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[bookmark: _Toc166184203][bookmark: _Toc167042975]Abstract


On the Zodiac line at the TATA steel Llanwern site, Automotive and construction steel going through a galvanising process where a zinc coating is applied to the steel to prevent corrosion from occurring. There was a large increase in reworks and rejections over the past two years due to a specific defect called “Furnace Falls”. It was decided by the senior management that a project team lead by myself to reduce or eliminate the defect and the findings of this project was to be shown in this report. The research from this report shows that the main contributing factor was due to the falling of nickel chromium debris from inside of the furnace. Being mainly from the radiant tubes and the cladding of the furnace. As chromium nickel (Inconel) is used within the furnace due to its high heat and corrosion resistance. But analysis completed within the project shows that the Inconel was indeed oxidising. In this project was to use the basic DMAIC principles in process improvement to ensure that correct methodology is followed and sustained to ensure that this defect does not return in the future. The literature review in this report shows that under certain conditions Inconel does micro oxidise, causing a flaking and debris to form and therefore onto the steel and embed into the substrate. The report shows that changes in standard operating procedures and policies can reduce the level of corrosion to the Inconel. The report will then conclude the work that was carried out within the process and the successes that were completed to aid in any future work. 
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1.1 [bookmark: _Toc166184209][bookmark: _Toc167042981]Reason for Project 

Currently on the Zodiac line in Llanwern steel works one of the highest rejections of full finish product, which is for the automotive industry is due to a defect being referred to as “Furnace Fall”. Over the last year that have been several customer complaints into the marketplace over several different customers including BMW and Jaguar Land Rover. Therefore, the customer and internal rejections costing the company over £500,000 per year due to rejections and reworks. If there were full coil reworks, then the coils would then have to go through the entire steel making process to remake a coil for the customer. This would cause dissatisfied customers and a threat to the performance of the Zodiac line if the issue was not improved then this would result in losing the customer. 
[image: A graph of a customer complaints

Description automatically generated][bookmark: _Toc167043029]Figure 1- Customer Complaints Furnace Falls


One of the large customer complaints that was received was by Stellantis Rennes who reviewed coils with over five percent of the coil containing this defect. This defect caused a containment of all coils that was sent to Stellantis and rechecked to ensure that all of the furnace falls were removed from the steel. The customer then wanted evidence from TATA of continuous improvement to guarantee that we are eliminating the issue.




[bookmark: _Toc166184210][bookmark: _Toc167042982]1.2 Background to TATA steel

[13] TATA Steel bought Corus in 2006, being a primary and secondary steel making company that produces coiled and tubed steel. Suppling various markets throughout the world including strip products, construction, automotive, packaging, coloured products, and tubes. These are made in several steel manufacturing sites across the UK. Trosture (Packaging), Llanwern (Automotive/ Construction), Shotton (Coloured products), Hartlepool (Tubes) and Port talbot (Construction / strip products). 
The Automotive industry represents 35% of the steel produced in TATA steel UK. With the main customers being the car industry in Jaguar Land Rover, PSA, Nissan and BMW. The next largest market is the construction market with 27% of TATA steel supply. These are advanced speed mainly DP800 high carbon steels that allow for high stresses under extreme loads. With the remaining being packaging, coloured steel, and Various other applications. 
[bookmark: _Toc166184211][bookmark: _Toc167042983]1.2.1 Llanwern Steelworks:

Llanwern steel works is comprised of three main steel manufacturing lines. Pickle line 2, Five Stand Continuous Rolling Mill and Zodiac Galvanising Line.
[bookmark: _Toc166184212][bookmark: _Toc167042984]1.2.2  Llanwern Pickle Line 2 

[image: https://ukc-powerpoint.officeapps.live.com/pods/GetClipboardImage.ashx?Id=6499468a-39f8-4f07-83b1-a9f5a17f3549&DC=GUK3&pkey=2ceb37d2-5d26-4fe6-bee9-ea8effd5b445&wdwaccluster=GUK3][bookmark: _Toc167043030]Figure 2- Pickle Line 2 Layout















