: _Toc512462893]Table 5: Target temperatures for CAPL annealing cycles (Tata Steel, 2017)
As can be seen from looking at table 5, there is little difference between the two annealing cycles for the most part. The annealing cycle for HC380LA runs to an initial higher temperature, which can be attributed to the fact it is alloyed with niobium; this results in the recrystallization temperature of the steel being raised and requires higher temperatures for annealing (Hudd, 2005). The other temperature that is different is the target point for secondary cooling being lower than that found in the DC01 annealing cycle; this may be required to control grain growth and to promote the finer grain size required for a HSLA product. 
Based on this information it could be hypothesised that the only influence the annealing cycle has on strain aging of steel is in the removal of any carbon atmospheres that may have formed around dislocations at these high temperatures, which is common to both steel products. Line speeds are likely to be similar for both products, as the line speed is heavily influenced by the gauge of the steel strip passing through it and both sampled coils are of similar gauge, minimalizing any potential impact this may have as both coils are likely to spend a similar amount of time passing through the annealing furnace. It is highly likely therefore, that the factor that is most likely to influence the aging of different steels is that of their respective chemistries.
[bookmark: _Toc512462818]Use of Established Methods and Techniques
In order to obtain the necessary data to evaluate the effects of aging, both at room temperature and at 80°C, it will be necessary to make used of a range of existing established scientific methods and techniques. The advantage of using existing available techniques is that they themselves are already well documented with existing established test a procedure, meaning that time does not have to be spent developing bespoke testing programmes or designing and building specialised test rigs. More importantly by taking advantage of these existing techniques they are likely to be already standardised tests that comply with a wide range of British, European and internationally recognised standards. One such recognised standard for tensile testing is ISO 6892-1:2016 Metallic materials — Tensile testing (International Organisation for Standardisation, 2016). This has the benefit that the data generated by these techniques can be readily analysed, interpreted and accepted by the relevant bodies within the steel industry that may find the outcome of this investigation of interest. 
The accelerated aging temperature of 80°C was selected as it is the most useful temperature to accelerate the aging process whilst maintaining metallurgical conditions similar to that at room temperature. It has been found by past work carried out by Product Development that at temperatures at and above 100°C, various reactions start to take place that affect the aging response that wouldn’t normally occur at room temperature, making such elevated temperatures unsuitable for simulating long term room temperature aging (Evans, 2018).
The various established techniques identified that will be utilised in this investigation are tensile testing, grain size measurement and time based interval testing. Time based interval testing has been selected as it allows for the testing of samples at set time intervals according to a sample testing plan. This allows for data to be built up over a period of time which allows for trends to be identified and monitored. As the aging of steel is a process that gradually takes places over time, time based interval testing is ideally suited to recording and monitoring any patterns or changes in the mechanical properties of steels that are affected by aging.
[bookmark: _Toc512462819]Tensile Testing
The mechanical properties data required to determine if there is any aging response exhibited by the sampled materials will be obtained through the application of tensile testing. A tensile test is a ‘uniaxial test’ – it only works in one direction, if the test piece is not positioned correctly then the strain measured may be occurring in multiple directions which can impact the test and call into question the validity of the test results. A test piece, usually in the shape of a ‘dog bone’ which is obtained via milling using a CNC milling machine, is securely clamped at each end within the test machine. Once secured, an increasing load is then applied to the test piece in a single liner direction, pulling the test piece apart until it ultimately fails. There are two key parameters that are measured directly from the test machine; the amount of load applied and the amount of extension in the test piece. From this information a tensile test graph can be produced which is a plot of stress on the y axis against strain on the x axis. 
Stress is derived from the calculation of force over area, where the force is the load applied to the test piece and the area calculated from measurements of gauge and width along the narrow milled section of the test piece, known as the ‘gauge length’. It is often referred to as the engineering stress. The true strain of a material is calculated by force over the cross sectional area at the point in time in which that specific load is applied and as such if a graph of true stress were to be plotted against increasing strain, it would be found that the graph plot will continue to increase until failure (Llewellyn & Hudd, 2000). 
The gauge is length is standardised in the tensile test and is calculated by multiplying 5.65 by the square root of the cross sectional area of the test piece. Measurements of sample gauge and width are taken before the test piece is loaded into the machine and the test started; these are taken using accurate measuring devices, with a micrometre being the most common manual method of doing so. Strain is calculated as being the change in length over the original length, the original length being the calculated gauge length of the test piece as described earlier (Higgins, 2006). As with stress, this is known as the engineering strain. The true strain of the material can be derived from the natural log of the final length over the original length as it is regarded that any overall strain is made up of a number of smaller related strains (Llewellyn & Hudd, 2000).
Finally, it is important that the rate in which the test is carried out complies with recognised test standards as the rate of test can alter the results obtained. As an example a test being carried out too quickly will result in a high strain rate which will influence and artificially increase the strength of the material being tested. Consequently, have the test carried out too slowly result in a low strain rate and will influence the strength, giving a lower strength.
An example of a series of stress vs strain tensile plots can be seen in figure 9.
[image: ]
[bookmark: _Toc512462865]Figure 9: A series of tensile test graphs for HC380LA samples
From a tensile test graph, several important mechanical properties for materials can be measured or calculated. For the purposes of this investigation these are:
· Ultimate Tensile Strength (UTS/ Rm) – Can be calculated from the maximum recorded load over the original cross sectional area. The UTS can also be read from the very top of the curve on the graph.
· Yield Stress (Re) – The point at which the material starts to deform plastically resulting in permanent deformation. In certain cases it can be very difficult to accurately determine this exact point, so instead a 0.2% Proof Stress figure is used (Rp0.2). This is considered to be the point where an increase in applied load results in a 0.2% increase in the gauge length of the test piece (Higgins, 2006). Some steels may exhibit both an upper (ReH) and lower (ReL) yield point along with yield point elongation (Ae), which occurs as a result of discontinuous yielding. This is described as being an area where an increase in strain occurs without an increase in stress (Instron, 2018).
· Percentage Elongation (A80 or A) – This is the amount by which the test piece increased in length up to the point of failure. This value gives an indication of the ductility of the material.
· The work-hardening coefficient (n)  – This is the value derived from the slope of a true stress – true strain curve plotted on a logarithmic scale, and determines how quickly true stress builds up with increasing true strain. It can be considered to be related to how well the material responds to stretching. Steels with a high n value are more able to uniformly distribute strain and are less likely to suffer from necking and failure when undergoing pressing then steels with a lower n value (Llewellyn & Hudd, 2000).
These key mechanical properties derived from the tensile test are also important as not only are they key characteristics of a steel product, but they are also amongst the main mechanical properties that are affected by aging. This makes tensile testing the ideal and preferred means to gather the data required for this investigation.
[bookmark: _Toc512462820]Grain Size Measurement and Optical Microscopy
Grain size measurement is carried out using imaging techniques and software in conjunction with the use of an optical microscope. Optical microscopes relay on a light source in order to generate an image and typically can produce a maximum useful magnification of x1000. There simplicity in operation and relative low cost compared to more advanced microscopes such as Scanning Electron Microscopes (SEM) makes them ideally suited to viewing crystal structures and measuring grain size in steel samples and other metals.
Samples have to be prepared appropriately before they can be viewed under a microscope. This is achieved by taking a small section of the sample and mounting it in a polymer material such as resin through the use of a hot mounting press. Hot mounting presses uses the application of heat and light pressure to turn the resin, which is supplied in the form of powder granules, into a viscous state which surrounds the sample which is contained within a metal mould. It is then cooled using a cooling water flow so that the resin solidifies and encases the sample in a solid cylinder that is easy to handle, known as a ‘micro’.
The completed micro will then undergo a sequence of grinding and polishing operations using automated grinding and polishing machines in order to produce the necessary surface quality required for optical microscopy. Normally these start out using coarse grades of silicon carbide grinding papers (typically 120grit) before progressing onto finer grades of grinding papers (1000grit). Polishing involves the use of fine diamond suspensions as the abrasive medium and starts at six microns before finishing with a one micron polishing stage. In between these stages the micro is routinely washed with soapy water and dried to remove grinding and polishing residue that may otherwise build up an affect the quality of the final surface finish. Not doing so can result in a poor surface finish, resulting in numerous fine lines appearing all over the surface e of the micro when looked at under the microscope. These fine lines can interfere with the identification of individual grains and grain boundaries, affecting the measurement of the grain size.
Once the surface has been suitably prepared, it is then etched with an acidic etching solution to reveal the crystal grain structure of the material. There are many different possible etching solutions, but the one of the more common solutions used for the etching of carbon steel samples is nital; this is a solution of 2% nitric acid in alcohol, commonly methylated spirits (Higgins, 2006). After the surface has been suitably etched, the imaging and measurement of the grains can begin. Imaging is taken at a suitable magnification in order to clearly show the grain boundaries in the crystal structure of the steel. The required magnification to do this depends on the type of steel and how fine its crystal structure is, though typical magnifications include x200 and x500. Magnification is determined by taking the power of the objective lens of the microscope that looks directly at the sample and multiplying it by the power of the eyepiece that the operator looks through. When an area of interest is brought into focus, an image can be taken by using a computer controlled imaging camera attached to the microscope, as seen in figure 10.
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[bookmark: _Toc512462866]Figure 10: Leica optical microscope used for imaging and grain size measurement
There are multiple different standardised methods for measuring grain size. The method that has been selected and is to be used in this investigation is known as the ‘Jeffries’ Planimetric’ procedure and is governed by the American Society for Testing and Materials (ASTM) standard E112-13. This method of grain size measurement was selected over other methods due to its results being free of any bias and also because it provides a high level of repeatability and reproducibility (ASTM International, 2013).
Using this method, a circle of known size is overlaid over the image of the sample’s crystal structure. Analytical software then identifies the grain boundaries within the circles and a measurement of the number of identified grains within this circle is made along with the number of grains that are intercepted by this circle (see figure 11). By adding the number of whole grains within the circle to the number of intercepted grains divided by two and then multiplying this figure by the relevant Jeffries’ factor based on the magnification used to view the grains, the number of grains per unit area can be calculated, denoted as NA and normally reported in mm-2. Using this value NA, the ASTM grain size number, G, can be calculated using the following calculation:
G = (3.321928 log10 NA) − 2.954  
In order to increase the accuracy of the grain size measurements, the standard recommends taking multiple measurements from different areas of the sample, at random and without any attempts at bias, for example attempting to take measurements from areas of the sample that look to have a representative grain structure (ASTM International, 2013). In this investigation it is planned to take ten readings from each sample in order to generate an average value for measured grain size.