Coils come from Port talbot steel works by rail and road and stored into the Pre pickle warehouse (PPW). The coils are then planned through the line depending on the schedule set out by logistics. The Pickle line consists of six sections throughout the production line As shown in figure 2. The coils come off two pay off reels and following on from the payoff reels is the anti-coil break roll where it creates plastic deformation therefore eliminates the yielding effect. The next stage is the scale master which is a set of five rolls in a triangular formation. This part of the line breaks apart the scale (iron oxide) by bending the steel sheet therefore flaking it off, But also elongation the material up to 1%. The following stage is five pickling tanks where the steel going through hydrochloric acid and soaked for up to one minute. This removes all the iron oxide from the surface of the steel and removes any pitting from the steel. The fourth phase is then side trimming, this involves the steel strip going through a set of blades, where depending on the customer requirements the steel will be trimmed to that specific width tolerance. The final step is oiling where a thin layer of oil is applied to the surface. This allows for the steel to be stored for a long period of time without the steel re-oxidising in the atmosphere. 
[bookmark: _Toc166184213][bookmark: _Toc167042985]1.2.3 Llanwern Continuous Rolling Mill (5 Stand) 

After going through pickle line 2 the coils are then cold reduced up to 80% in gauge by a set of five rolling mills. Similar to the pickle line the coils are feed off two pay off reels and into an accumulator which stores steel strip and can empty and regain material. This is what allows the line to be continuous. The five stand is made up of five, four high stands which contain two work rolls which have contact with the steel and two back-up rolls that are in contact with the work rolls, these apply pressure to the work rolls and allow for the gauge reduction. The gauge is controlled via an automatic gauge reduction controller, these are between every stand and will automatically change the mills settings to allow for the correct gauge and shape. The five stand can reach speeds of up to 1500 meters per minute (MPM), this is depending on the gauge and grade of the material. Once the steel strip exits the five stand it then goes through a shape meter which measures the shape with several lasers to determine if the shape within the material is not out of customer specification. The final step is for the steel to be recoiled. If any of the gauge, shape or quality of the steel is not to the customer requirements the coil will then be rejected. This process can be seen in figure 3. 
[image: https://ukc-powerpoint.officeapps.live.com/pods/GetClipboardImage.ashx?Id=363739bd-8514-433d-a057-3d393d2a2681&DC=GUK3&pkey=e7250a53-193e-4a9d-9809-76fdea374407&wdwaccluster=GUK3][bookmark: _Toc167043031]Figure 3- Five Stand Layout










                                                          
[bookmark: _Toc166184214][bookmark: _Toc167042986]1.2.4  Zodiac Galvanising Line 

[image: ]The Zodiac line within the Llanwern steel works site specifically in the Zodiac galvanising line. The Zodiac is an automotive galvanising line with an operational capacity of 600kt per annum.  In which its primary function is to coat the steel strip with a galvanised Zinc coating. The Zinc/ Aluminium coating is coating will then protect the substrate steel. The point of the galvanised coating is to create a sacrificial layer on top of the substrate layer to stop the base layer corroding therefore increasing the overall life span for the customer. The Zodiac line is split up in several sections which ensures the highest of quality to the steel product to ensure the surface finish and metallurgical properties of the steel. Below is a brief description of part of the line as shown in figure 4 below.                                             [bookmark: _Toc167043032]Figure 4- Zodiac Galvanising Line Layout