[bookmark: _Toc512462867]Figure 11: Sequence of operations for grain size measurement. Left to right: Designation of measurement area, identification of grain boundaries, and measurement of number of grains within identified area


[bookmark: _Toc512462821]Work Carried Out
The activities involved in this investigation have been broken down into several sections; scientific research (as already discussed), identification and sampling of suitable sample material, sample preparation, sample testing and finally data collection and interpretation. The next sections will go over these activities in more detail.
[bookmark: _Toc512462822]Identification and Sampling of Suitable Material
The first task was to identify coils being processed through CAPL which would be suitable for sampling for this investigation, which were to be an example of a formable DC01 product and a HSLA HC380LA product. To do this involved obtaining user access to Rumba, which is the mainframe server that provides information for a wide range of manufacturing processes at the Port Talbot site (figure 12). This would allow access to the CAPL rolling schedule in order to view what grades and steel products were planned to be processed in the upcoming manufacturing cycles, known as ‘rounds’.
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[bookmark: _Toc512462868]Figure 12: Screenshot of CAPL rolling schedule screen on the mainframe
After identifying suitable coils from the rolling schedule and making a note of the coil ID numbers and their respective grades and product type, the next challenge was to get the material sampled so that tests could be carried out. Initially it was attempted to have coils sampled by e-mailing a request to the Cold Mill Technical team, requesting the identified coil be diverted to the rewind inspection line for sampling. This request was approved, but due to manufacturing constraints, the coil wasn’t able to be sampled until several weeks had passed since the day it was originally processed. This meant that tests covering the potential aging of the material in the first few weeks after initial manufacture could not be carried out, resulting in a loss of valuable data.
An alternative source of sampling the material was required and as the CAPL line contains an automated sampling unit that takes full width cuts of every coil processed, leaving a large sheet from which samples for the release tests carried out by the Test House are taken from; this seemed to be the most logical choice for getting the required samples. By liaising with the shift teams at the Test House and providing them with the required coil IDs, they would be able to keep to one side the rest of this sheet after taking their own sample from it. As the coil identities are printed on each sheet by the automatic sampler, each sheet maintains traceability so there can be no confusion as to which coil each sheet has been sampled from. After being put to one side, the sample would then be collected later on the same day. In order to prevent the samples aging in storage, they are stored in a freezer until they are required as the low temperature reduces the available energy in the steel to a level that inhibits the movement of dislocations through the crystal structure as well as the interactions between carbon and nitrogen atoms within these dislocations.
This sampling practice worked fairly well. The only minor issue was that the first sheet of DC01 material that was sampled wasn’t large enough to provide material for all the required tests. Given that CAPL availability had pushed the project timing schedule behind what was originally planned, the decision was made not to unnecessarily delay the room temperature aging aspect of the investigation any further and use the obtained sheet for those tests. A second sheet of DC01 material of the same grade and gauge was sampled later on from another coil to provide samples for use in accelerated aging tests. By ensuring that both coils were of similar gauge and cast chemistries, it should be possible to objectively compare results from accelerated aging tests with those of room temperature aging.
[bookmark: _Toc512462823]Sample Preparation
Before sample preparation begins, the test direction was checked using Rumba. The two main test directions are transverse – across the width of the coil and longitudinal – in the same direction as the rolling direction of the coil. It is important that the samples are prepared in the same test direction as the original release test as this will ensure a valid data comparison between the release test results and the test data obtained as a result of this investigation.  Once the test direction for each sample has been confirmed, the required sheet of material is removed from the freezer and allowed to return to room temperature, which due to the thin gauge of the material involved will take several minutes. The blanks, which measure 40mm wide by 250mm long, are then marked out on the sheet in the required orientation. The total number of blanks required from a single coil is 30 for room temperature aging test and 18 for accelerated aging tests. Care was taken where possible to mark out the blanks in the central most two thirds of the coil width, avoiding areas close to the coil edges. This was done to ensure that the samples were as representative and as uniform as possible of the coil chemistry and gauge. After being marked out the blanks are then cut out using a large hydraulic sheer in order to ensure the cuts are straight and square, before then being milled to the required shape in batches using a CNC millings machine (figure 13). After milling, the samples were cleaned and dried to remove coolant residue and swarf fragments. The 18 tensile samples selected for accelerated aging tests are then returned to the freezer for storage until they are required for accelerated aging tests. The remaining samples were then stored at room temperature in the laboratory where they are allowed to age over time. A small section of material was taken from each sheet to provide micro samples for the microstructure of the material in its ‘as processed’ condition, for comparison against future aged samples.
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[bookmark: _Toc512462869]Figure 13: Bridgeport CNC milling machine used to prepare tensile samples
[bookmark: _Toc512462824]Tensile Testing of Samples
Tensile tests were carried out using a Zwick model 1478 manual test machine (figure 14). Tests were carried out in lots of three at each planned milestone. These milestones were at three days after rolling then weekly up to four weeks after rolling and from then on every month up until four months after rolling at time of writing, with an additional two further months of tests to go. Samples were measured for gauge and width in three different positions along the gauge length for each sample, with an average of the gauge and width measurements of the test piece being used when carrying out the tensile test. Results data from the tests were then exported from the test programme and saved to the computer in a Microsoft Excel compatible file format to allow for easier data analysis and manipulation.
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[bookmark: _Toc512462870]Figure 14: Zwick model 1478 tensile test machine
The programme of tensile testing worked well, though there was an unexpected issue three months into the investigation. The tensile machine being used for the tests suffered a hardware fault that rendered the machine unusable. This was an unfortunate setback as it was hoped to be able to use a single test machine for all tensile tests in order to eliminate any possible discrepancies in the data that may arise from using multiple tensile test machines. As the Zwick 1478 was going to be out of use for an unknown length of time, the decision was made to switch testing to a Zwick model 1474 tensile machine. This alternative was just as capable as the machine that has been in use, as it is the primary tensile machine that the Product Development team use for their research orientated testing and uses the same test programme, control software and has the same specifications and capabilities as the Zwick 1478. Utilising this second test machine allowed the time based testing to continue without any major interruptions until the original test machine was repaired in time for the testing of samples at the 16 week mile stone. As only one set of room temperature aged samples was tested on this second machine, the impact of variation between instruments on any long term data trends should be minimal. Accelerated aging tests were all carried out on a single test machine, which removes the issue of variation between test machines when comparing the accelerated aging data of the different grades of steel to each other.
Samples designated for accelerated aging tests where stored in the freezer to prevent unnecessary aging; the samples were removed from the freezer on the day of testing and allowed to naturally come to room temperature. These samples were then evenly spread out inside a heating oven that had already been set to a temperature of 80°C the day before, allowing for the oven to reach a stable and consistent temperature overnight. The samples were then left in the heating oven and lots of three were taken out of the oven at random for tensile testing at hourly intervals, starting with one hour at 80°C and culminating at six hours at 80°C. Samples that had been removed from the oven were allowed to cool back down to room temperature unassisted, before being tested. Test data from these accelerated aging tests were saved to a computer in a separate folder to avoid confusion with existing room temperature aged test data.
[bookmark: _Toc512462825]Optical Imaging and Grain Size Measurement
Samples for grain size measurement and optical imaging were taken from each sheet of material on the day it was sampled. Samples were all taken in the transverse orientation to ensure consistency in imaging and of any measurements taken. For samples taken at 16 weeks of room temperature aging and at the one hour and six hour intervals for the accelerated aging tests, the samples were taken from the ends of the tensile test pieces which ought to be free from any deformation as a result of the tensile test, as the ends of the test piece are typically clamped in place. Care was also taken to ensure the samples taken from these ends were free of any clamp or grip marks that may also distort the microstructure of the sample. 
Samples were cut using hand shears from the tensile ends, before being mounted in resin using a hot mounting press to form a micro (figure 15). The micros were then ground and polished using automated preparation equipment before being etched with nital. Optical imaging was then carried out using a Leica optical microscope with images being captured using a camera and imaging software at x200 and x500 magnifications. Grain size measurement was completed using a specialist software suit. For each sample, ten grain size measurements were taken at random areas of the sample’s microstructure, with an average grain size measurement being taken from these ten readings for each sample.
[image: ]
[bookmark: _Toc512462871]Figure 15: Mounted samples ready for grain size measurement


[bookmark: _Toc512462826]Results
The following sections present the data and findings from this investigation. It was originally expected that there would be evidence of aging present in the DC01 material, but not in the HC380LA material. With regards to grain size, the aim of the investigation was to see if there would be any visible change in grain size or shape as a result of aging influences. All original data tables can be found in the appendix.
[bookmark: _Toc512462827]The Effects of Aging on Mechanical Properties
The two different steel grades have reacted differently to the aging process, with the DC01 material showing signs of aging in the form of a change in its mechanical properties over time. The HC380LA grade material did not show any evidence of return of the yield point, though there is a slight trend for a small increase in yield strength and a corresponding small decrease in elongation over a period of several months. This change is so small however, it is unlikely to be of any concern to the customer as the material is likely to have been delivered and used in the customer’s manufacturing processes (including accounting for material being held in storage) long before any change becomes significant. 
[bookmark: _Toc512462828]DC01 – Mechanical Properties 
	Sample ID
	Days Elapsed
	Rp 0.2 N/mm2
	ReH   N/mm2 
	ReL  N/mm2  
	Ae  %   
	Rm  N/mm2  
	A80  % 
	n

	Release Test
	0
	212.90
	-
	-
	0.00
	344.90
	39.23
	0.207

	DC01-3D 
	3
	212.42
	-
	-
	-
	342.69
	38.26
	0.201

	DC01-1W 
	7
	215.14
	-
	-
	-
	343.25
	35.94
	0.191

	DC01-2W 
	14
	220.45
	211.06
	209.44
	0.03
	346.71
	36.30
	0.180

	DC01-3W
	21
	220.49
	215.25
	212.58
	0.04
	345.95
	34.99
	0.180

	DC01-4W
	28
	220.41
	-
	-
	-
	346.72
	36.52
	0.177

	DC01-8W
	56
	222.74
	223.47
	220.65
	0.05
	350.68
	35.23
	0.175

	DC01-12W
	84
	223.54
	227.19
	223.36
	0.14
	349.45
	36.98
	0.180

	DC01-16W
	112
	224.01
	226.98
	222.61
	10.84
	352.00
	33.55
	0.174


[bookmark: _Toc512462894]Table 6: DC01 Tensile test results, room temperature aged (averaged)
Table 6 shows the averaged results for DC01 room temperature aged tensile tests. The data reveals that as early as three days after manufacture there are minor differences in the proof stress (Rp0.2), yield stress (Rm), percentage elongation (A80) and n values when compared to the initial release test from the day of manufacture, though how much this can be attributed to variation between tensile test machines used for the release test and that used for this investigation is hard to determine. Despite this, it is clear that after one week at room temperature, there is an observed increase in Rp0.2 and Rm values and a decrease in A80 and n values and at two weeks/ 14 days after manufacture there is a measurable return of the yield point (ReH) and  yield point elongation (Ae). It can be said at this point that the DC01 material is showing signs of aging, and these trends continue to increase as time passes. There is an anomalous set of results after one month has passed where the material doesn’t display any signs of yield point along with a slight increase in elongation, which goes against the expected results of a further loss of ductility along with a further increase in the yield point. There is also a sudden spike in Ae after four months. These trends over time several of these properties are illustrated in figures 16 and 17.

[bookmark: _Toc512462872]Figure 16: Graph of Rm and A80 values over time for DC01 at room temperature

[bookmark: _Toc512462873]Figure 17: Graph of Rp 0.2 and n values over time for DC01 at room temperature
When looking at the tensile test data obtained from the accelerated aging tests of DC01 material (table 7), similar trends and patterns can be seen.
	Sample ID
	Hours Elapsed
	Rp 0.2 N/mm2
	ReH   N/mm2 
	ReL  N/mm2  
	Ae  %   
	Rm  N/mm2  
	A80  % 
	n

	Release Test
	0
	229.90
	-
	-
	0.00
	341.60
	40.80
	0.211

	DC01-1 Hour  
	1
	236.73
	236.87
	235.49
	0.16
	348.22
	35.81
	0.195

	DC01-2 Hours
	2
	238.02
	238.33
	237.02
	0.23
	350.43
	36.12
	0.191

	DC01-3 Hours
	3
	238.78
	241.32
	237.70
	0.28
	350.41
	35.73
	0.190

	DC01-4 Hours
	4
	237.62
	241.32
	236.74
	0.29
	347.60
	35.36
	0.187

	DC01-5 Hours
	5
	240.54
	243.21
	238.33
	0.37
	350.68
	35.87
	0.188

	DC01-6 Hours
	6
	241.59
	244.60
	240.41
	0.73
	350.93
	34.97
	0.186


[bookmark: _Toc512462895]Table 7: DC01 Tensile test results, accelerated aging (averaged)
There are clear trends for an increase in Rp 0.2, Rm and Ae along with the respective decrease in A80 and n values that was expected and these trends are clearly visible in the graphs plotting these values against time spent aging at 80°C (figures 18 and 19). The data clearly shows that the material has aged at a rate greater than that which would have been obtained naturally at room temperature given the same span of time; the material has shown more aging in a period of six hours at a temperature of 80°C then it would show after six hours at room temperature.

[bookmark: _Toc512462874]Figure 18: Graph of Rm and A80 values over time for DC01 at 80°C



[bookmark: _Toc512462875]Figure 19: Graph of Rp 0.2 and n values over time for DC01 at 80°C 
From looking at these graphs it can be seen that the greatest change in mechanical properties is between the original release test and those conducted at 80°C after one hour, which is the equivalent of one month of aging at room temperature, before continuing to either steadily increase or decrease depending on the property under review. There is, however, an anomalous result in the measured Rm and Rp0.2 values on samples tested after four hours of heating at temperature.
The final confirmation of these trends is the correlation data shown in table 8 below. The release test was omitted from the correlation data set in order to prevent the step change from biasing the data. The data shows that for both room temperature and accelerated aging tests a strong positive correlation for Rp 0.2, ReH, ReL, and Ae values, indicating that they will increase over time. A80 and n values show moderate to strong negative correlations, indicating that these values will decrease over time. Rm values show a strong positive correlation at room temperature, but only a moderate positive correlation at accelerated temperatures.
	 
	Rp 0.2 N/mm2
	ReH   N/mm2 
	ReL  N/mm2  
	Ae  %   
	Rm  N/mm2  
	A80  % 
	n

	Room Temp'
	0.79
	0.93
	0.92
	0.74
	0.91
	-0.56
	-0.65

	Accelerated
	0.89
	0.98
	0.88
	0.87
	0.43
	-0.69
	-0.94


[bookmark: _Toc512462896]Table 8: Correlation data for change in DC01 mechanical properties over time


[bookmark: _Toc512462829]DC01 – Comparison of Accelerated Aging against Room Temperature Aging
When comparing the accelerated aging tests against the equivalent time period from the room temperature aging test results, the differences between the reported values, obtained by subtracting the room temperature test results from the accelerated aging tests, are summarised in table 9:
	Time
	Rp 0.2 N/mm2
	ReH   N/mm2 
	ReL  N/mm2  
	Ae  %   
	Rm  N/mm2  
	A80  % 
	n