Cold rolled steel from Port talbot or the five stand is loaded onto the Zodiac line and welded together on the head and tail end to create a continuous line. For the galvanising process to happen and give a good adherence of the Zinc to the steel the surface needs to be clean and free from oils and debris. This is completed using a mechanical and chemical process using brushes and a caustic sodium hydroxide solution breaking down the oils and debris from the steel allowing for a clean surface before entering the furnace. 
The furnace section is made up of three sections: Direct fire furnace (DFF), Radiant tube section (RT) and Slow/rapid jet cool. The first section the DFF pre heats the steel to heating to over 650 degrees to allow for recrystallisation to occur as entering the RT section. The crucial annealing stage of the furnace is the Radiant tube section, this heats and soaks the steel to temperatures between 800 and 900 degrees, this is depending on the product and the annealing cycle. The annealing cycle then allows for grain growth to occur and is managed based on speed and temperature. The before the final section the strip is cooled to 300 degrees before entering the bake hardening section, the strip is soaked allowing for the again of the steel to be reduced while in stock. 
Connected to the furnace is the Galvanising pot this stops any development of oxide layers from occurring. The strip is continuously put through the pot and the coating thickness is controlled by a set of nitrogen knives. The pressures and knife gap control allows for an even coating across the full length of the strip. The final section is then the trimmers and inspection where the steel is trimmer to the customers desired width. Then the steel surface is inspected using a camera system to identify defects on the surface and depending on severity to be removed.
[bookmark: _Toc166184215][bookmark: _Toc167042987]1.2.5 Zodiac Furnace Detail
[image: ]l [bookmark: _Toc167043033]Figure 5- Zodiac Furnace Detail


As shown in figure 5 the Zodiac furnace section in Zodiac is mainly made of three main heat treatment areas: being the Pre-heat, Direct fire furnace (DFF) and Radiant tube section (RT). Following the cleaning section where the main debris and dirt has been removed the steel strip will go into the pre-heat section which is an enclosed atmosphere controlled by a set of seal rolls and heated to around 500 degrees, the enclosed atmosphere stop’s any excess moisture from getting into the direct fire furnace. 
The steel then goes around a set of furnace rolls into the direct fire furnace section (DFF) which is headed in an excess of over 700 degrees these temperatures ensure that an excess contamination in form of oil and grease are burned off. The direct fire furnace is heated by open gas flames which is a combustible gas made up flue gas and air which is controlled in different ratios throughout the furnace. At the start of the direct fire furnace section the steel strip has an oxide layer on the surface and when passing through each section the positive pressure of the furnace and the reducing atmosphere where the air and gas is adjusted to ensure a oxygen deficient atmosphere when leaving the direct fire furnace section. The reduction of this oxide layer is crucial to the adhesion of the zinc layer on the surface of the steel.
Following on from the DFF section is the Radiant tube section (RT) this section is split up into two parts being the gas radiant section which is a mix of gas and air in a contained U/W shaped tubes and then electric radiant section made up of electric elements also contained in U/W shaped radiant tubes. The RT section is the most crucial annealing stage of the furnace as this section is what ensures the metallurgical properties of the steel. To achieve the desired microstructure the steel undergoes specific time and temperatures depending on the grade and the chemistry on what the customer desires. During the Soaking of the steel the furnace must ensure that the is no oxygen inside, as this can lead to oxide formation on the surface of the steel, therefore is held at a negative dew point at around -30 degrees. At this temperature the water vapor cannot condense into a liquid and evaporate into the surrounding atmosphere.           
The final section is then the radiant cool section where the steel goes through and is slowly cooled to around 500 degrees. This slow cooling ensures that precipitates do not move towards the grain boundaries and so that the grain structure stays at the correct grain size. If rapid cooling occurs, then this can alter the grain and metallurgical structures. Then finally the steel goes into the after-pot cooling (APC) where the steel is heated back up to 470 degrees as its losses temperature while traveling through the furnace. This temperature is critical that it remains above 450 degrees as this is the melting temperature of zinc. So, if this temperature is below 450 then this can cause the galvanising pot to cool and eventually solidify. 
The chart below (Figure 6) is what the standard temperature cycles of what the steel goes through in a typical galvanising furnace.                                            
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Description automatically generated][bookmark: _Toc167043034]Figure 6- Galvanising line Temperature cycles.[2]










[bookmark: _Toc166184216][bookmark: _Toc167042988]2 Furnace Fall Project Detail

[bookmark: _Toc166184217][bookmark: _Toc167042989]2.1 Furnace Fall defect
[image: A close-up of a measuring tape

Description automatically generated]As discussed, the main customer for galvanised steel is the automotive market, where the steel is formed for the outer body panels. This part is crucial for surface quality as this surface is what is visible to the end customer. Therefore, the surface quality of the galvanised steel requires no surface defects that would show up after painting. During the steel making process defects occur frequently which need to be cut out therefore effecting the over prime yield of the product. As figure 7 and 8 show the furnace fall defect. [bookmark: _Toc167043035]Figure 7- Live Furnace Fall Image
[bookmark: _Toc167043036]Figure 8- TLR Image Furnace Fall

[image: A close-up of a grey and white image
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Over the last 2 years a defect which is referred to as “furnace falls” has started creating a sever linier defect transverse to the width of the steel strip. The resulting defect pits the steel substrate enough that the Zinc coating does not adhere to the surface of the steel resulting in cluster of black pitted spots. The furnace falls then must be further reworked after processing for the defect to be removed. The removal of the defect caused up to 30% prime yield loss on the full finish product and full coil rejections. Therefore, a project team was created to resolve the Furnace fall defect. Figure 9 below is the linier directions the furnace falls defects create. 
[image: A screen shot of a graph

Description automatically generated][bookmark: _Toc167043037]Figure 9- Zodiac TLR Map

As discussed, the furnace fall project was a major defect that was having a financial burden due to the rework cost, cost of discarding the defect but also the customer relationships as the coil were being sent underweight and have delays for further coils to be processed through Zodiac. The Key performance indication (KPI) as shown in figure 10 was used to determine the progress of the project was the tonnage of reject for the furnace falls. The Problem statement for the project was that in financial year 2022/2023 the tonnages of furnace falls being rejected was 2675T, incurring a financial cost of over £400K. but this does now include the rework cost and cost due to customer complaints. The objective of the project was to eliminate the root cause behind the defect from occurring. 
 [image: A graph of a graph with red and blue lines
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[bookmark: _Toc167043038]Figure 10- Furnace Fall Rejection Chart
As the customer and financial impact to the business was substantial the project team decided that a full six sigma management process was to be completed due to the complexity of the project. The project is then being tracked using the A3 thinking process. The A3 thinking process is a widely used project tracker which was modified based off the Toyota A3 thinking designs. The tracker contains Gantt charts, KPI tracker and Next steps. This would be reviewed on a regular basis with the project team and senior management to ensure that the project was on track and if any support was required from the management team. 
From what was understood about the project was that the defect was created was due to when the stele trip entered the furnace debris was falling onto the surface, then getting rolled into the steel from the furnace rolls as the steel is soft due to the extreme temperatures inside of the furnace. But what was not understood was what the defect was, what part of the furnace the defect was coming from and how the defect was falling randomly across the length of the coil. Trials were required to determine each of these questions that were asked by the project team and so that we could justify to the management team on potential improvements and upgrades on the furnace sections. 

[bookmark: _Toc166184218][bookmark: _Toc167042990]2.2 Project charter
[image: A screenshot of a computer

Description automatically generated]Following from the six sigma route an A3 tracker as shown in figure 11 was created which showed the problem statement, Key stakeholders towards the process and the KPI tracker for the project. The Project charter is a basic overview of the project as a whole and will be used as a basic tracker of the project. [3][bookmark: _Toc167043039]Figure 11- Project Charter

                                                                