	1 hr/ 4 wks T1
	16.56
	-
	-
	-
	4.00
	1.10
	0.016

	1 hr/ 4 wks T2
	16.95
	-
	-
	-
	0.86
	-0.07
	0.017

	1 hr/ 4 wks T3
	15.46
	-
	-
	-
	-0.37
	-3.15
	0.020

	2 hr/ 8 wks T1
	13.78
	15.68
	15.36
	0.17
	-1.21
	3.31
	0.018

	2 hr/ 8 wks T2
	14.70
	15.62
	16.12
	0.28
	-0.50
	-3.04
	0.016

	2 hr/ 8 wks T3
	17.35
	13.27
	17.65
	0.08
	0.95
	2.38
	0.013

	3 hr/ 12 wks T1
	14.40
	12.11
	12.45
	0.20
	8.28
	-0.25
	0.009

	3 hr/ 12 wks T2
	14.91
	13.09
	14.36
	0.15
	-3.43
	-1.41
	0.010

	3 hr/ 12 wks T3
	16.41
	17.18
	16.22
	0.09
	-1.97
	-2.07
	0.013

	4 hr/ 16 wks T1
	14.84
	18.67
	15.53
	0.23
	-3.34
	1.89
	0.013

	4 hr/ 16 wks T2
	13.04
	10.99
	15.35
	-16.38
	-4.77
	2.81
	0.013

	4 hr/ 16 wks T3
	12.95
	13.36
	11.52
	-15.51
	-5.09
	0.73
	0.015

	Average
	15.11
	14.44
	14.95
	-3.41
	-0.55
	0.19
	0.014

	Std Deviation
	1.47
	2.50
	1.91
	7.11
	3.81
	2.23
	0.003

	3* Std Deviation
	4.41
	7.50
	5.74
	21.33
	11.44
	6.70
	0.010


[bookmark: _Toc512462897]Table 9: Differences between recorded values of DC01 accelerated tensile tests and room temperature tensile tests
In this table, positive values indicate that the accelerated tests were the greater result and negative values indicate that the accelerated tests were the smaller of the two test results. Based on this, it can be seen that there is a very good tie up in results for both the n value and A80 as these properties have the lowest average difference and relative low standard deviation, indicating low levels in variation between the tests. The greatest source of variation going by the standard deviation values are in the results for Ae and Rm. The Ae results have been particularly affected by two tests at room temperature that had far greater values for Ae then the corresponding tests at 80°. Despite this the average difference between tests for Ae remains fairly low. The same can be observed for the difference in results for Rm values, with a low average difference between tests, indicating a good tie up, but the high standard deviation indicates significant amount of variation in measured Rm values. 
When it comes to the measured difference in Rp 0.2, ReH and ReL values, there are three notable trends. First the accelerated aging tests always report a higher value for these three properties by a significant margin, as evidenced by the large positive values. Secondly there is a significant level of variation in the figures as indicated by the standard deviation. Finally, the differences in results for Rp 0.2, ReH and ReL are all similar values. This last point can be readily explained as these three mechanical properties are all closely linked. While it could potentially be inferred from this information that these three mechanical properties in particular are more susceptible to aging at elevated temperatures then at room temperature, it has to be remembered that the test pieces for the accelerated aging tests had been sampled from a second coil of a similar cast chemistry, so there exists the potential for significant variation in tested mechanical properties between the two coils. At the same time, if this were to be the sole reason for the observed difference in results between aging at room temperature and aging at accelerated aging tests at 80°C, then it would also be expected to see significant variation in all of the mechanical properties, especially in the n values which can be particularly sensitive to measurement variation; this, however, does not appear to be the case as indicated by the low average difference and low standard deviation in the n values reported.
It should be mentioned that unfortunately a direct comparison between ReH, ReL and Ae values for one hour/ four weeks is not possible as all three test pieces that were aged at room temperature at this time period did not exhibit any signs of return of the yield point, which was rather unexpected as the test samples from the week before had already done so. As a direct comparison is not possible, the values obtained from accelerated aging tests for these parameters were omitted lest they unnecessarily skew the interpretation of the data.
[bookmark: _Toc512462830]HC380LA – Mechanical Properties 
	Sample ID
	Days Elapsed
	Rp 0.2 N/mm2
	ReH   N/mm2 
	ReL  N/mm2  
	Ae  %   
	Rm  N/mm2  
	A80  % 
	n

	Release Test
	0
	412.70
	-
	-
	-
	520.60
	25.86
	0.143

	HC380LA-3D 
	3
	405.62
	413.82
	412.46
	14.31
	509.13
	25.19
	0.143

	HC380LA-1W 
	7
	409.26
	-
	-
	-
	513.72
	25.65
	0.142

	HC380LA-2W 
	14
	409.81
	-
	-
	-
	515.24
	25.35
	0.143

	HC380LA-3W
	21
	402.12
	-
	-
	-
	504.62
	24.90
	0.143

	HC380LA-4W
	28
	410.40
	-
	-
	-
	513.51
	26.24
	0.142

	HC380LA-8W
	56
	410.11
	418.16
	416.64
	14.87
	512.61
	26.48
	0.144

	HC380LA-12W
	84
	403.48
	-
	-
	-
	508.76
	24.66
	0.141

	HC380LA-16W
	112
	407.63
	-
	-
	-
	512.02
	25.55
	0.142


[bookmark: _Toc512462898]Table 10: HC380LA Tensile test results, room temperature aged (averaged)
The first thing that can be observed from the test data for HC380LA material at room temperature is the general lack of any figures for ReH, ReL and Ae, barring two occurrences of anomalous results at three days after manufacture and eight weeks after manufacture, the reasons of which cannot be readily explained. Apart from a small step change seen the results for Rp0.2 and Rm, which may be attributed to the release test being carried out on a different tensile machine, there appears to be little significant variation in the mechanical properties. As there is no return of the yield point, the data would suggest that there is no aging of the material. When plotted against time, the graphs seen in figures 20 and 21 would appear to show no obvious pattern. There are two potentially anomalous results at 21 days and 84 days with sharp drops in Rm, Rp 0.2 and A80 values, otherwise the graph appears to be fairly irregular with no clear trend. The n values appear consistent until a sudden spike followed by a drop at 56 and 84 days.

[bookmark: _Toc512462876]Figure 20: Graph of Rm and A80 values over time for HC380LA at room temperature

[bookmark: _Toc512462877]Figure 21: Graph of Rp 0.2 and n values over time for HC380LA at room temperature

	Sample ID
	Hours Elapsed
	Rp 0.2 N/mm2
	ReH   N/mm2 
	ReL  N/mm2  
	Ae  %   
	Rm  N/mm2  
	A80  % 
	n

	Release Test
	0
	412.70
	-
	-
	-
	520.60
	25.86
	0.143

	HC380LA- 1 Hour
	1
	399.16
	-
	-
	-
	505.45
	24.12
	0.142

	HC380LA- 2 Hours
	2
	405.71
	-
	-
	-
	510.53
	24.12
	0.142

	HC380LA- 3 Hours
	3
	399.56
	-
	-
	-
	507.39
	24.70
	0.141

	HC380LA- 4 Hours
	4
	407.80
	-
	-
	-
	512.22
	23.59
	0.139

	HC380LA- 5 Hours
	5
	407.24
	-
	-
	-
	511.34
	23.64
	0.141

	HC380LA- 6 Hours
	6
	402.83
	-
	-
	-
	507.78
	23.65
	0.141


[bookmark: _Toc512462899]Table 11: HC380LA Tensile test results, accelerated aging (averaged)
Table 11 presents the data from the accelerated aging tests of the HC380LA samples and it can be clearly seen that despite being aged at higher temperatures, there was no return of the yield point recorded in any of the samples at all. Apart from a drop sharp drop in  Rp0.2 and Rm values between the release test and the initial test at one hour, which potentially could be attributed to a difference in the test machines being used, the remainder of the test results appears at first to show no significant change.

[bookmark: _Toc512462878]Figure 22: Graph of Rm and A80 values over time for HC380LA at 80°C

[bookmark: _Toc512462879]Figure 23: Graph of Rp 0.2 and n values over time for HC380LA at 80°C
Looking at the graphs plotted using this data as shown in figures 22 and 23, an apparent trend can be distinguished, where it would appear that there is a slight trend for an increase in Rp 0.2 and Rm values over a length of time equivalent to six months at room temperature along with a slight decrease over the same period in A80 and n values. It could be inferred from looking at this data that the HC480LA material may be showing very slight symptoms of aging, but only over a long period of time and at a level that is unlikely to cause any issue to potential customers.
	
	Rp 0.2 N/mm2
	ReH   N/mm2
	ReL  N/mm2
	Ae  %
	Rm  N/mm2
	A80  %
	n

	Room Temp'
	-0.12
	-
	-
	-
	-0.04
	-0.03
	-0.32

	Accelerated
	0.44
	-
	-
	-
	0.38
	-0.61
	-0.60


[bookmark: _Toc512462900]Table 12: Correlation data for change in HC380LA mechanical properties over time
These trends are supported by looking at the correlation data in table 12. Again in this table the release test data was not used in the calculation of the correlations in order to avoid potential bias in the correlation. Accounting for this, it can be seen that for the room temperature aged material there is a very weak negative correlation for all mechanical properties, suggesting that there is no trend in the data for the four months the material spent at room temperature. However, for the accelerated aging tests which simulate a longer time period, there are weak positive correlations for Rm and Rp 0.2 values and moderate negative correlations for the A80 and n values. This further supports the theory that over a longer period of time, there may be very slight symptoms of aging in this material.
[bookmark: _Toc512462831]HC380LA – Comparison of Accelerated Aging against Room Temperature Aging
When comparing the accelerated aging tests against the equivalent time period from the room temperature aging test results, the differences between the reported values, obtained by subtracting the room temperature test results from the accelerated aging tests, are summarised in table 13:
	Time
	Rp 0.2 N/mm2
	Rm  N/mm2  
	A80  % 
	n

	1 hr/ 4 wks T1
	-29.88
	-23.00
	-2.54
	0.003

	1 hr/ 4 wks T2
	1.04
	3.08
	-0.49
	-0.003

	1 hr/ 4 wks T3
	-4.90
	-4.28
	-3.33
	-0.001

	2 hr/ 8 wks T1
	-5.15
	-1.22
	-3.60
	-0.002

	2 hr/ 8 wks T2
	-5.04
	-3.09
	0.31
	0.000

	2 hr/ 8 wks T3
	-3.00
	-1.94
	-3.79
	-0.004

	3 hr/ 12 wks T1
	-2.75
	-2.71
	-1.08
	0.001

	3 hr/ 12 wks T2
	4.97
	5.95
	0.83
	-0.002

	3 hr/ 12 wks T3
	-13.98
	-7.35
	0.36
	0.001

	4 hr/ 16 wks T1
	0.92
	1.77
	-1.58
	-0.002

	4 hr/ 16 wks T2
	2.66
	1.11
	-2.99
	-0.003

	4 hr/ 16 wks T3
	-3.07
	-2.30
	-1.31
	-0.004

	Average
	-4.85
	-2.83
	-1.60
	-0.001

	Std Deviation
	9.25
	7.27
	1.64
	0.002

	3* Std Deviation
	27.76
	21.82
	4.92
	0.007


[bookmark: _Toc512462901]Table 13: Differences between recorded values of HC380LA accelerated tensile tests and room temperature tensile tests
As there was only one anomalous data set for ReH, ReL and Ae results for eight weeks at room temperature aging and no other samples within the time period covered by the comparison returned any results for these parameters, they have been excluded from this table. Like before, positive values indicate that the accelerated tests were the greater result and negative values indicate that the accelerated tests were the smaller of the two test results.
Once again it can be seen that there is a very good tie up between n values from room temperature aging tests and the corresponding equivalent test at 80°C, as indicated by the low average value for difference between results and the very low standard deviation indicating very little variation. For the remaining mechanical properties in the comparison, it can be seen that the accelerated tests all returned slightly lower readings then the equivalent tests for samples aged at room temperature. Once again, the greatest amount of variation can be seen in test results for Rp 0.2 and Rm values as indicated by the standard deviation of 9.25 and 7.27 respectively. There appears to be no major trends in the comparison data between room temperature aging tests and accelerated aging tests for HC380LA material.


[bookmark: _Toc512462832]The Effects of Aging on Crystal Structure and Grain Size
From the data obtained. There appears to be little observable change in the two steels under investigation that can be identified through the use of an optical microscope. It is likely that any potential structural changes within these materials that may occur as a result of aging are not going to able to be visually observed using optical microscopy techniques.
[bookmark: _Toc512462833]DC01 – Microstructure and Grain Size (Aging at Room Temperature)
Figure 24 shows the crystal structure of DC01, as it was on the day it was produced. This crystal structure consists of fairly uniform sized grains that have an equiaxed shape and mainly consists of a single ferrite phase that is normal for a DC01 steel product after annealing.
[image: ]
[bookmark: _Toc512462880]Figure 24: Typical DC01 microstructure. x200 magnification
Figure 25 shows the crystal structure of the same DC01 sample, but after 16 weeks of aging at room temperature:
[image: ]
[bookmark: _Toc512462881]Figure 25: DC01 microstructure, at 16 weeks after annealing. x200 magnification
From comparing the above two images, it can be seen that there is visually no discernible difference in the crystal structures of the material, with the size, shape and distribution of the grains appearing to be very similar in each case. These observations are further reinforced when the grain size measurements are compared (table 14):
	Sample ID
	Average grain count
	Average Grain Size
	Average Minimum Grain Size
	Average Maximum Grain Size

	DC01 - As annealed
	187.8
	10.3
	14.4
	8.2

	DC01 - After 16 weeks
	148.1
	9.9
	14.3
	7.2


[bookmark: _Toc512462902]Table 14: DC01 grain size comparison, room temperature aged
As can be seen from the data, there has been a small reduction in average grain size between the two samples. The average minimum measured grain size is also exhibits little difference, though there is a difference between the two samples with regards to average maximum grain size and a notable reduction in the average grain count within the measurement areas; it is difficult to tell whether this potential slight coarsening of the grain size is attributable to any potential influence of aging on the microstructure or whether it is as the result of natural variation in the crystal structure of the sample or even as a result of instrument error during the measurement and analysis of the grain size.
[bookmark: _Toc512462834]DC01 – Microstructure and Grain Size (Accelerated Aging Tests)
Figures 26 and 27 shows the microstructure of the DC01 accelerated aging samples that have been held at a temperature of 80°C in a heating oven for a period of 1 hour and 6 hours respectively. 
[image: ]
[bookmark: _Toc512462882]Figure 26: DC01 microstructure, after one hour at 80°C. x200 magnification
The numerous strait lines that are faintly visible in the above image are fine scratches in the steel sample that have failed to be removed by polishing and are not artefacts related to the sample being held at elevated temperatures.
[image: ]
[bookmark: _Toc512462883]Figure 27: DC01 microstructure, after six hours at 80°C. x200 magnification
Again the typical equiaxed ferrite structure of the grains can be seen and they appear relatively unchanged when compared to the earlier images showing the microstructures of the same material at room temperature. There is also no visible difference in microstructure between the samples after both one hour and six hours of exposures to a temperature of 80°C, which would be the equivalent of one month and six months, respectively, of aging at room temperature. The appearance of the crystal structures in these 80°C aged sample images also bear a strong similarity to those images of samples that have aged naturally over time at room temperature. This is further reinforced when looking at the data for grain size measurements carried out on the accelerated samples, as seen in table 15:
	Sample ID
	Average grain count
	Average Grain Size
	Average Minimum Grain Size
	Average Maximum Grain Size

	DC01 - After 1 Hour at 80°
	228.8
	10.6
	14.4
	8.4

	DC01 - After 6 Hours at 80°
	244.1
	10.7
	14.3
	8.4


[bookmark: _Toc512462903]Table 15: DC01 grain size comparison, accelerated aging tests at 80°C
From this data it can be seen that again, there is little difference in average grain size between the two artificially aged samples and only a very slight increase in average grain size when compared to samples that have only aged at room temperature (table 14). There is, however, a noticeable increase in the average grain count of the accelerated samples when compared to those samples aged at room temperature; this can likely be attributed to the accelerated samples coming from a separate coil of DC01 grade material then those sampled for room temperature aging, as the temperatures involved in the accelerated aging tests would be far too low for recrystallization of the material to take place.
[bookmark: _Toc512462835]HC380LA – Microstructure and Grain Size (Aging at Room Temperature)
The crystal structure of the HC380LA sample, again as it would appear on the day of production and is considered typical for this type of annealed product, is shown in figure 28:
[image: ]
[bookmark: _Toc512462884]Figure 28: Typical HC380LA microstructure. x200 magnification
Compared to the image of the DC01 sample at the same magnification (figure 25), it is readily apparent that the HC380LA sample, like other high strength low alloy steels, has a very fine grain structure. A higher magnification image gives a better view of these grains (figure 29):
[image: ]
[bookmark: _Toc512462885]Figure 29: Closer view of HC380LA microstructure. x500 magnification
When compared to a DC01 product, the crystal structure of HC380LA not only is finer, but is also far less uniform in appearance with the grains looking less equiaxed and more irregular in shape, though it still appears to consist of a single ferrite phase. After 16 weeks of aging at room temperature, there appears to be very little visual change in its appearance (figure 30):
[image: ]
[bookmark: _Toc512462886]Figure 30: HC380LA microstructure, 16 weeks after annealing. x500 magnification
Average grain size measurement data also shows no significant change in grain size at all between samples, although there is a small reduction in grain count (table 16):
	Sample ID
	Average grain count
	Average Grain Size
	Average Minimum Grain Size
	Average Maximum Grain Size

	HC380LA - As annealed
	458.7
	11.8
	14.7
	9.4

	HC380LA - After 16 weeks
	448.3
	11.7
	14.8
	9.4


[bookmark: _Toc512462904]Table 16: HC380LA grain size comparison, room temperature aged
[bookmark: _Toc512462836]HC380LA – Microstructure and Grain Size (Accelerated Aging Tests)
The images in figures 31 and 32 shows the effects of accelerated aging on the microstructure of HC380LA material that has been left in a heating oven at 80°C for a period of 1 hour and 6 hours. 
[image: ]
[bookmark: _Toc512462887]Figure 31: HC380LA microstructure, after one hour at 80°C. x500 magnification
After one hour at 80°C in the heating oven, when compared to the image of the same material in the ‘as annealed’ state (figure 29), there appears to be no obvious change in the crystal structure of the aged sample.
[image: ]
[bookmark: _Toc512462888]Figure 32: HC380LA microstructure, after six hours at 80°C. x500 magnification
After six hours of heating at 80°C in the oven, the HC380LA material still shows no change in crystal structure (figure 32). This would again be the equivalent of six months’ worth of potential aging at room temperature. The average grain size measurements for the accelerated aging samples of HC380LA material is shown in the below table:
	Sample ID
	Average grain count
	Average Grain Size
	Average Minimum Grain Size
	Average Maximum Grain Size

	HC380LA - After 1 Hour at 80°C
	484.0
	11.9
	14.7
	9.6

	HC380LA - After 6 Hours at 80°C
	471.1
	11.8
	14.7
	9.5


[bookmark: _Toc512462905]Table 17: HC380LA grain size comparison, accelerated aging tests at 80°C
From looking at the data in table17, it is clear that there is no significant difference with regards to average grain size between the two accelerated aging samples. The grain sizes also compares favourably with those of the samples of HC380LA that have been allowed to rest at room temperature (table 16), with no significant difference between the two sets of data being visible. The small difference in grain size that has been identified can potentially be explained by either natural variation in the crystal structure of the material or as a result of small measurement errors when measuring the grain sizes of the samples.
[bookmark: _Toc512462837]
Conclusion
The conclusions reached based on the analysis of the collected data are summarised in the following sections.
[bookmark: _Toc512462838]The Effects of Aging on Mechanical Properties
The data quite clearly shows that for DC01 formable steel product will begin to age as early as one week after manufacture, as evident by the return of the yield point and the observed relationship that aging will result in an increase in values for the yield strength along with a simultaneous decrease in the n value and percentage elongation. As the mechanical properties affected by aging continue to alter over time, it is most certain that there will become a point where the formable characteristics of this steel product will be compromised and may potentially result in customer’s experiencing issues with the formation of Lüders bands along with a loss of ductility. However, the data also showed that the product will still conform to the general mechanical property specifications of a DC01 product even after the equivalent of six months of aging has passed. 
As the temperatures involved are below 80°, it is likely that the mechanism for aging at least initially in a DC01 formable steel is as a result of soluble nitrogen in the steel that is still able to diffuse to and interact with dislocations in the steel crystal structure, despite the presence of aluminium and boron alloying additions that would seek to react with the nitrogen to form nitrides. Longer term, it is likely the presence of interstitial carbon will also begin to influence aging by interacting with dislocations, as these interstitial atoms will eventually diffuse their way through the crystal lattice before reaching dislocation sites.
Where the HC380LA steel is concerned, the data suggests this steel is not significantly affected by aging; no yield point is observed and mechanical properties for the most part remain stable over time. Over longer periods of time, in excess of six months it would appear that the material may exhibit relatively minor signs of aging effects on its mechanical properties at best. Its resistance to aging is entirely down to its chemistry; niobium is a powerful alloying addition even in the small quantities that are used in HSLA steels like HC380LA. This is clearly evident where it appears that these niobium additions are sufficient to form enough of the carbo-nitride precipitates that tie up sufficient levels of soluble carbon and nitrogen interstitial atoms to prevent aging, as well as contributing to the formation of the fine ferrite grain structure during annealing that gives the HSLA steels its significant yield strength.
With regards to both steel products, the investigation has found that accelerated aging tests at 80°C do indeed produce credible tensile test results that have a close relationship to observed mechanical properties tested over long periods of time at room temperature. While this validates the principle of the Hundy equation, it must be pointed out that the equation is not without its flaws; using the default constants in the Hundy equation results in a gross over estimation of the expected aging response when attempting to use the calculation with elevated temperatures of 80°C. By using an alternative constant based on experimentally derived data based upon the work of Bhagat et al and supported by the findings and experiences of the Product Development team, this equation becomes much improved and gives relatively accurate predictions.
Clearly despite advances in steel chemistries and modern developments in manufacturing processes, the original theories on dislocations and their interactions with interstitial atoms developed by Cottrell and Bilby and expanded upon by the work of many others are still as important today in understanding the unique mechanisms behind the aging of steel products, as it was back in the late 1940’s and early 1950’s.
[bookmark: _Toc512462839]The Effects of Aging on Microstructure
From looking at the data collected, both with regards to the optical microscopy images and the grain size measurement data, it would appear that there is no effect on crystal microstructure, either after 16 weeks at room temperature or after six hours while held at a temperature of 80°C. This is especially true of the HC380LA material which showed no significant change in either the visual appearance of its microstructure or in the measurements of its grain size. This was to be expected as it was predicted that the HC380LA material, due to its chemistry, wouldn’t exhibit any signs of aging at all. What is interesting is that the DC01 material which was anticipated to age given its steel chemistry, and which did show evidence of aging over time in its measured mechanical properties obtained through tensile testing, did not show any of this visibly in the examination of its crystal structure. Grain size measurement of aged DC01 material at both room temperature and at 80°C also failed to reveal any significant changes that could be directly attributed to the aging process. 
Based on these findings it is safe to suggest that while the mechanical properties of steel that is susceptible to aging can be influenced by the restricted movement of dislocations within the grains that makes up the steels microstructure, the size and appearance of these grains themselves will remain unaffected, at least in the relatively short time periods that are of interest to steel manufacturers and their customers.


[bookmark: _Toc512462840]Recommendations
Based on the findings of this investigation, the following recommendations are to be made:
First of all, with regards to DC01 and similar formable products, as these steels exhibit signs of aging as early as one week after manufacture, it is recommended that the existing check in the release logic used by Tata Steel at Port Talbot remains in places so that these grades of steel require resampling and retesting after being held in stock for four months. There is potential for this requirement to be reviewed with a view to being made stricter as and when appropriate to do so.
Second, with regards to HC380LA and similar HSLA steel products, as there have been no significant signs of aging in the mechanical properties of this steel product, it is recommended that the automatic hold on all HC380LA family products held in stock for four months or more be removed. This removal will allow the business to make significant savings with regards to speeding up the despatch and release of material. It will result in a reduction in the amount of unpacking, sampling and repacking required with the corresponding financial savings with regards to materials and man hours that can be utilised more effectively elsewhere within the business. It will also assist with and improve the flow of material held in stock allowing it to be despatched to customers more quickly and effectively as time will not have to be spent waiting for such coils to be resampled and tested. 
It is also recommend that this project scope of work be expanded to examine steel products other than cold rolled continuously annealed material in order to identify other potential areas where savings could potentially be made, such as in hot rolled material and zinc coated automotive products.
Areas for potential further work include further investigations into factors that influence or affect the accuracy of the Hundy equation and its relationship between the accelerated aging of steel products and natural aging at ambient room temperature.
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[bookmark: _Toc512462848]Full Grain Size Measurement Data
[bookmark: _Toc512462849]DC01 – As Annealed
	Method
	Grains
	Grain Size
	Min Grain Size
	Max Grain Size

	E112 Planimetric
	182
	10.3
	14.2
	8.0

	E112 Planimetric
	190
	10.3
	14.8
	8.4

	E112 Planimetric
	194
	10.4
	14.2
	8.7

	E112 Planimetric
	208
	10.4
	14.8
	8.7

	E112 Planimetric
	188
	10.2
	14.4
	7.5

	E112 Planimetric
	191
	10.3
	14.2
	8.0

	E112 Planimetric
	191
	10.3
	13.9
	8.5

	E112 Planimetric
	171
	10.1
	14.7
	7.5

	E112 Planimetric
	181
	10.3
	14.2
	7.9

	E112 Planimetric
	182
	10.2
	14.3
	8.4



[bookmark: _Toc512462850]DC01 – After 16 Weeks
	Method
	Grains
	Grain Size
	Min Grain Size
	Max Grain Size

	E112 Planimetric
	158
	10.0
	14.3
	6.5

	E112 Planimetric
	136
	9.8
	14.3
	7.2

	E112 Planimetric
	152
	9.9
	14.0
	7.5

	E112 Planimetric
	137
	9.8
	14.4
	7.1

	E112 Planimetric
	163
	10.0
	14.4
	7.3

	E112 Planimetric
	131
	9.7
	14.3
	7.1

	E112 Planimetric
	158
	10.0
	14.5
	7.4

	E112 Planimetric
	134
	9.8
	13.7
	7.4

	E112 Planimetric
	154
	10.0
	14.7
	7.1

	E112 Planimetric
	158
	9.9
	14.5
	7.3









[bookmark: _Toc512462851]DC01 – After One Hour at 80°C
	Method
	Grains
	Grain Size
	Min Grain Size
	Max Grain Size

	E112 Planimetric
	234
	10.6
	14.4
	8.5

	E112 Planimetric
	248
	10.8
	14.2
	8.5

	E112 Planimetric
	224
	10.6
	14.5
	8.3

	E112 Planimetric
	247
	10.7
	14.7
	8.3

	E112 Planimetric
	210
	10.5
	14.5
	8.0

	E112 Planimetric
	233
	10.6
	14.7
	8.3

	E112 Planimetric
	229
	10.6
	14.2
	8.6

	E112 Planimetric
	224
	10.6
	14.5
	8.2

	E112 Planimetric
	207
	10.4
	14.2
	8.7

	E112 Planimetric
	232
	10.7
	14.1
	8.4



[bookmark: _Toc512462852]DC01 – After Six Hours at 80°C
	Method
	Grains
	Grain Size
	Min Grain Size
	Max Grain Size

	E112 Planimetric
	248
	10.7
	14.2
	8.5

	E112 Planimetric
	250
	10.7
	14.2
	8.7

	E112 Planimetric
	238
	10.7
	14.4
	8.0

	E112 Planimetric
	266
	10.9
	14.4
	8.7

	E112 Planimetric
	240
	10.7
	14.4
	8.6

	E112 Planimetric
	242
	10.7
	14.4
	8.5

	E112 Planimetric
	214
	10.5
	14.3
	7.9

	E112 Planimetric
	227
	10.6
	14.7
	8.1

	E112 Planimetric
	252
	10.8
	14.0
	8.1

	E112 Planimetric
	264
	10.9
	14.4
	8.8











[bookmark: _Toc512462853]HC380LA – As Annealed
	Method
	Grains
	Grain Size
	Min Grain Size
	Max Grain Size

	E112 Planimetric
	454
	11.8
	14.6
	9.7

	E112 Planimetric
	473
	11.8
	14.9
	9.7

	E112 Planimetric
	450
	11.7
	14.6
	9.3

	E112 Planimetric
	458
	11.8
	14.8
	9.2

	E112 Planimetric
	466
	11.8
	14.7
	9.5

	E112 Planimetric
	466
	11.8
	14.7
	9.3

	E112 Planimetric
	464
	11.8
	14.7
	9.6

	E112 Planimetric
	450
	11.7
	14.9
	8.8

	E112 Planimetric
	450
	11.8
	14.8
	9.5

	E112 Planimetric
	456
	11.8
	14.8
	9.6



[bookmark: _Toc512462854]HC380LA – After 16 Weeks
	Method
	Grains
	Grain Size
	Min Grain Size
	Max Grain Size

	E112 Planimetric
	435
	11.6
	14.6
	9.1

	E112 Planimetric
	448
	11.8
	14.6
	9.8

	E112 Planimetric
	446
	11.7
	14.9
	9.1

	E112 Planimetric
	448
	11.7
	15.0
	9.6

	E112 Planimetric
	446
	11.7
	14.8
	9.3

	E112 Planimetric
	442
	11.7
	14.8
	9.4

	E112 Planimetric
	470
	11.8
	14.8
	9.4

	E112 Planimetric
	485
	11.9
	14.9
	9.9

	E112 Planimetric
	426
	11.6
	14.8
	9.1

	E112 Planimetric
	437
	11.7
	14.9
	9.4










[bookmark: _Toc512462855]HC380LA – After One Hour at 80°C
	Method
	Grains
	Grain Size
	Min Grain Size
	Max Grain Size

	E112 Planimetric
	472
	11.8
	15.0
	8.9

	E112 Planimetric
	494
	11.9
	14.7
	10.0

	E112 Planimetric
	527
	12.0
	14.8
	10.0

	E112 Planimetric
	490
	11.9
	14.7
	9.5

	E112 Planimetric
	498
	11.9
	14.8
	9.9

	E112 Planimetric
	471
	11.8
	14.6
	9.3

	E112 Planimetric
	483
	11.9
	14.7
	9.8

	E112 Planimetric
	474
	11.8
	14.9
	9.6

	E112 Planimetric
	477
	11.9
	14.7
	9.7

	E112 Planimetric
	454
	11.8
	14.8
	9.3



[bookmark: _Toc512462856]HC380LA – After Six Hours at 80°C
	Method
	Grains
	Grain Size
	Min Grain Size
	Max Grain Size

	E112 Planimetric
	468
	11.8
	14.5
	9.4

	E112 Planimetric
	441
	11.7
	14.7
	9.2

	E112 Planimetric
	478
	11.8
	14.8
	9.4

	E112 Planimetric
	502
	11.9
	14.7
	9.6

	E112 Planimetric
	464
	11.8
	14.9
	9.8

	E112 Planimetric
	454
	11.7
	14.7
	9.4

	E112 Planimetric
	468
	11.8
	14.8
	9.3

	E112 Planimetric
	505
	11.9
	14.7
	9.0

	E112 Planimetric
	487
	11.9
	14.6
	9.8

	E112 Planimetric
	444
	11.7
	14.9
	9.8



DC01 - Rm and A80 values over time - Room temperature aged
Rm  N/mm2  	0	3	7	14	21	28	56	84	112	344.9	342.69	343.24666666666667	346.70666666666665	345.95	346.72333333333336	350.68333333333334	349.45	352	A80  % 	0	3	7	14	21	28	56	84	112	39.229999999999997	38.256666666666668	35.94	36.296666666666674	34.99	36.520000000000003	35.233333333333334	36.976666666666667	33.549999999999997	Time Elapsed (Days)

Rm N/mm2

A80 %



DC01 - Rp 0.2 and n values over time - Room temperature aged
Rp 0.2 N/mm2	0	3	7	14	21	28	56	84	112	212.9	212.42333333333332	215.14333333333335	220.45000000000002	220.49	220.41	222.74	223.54333333333332	224.01	n	0.20699999999999999	0.20066666666666669	0.19066666666666668	0.18000000000000002	0.17966666666666664	0.17699999999999996	0.17533333333333334	0.17966666666666664	0.17366666666666664	Time Elapsed (Days)

Rp 0.2 N/mm2

n value
DC01 - Rm and A80 values over time - Accelerated aging tests at 80°C
Rm  N/mm2  	0	1	2	3	4	5	6	341.6	348.21999999999997	350.43	350.41	347.59999999999997	350.68333333333334	350.92666666666668	A80  % 	40.799999999999997	35.813333333333333	36.116666666666667	35.733333333333334	35.359999999999992	35.873333333333328	34.97	Time Elapsed (Hours)

Rm N/mm2

A80 %



DC01 - Rp 0.2 and n values over time - Accelerated aging tests at 80°C
Rp 0.2 N/mm2	0	1	2	3	4	5	6	229.9	236.73333333333335	238.01666666666668	238.78333333333333	237.61999999999998	240.53666666666666	241.58666666666667	n	0.21099999999999999	0.19466666666666668	0.19099999999999998	0.19033333333333333	0.18733333333333335	0.18800000000000003	0.18633333333333332	Time Elapsed (Hours)

Rp 0.2 N/mm2

n value
HC380LA - Rm and A80 values over time - Room temperature aged
Rm  N/mm2  	0	3	7	14	21	28	56	84	112	520.6	509.12666666666661	513.71999999999991	515.2399999999999	504.61999999999995	513.51333333333332	512.61	508.76333333333332	512.02333333333331	A80  % 	25.86	25.193333333333332	25.653333333333332	25.353333333333335	24.900000000000002	26.243333333333336	26.47666666666667	24.66333333333333	25.553333333333331	Time Elapsed (Days)

Rm N/mm2

A80 %



HC380LA - Rp 0.2 and n values over time - Room temperature aged
Rp 0.2 N/mm2	0	3	7	14	21	28	56	84	112	412.7	405.61999999999995	409.26	409.81333333333333	402.11999999999995	410.40333333333336	410.10666666666674	403.48333333333335	407.63333333333338	n	0.14299999999999999	0.14266666666666664	0.14233333333333331	0.14299999999999999	0.14266666666666664	0.14199999999999999	0.14366666666666664	0.14100000000000001	0.14233333333333331	Time Elapsed (Days)

Rp 0.2 N/mm2

n value
HC380LA - Rm and A80 values over time - Accelerated aging tests at 80°C
Rm  N/mm2  	0	1	2	3	4	5	6	520.6	505.44666666666672	510.52666666666664	507.39333333333326	512.2166666666667	511.34	507.7833333333333	A80  % 	25.86	24.123333333333335	24.116666666666671	24.7	23.593333333333334	23.64	23.650000000000002	Time Elapsed (Hours)

Rm N/mm2

A80 %


HC380LA - Rp 0.2 and n values over time - Accelerated aging tests at 80°C
Rp 0.2 N/mm2	0	1	2	3	4	5	6	412.7	399.15666666666669	405.71000000000004	399.56333333333333	407.80333333333334	407.23666666666668	402.83	n	0.14299999999999999	0.14166666666666669	0.14166666666666666	0.14100000000000001	0.13933333333333334	0.14066666666666666	0.14066666666666669	Time Elapsed (Hours)

Rp 0.2 N/mm2

n value
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Date      Specemen ID.

Gauge 

a0 mm

width b0 

mm

E-

Modulus

Rp 0.2 

N/mm

2

ReH 

N/mm

2 

ReL 

N/mm

2    

Ae  %  

Rm  

N/mm

2 

A

80

  %   n

30/11/2017 DC01-1D-1    0.950 20.120 216.1 212.24 - - - 342.64 40.37 0.201

30/11/2017 DC01-3D-2    0.950 20.140 215.2 212.26 - - - 342.35 39.44 0.200

30/11/2017 DC01-3D-3    0.950 20.130 221.3 212.77 - - - 343.08 34.96 0.201

04/12/2017 DC01-1W-1    0.953 20.161 175.1 214.19 - - - 341.86 34.03 0.193

04/12/2017 DC01-1W-2    0.958 20.254 230.1 216.06 - - - 343.46 34.86 0.186

04/12/2017 DC01-1W-3    0.949 20.215 219.9 215.18 - - - 344.42 38.93 0.193

11/12/2017 DC01-2W-1    0.947 20.255 221.4 216.66 - - - 346.09 38.57 0.181

11/12/2017 DC01-2W-2    0.946 20.263 218.8 222.86 211.38 209.77 0.03 347.68 32.39 0.180

11/12/2017 DC01-2W-3    0.948 20.260 221.5 221.83 210.74 209.11 0.03 346.35 37.93 0.179

18/12/2017 DC01-3W-1    0.955 20.231 212.0 222.19 215.61 213.50 0.04 347.54 38.39 0.179

18/12/2017 DC01-3W-2    0.955 20.241 211.8 217.73 216.23 212.22 0.05 344.79 32.95 0.180

18/12/2017 DC01-3W-3    0.960 20.262 213.1 221.55 213.90 212.02 0.04 345.52 33.63 0.180

04/01/2018 DC01-4W-1    0.953 20.127 205.4 220.02 - - - 344.57 34.57 0.179

04/01/2018 DC01-4W-2    0.951 20.177 199.5 219.72 - - - 346.88 36.35 0.177

04/01/2018 DC01-4W-3    0.951 20.270 198.2 221.49 - - - 348.72 38.64 0.175

01/02/2018 DC01-8W-1    0.954 20.252 219.2 224.18 222.29 221.66 0.03 351.47 32.74 0.173

01/02/2018 DC01-8W-2    0.955 20.248 230.5 223.56 223.29 221.21 0.04 351.40 39.12 0.175

01/02/2018 DC01-8W-3    0.950 20.225 209.5 220.48 224.84 219.07 0.08 349.18 33.84 0.178

02/03/2018 DC01-12W-1    0.957 20.115 223.6 223.99 227.13 223.96 0.16 341.37 36.48 0.182

02/03/2018 DC01-12W-2   0.957 20.116 220.2 224.02 228.85 223.88 0.14 353.86 37.08 0.180

02/03/2018 DC01-12W-3    0.958 20.123 221.5 222.62 225.59 222.23 0.11 353.12 37.37 0.177

29/03/2018 DC01-16W-1   0.962 20.172 198.0 222.98 223.64 221.52 0.05 350.44 32.41 0.173

29/03/2018 DC01-16W-2   0.953 20.259 200.1 225.06 229.67 222.44 16.61 353.02 32.35 0.174

29/03/2018 DC01-16W-3   0.953 20.202 203.7 223.99 227.63 223.86 15.86 352.54 35.89 0.174
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Date      Specemen ID.

Gauge 

a0 mm

width 

b0 mm

E-

Modulus

Rp 0.2 

N/mm

2

ReH 

N/mm

2 

ReL 

N/mm

2    

Ae  %  

Rm  

N/mm

2 

A

80

  %   n

02/03/2018 DC01-1 Hour    0.935 20.157 226.5 236.58236.88235.65 0.14 348.57 35.67 0.195

02/03/2018 DC01-1 Hour 0.937 20.145 231.8 236.67236.76235.14 0.17 347.74 36.28 0.194

02/03/2018 DC01-1 Hour   0.935 20.145 243.9 236.95236.97235.67 0.17 348.35 35.49 0.195

02/03/2018 DC01-2 Hours 0.936 20.152 205.7 237.96237.97237.02 0.20 350.26 36.05 0.191

02/03/2018 DC01-2 Hours 0.936 20.149 224.2 238.26238.91237.33 0.32 350.90 36.08 0.191

02/03/2018 DC01-2 Hours 0.938 20.152 237.6 237.83238.11236.72 0.16 350.13 36.22 0.191

02/03/2018 DC01-3 Hours 0.938 20.148 272.6 238.39239.24236.41 0.36 349.65 36.23 0.191

02/03/2018 DC01-3 Hours 0.939 20.150 242.8 238.93241.94238.24 0.29 350.43 35.67 0.190

02/03/2018 DC01-3 Hours 0.933 20.146 219.6 239.03242.77238.45 0.20 351.15 35.30 0.190

02/03/2018 DC01-4 Hours 0.949 20.164 216.4 237.82242.31237.05 0.28 347.10 34.30 0.186

02/03/2018 DC01-4 Hours 0.942 20.163 238.5 238.10240.66237.79 0.23 348.25 35.16 0.187

02/03/2018 DC01-4 Hours 0.950 20.133 236.2 236.94240.99235.38 0.35 347.45 36.62 0.189

02/03/2018 DC01-5 Hours 0.933 20.151 245.9 242.38245.62239.93 0.39 352.74 35.65 0.188

02/03/2018 DC01-5 Hours 0.945 20.160 221.5 238.81241.40237.26 0.35 348.50 35.83 0.188

02/03/2018 DC01-5 Hours 0.943 20.149 231.4 240.42242.62237.81 0.37 350.81 36.14 0.188

02/03/2018 DC01-6 Hours 0.945 20.128 224.6 240.01243.52239.42 1.02 348.88 34.69 0.186

02/03/2018 DC01-6 Hours 0.940 20.153 238.6 241.62244.72241.32 0.73 351.39 34.65 0.186

02/03/2018 DC01-6 Hours 0.940 20.158 227.7 243.13245.56240.48 0.43 352.51 35.57 0.187
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30/11/2017 HC380LA-3D-1  0.850 20.084 159.8 406.58 413.82 412.46 14.31 507.12 24.18 0.143

30/11/2017 HC380LA-3D-2  0.850 20.064 154.9 402.52 - - - 506.45 26.42 0.143

30/11/2017 HC380LA-3D-3  0.840 20.056 170.9 407.76 - - - 513.81 24.98 0.142

04/12/2017 HC380LA-1W-1  0.843 20.060 187.3 408.66 - - - 513.89 28.13 0.142

04/12/2017 HC380LA-1W-2  0.842 20.051 184.5 410.32 - - - 514.69 24.63 0.142

04/12/2017 HC380LA-1W-3  0.843 20.052 174.8 408.80 - - - 512.58 24.20 0.143

11/12/2017 HC380LA-2W-1  0.841 20.044 179.5 407.48 - - - 513.41 24.90 0.144

11/12/2017 HC380LA-2W-2  0.841 20.036 179.2 412.14 - - - 516.27 25.19 0.142

11/12/2017 HC380LA-2W-3  0.839 20.038 187.3 409.82 - - - 516.04 25.97 0.143

18/12/2017 HC380LA-3W-1  0.849 20.065 174.1 407.47 - - - 508.20 23.72 0.143

18/12/2017 HC380LA-3W-2  0.846 20.062 184.3 401.30 - - - 505.32 25.42 0.142

18/12/2017 HC380LA-3W-3  0.854 20.065 180.1 397.59 - - - 500.34 25.56 0.143

04/01/2018 HC380LA-4W-1  0.836 20.046 188.5 411.16 - - - 514.73 26.83 0.141

04/01/2018 HC380LA-4W-2  0.842 20.048 179.6 409.10 - - - 511.50 24.51 0.142

04/01/2018 HC380LA-4W-3  0.839 20.048 188.9 410.95 - - - 514.31 27.39 0.143

01/02/2018 HC380LA-8W-1  0.846 20.052 168.8 410.27 418.16 416.64 14.87 510.62 27.85 0.144

01/02/2018 HC380LA-8W-2  0.837 20.061 171.1 410.18 - - - 512.82 24.17 0.143

01/02/2018 HC380LA-8W-3  0.832 20.049 187.0 409.87 - - - 514.39 27.41 0.144

02/03/2018 HC380LA-12W-1 0.841 20.036 202.5 407.32 - - - 512.54 25.01 0.140

02/03/2018 HC380LA-12W-2 0.854 20.048 197.3 402.11 - - - 507.82 24.57 0.141

02/03/2018 HC380LA-12W-3 0.856 20.036 207.9 401.02 - - - 505.93 24.41 0.142

29/03/2018 HC380LA-16W-1 0.845 20.041 177.3 405.87 - - - 510.42 25.46 0.141

29/03/2018 HC380LA-16W-2 0.846 20.032 177.5 406.22 - - - 511.13 26.09 0.142

29/03/2018 HC380LA-16W-3 0.838 20.021 155.2 410.81 - - - 514.52 25.11 0.144
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08/03/2018 HC380LA - 1 Hour 0.828 20.068 177.9 381.28 - - - 491.73 24.29 0.144

08/03/2018 HC380LA - 1 Hour 0.835 20.053 194.9 410.14 - - - 514.58 24.02 0.139

08/03/2018 HC380LA - 1 Hour 0.826 20.075 189.7 406.05 - - - 510.03 24.06 0.142

08/03/2018HC380LA - 2 Hours 0.826 20.062 212.0 405.12 - - - 509.40 24.25 0.142

08/03/2018HC380LA - 2 Hours 0.824 20.069 182.7 405.14 - - - 509.73 24.48 0.143

08/03/2018HC380LA - 2 Hours 0.832 20.064 185.5 406.87 - - - 512.45 23.62 0.140

08/03/2018HC380LA - 3 Hours 0.833 20.050 225.7 404.57 - - - 509.83 23.93 0.141

08/03/2018HC380LA - 3 Hours 0.830 20.054 184.8 407.08 - - - 513.77 25.40 0.139

08/03/2018HC380LA - 3 Hours 0.818 20.053 201.1 387.04 - - - 498.58 24.77 0.143

08/03/2018HC380LA - 4 Hours 0.830 20.072 192.4 406.79 - - - 512.19 23.88 0.139

08/03/2018HC380LA - 4 Hours 0.837 20.046 193.8 408.88 - - - 512.24 23.10 0.139

08/03/2018HC380LA - 4 Hours 0.833 20.054 189.5 407.74 - - - 512.22 23.80 0.140

08/03/2018HC380LA - 5 Hours 0.830 20.054 193.5 408.56 - - - 512.90 23.00 0.141

08/03/2018HC380LA - 5 Hours 0.829 20.066 178.6 407.25 - - - 511.12 24.30 0.141

08/03/2018HC380LA - 5 Hours 0.828 20.073 198.1 405.90 - - - 510.00 23.62 0.140

08/03/2018HC380LA - 6 Hours 0.832 20.062 210.0 398.57 - - - 503.97 23.44 0.142

08/03/2018HC380LA - 6 Hours 0.832 20.060 192.0 407.15 - - - 509.48 23.82 0.140

08/03/2018HC380LA - 6 Hours 0.823 20.072 193.2 402.77 - - - 509.90 23.69 0.140