[bookmark: _Toc166184219][bookmark: _Toc167042991]2.3 Furnace Fall Rejections

As from Figure 12 below furnace falls was the second highest on the pareto based only from full finish rejections. On full finish product the customer requires that both surfaces be defect free on the prime and non-rime surface. Due to furnace falls only occurring on the non-prime surface and that full finish only runs once every five weeks. Therefore, the below pareto is only based off full finish rejections. 
[image: ][bookmark: _Toc167043040]Figure 12- Zodiac Total Rejections 2023











                                                       
[bookmark: _Toc166184220][bookmark: _Toc167042992]2.4 Ishikawa Diagram

During the analysis phase of the project the project team needed to decide that all the variable that can affect the furnace falls from inside of the furnace. Therefore, it was decided that an Ishikawa diagram or a cause an effect tool was to understand these variables. As shown in figure 13.
 The Ishikawa diagram was developed by Kaoru Ishikawa [1] who pioneered the quality management process, Ishikawa believed that this was a fundamental tool for modern problem-solving techniques as the diagram brakes variables that can be the root cause to the problem. The variables are broken down into the ‘5 M’s’ which are separate to method, material, man, measurement, and machine. But due to the speciality of the problem the diagram’s main heading was changed from machine to pot and environment was also added. The variables were decided as a project team and then separated into the categories of the main headings. The variables can then be broken into importance or what needs to be further investigated to understand if these variables can affect or cause the furnace falls from occurring. 

[image: A diagram of a cause and effect diagram

Description automatically generated][bookmark: _Toc167043041]Figure 13- Furnace Fall Ishikawa

                                                    
[bookmark: _Toc166184221][bookmark: _Toc167042993]2.5 Slow Motion Camera Trial

[image: ]One of the Key variables that came from the initial meetings is to determine that the defect was being created inside of the Zodiac furnace. Therefore, a trial was conducted to ensure that the defect was not incoming as there is no inspection process for surface quality entering the furnace. A trial was completed using a slow-motion camera as shown in figure 14 and results showed that over a test of fifty coils process at random port talbot production sequences that the defect was not incoming and was being produced by the furnace section of the Zodiac. [bookmark: _Toc167043042]Figure 14- Slow Motion Camera









[bookmark: _Toc166184222][bookmark: _Toc167042994]2.6 Chart Analysis

[image: ]As the apart of the six sigma process it was vital that analysis of the coils being affected with the furnace falls so that we could understand that are specific product types are more susceptible to showing the defect and causing the debris to fall from the furnace. Basic excel analysis was carried out to identify any root cause and split the difference between special cause and a relatable due to the width and the gauge of the material being produced for example and the below charts show the results.                                                              [bookmark: _Toc167043043]Figure 15- Rejection’s by Grade

The Grade of the Product is determined by the chemistry and the heat cycles of the product. When analysis shown in figure 15 was carried out based off the grade showed that the main grade that the furnace falls were occurring on was the 3013 and the 3088 grades, what is different about these two grades compares with the rest of the grades is low carbon content, but a high temperature heating cycle on zone nine made the product softer, especially when inside of the furnace. When the debris falls inside of the furnace onto the steel it leaves a harder imprint and rolled into the steel. This makes it more visible and less likely to be coated and rolled out in further sections of the line. 
Further analysis was carried based on the width and the grade of the material. From the results was standard to what believe that the results would show. That the higher furnace fall rejections was on the light gauge and hight width material. Simply because the lighter the material then the less strength in a cross-sectional area, so easier for the debris to get rolled into. And the higher the width the higher the chance for the debris to fall onto the steel and cause the actual defect. As shown in figure 16 and 17. 

[image: ][bookmark: _Toc167043044]Figure 16- Rejections by Gauge













                                                                      
[image: ][bookmark: _Toc167043045]Figure 17- Rejections by Width











                                                                    
The next stage of the project was to understand where the furnace falls were coming from based off previous trials completed, what was understood was that the debris was coming from inside of the furnace. But not understood on the exact locations. Several trials were carried out inside of the furnace to try and isolate the fall location. For example, trying to initiate the furnace fall falling onto the steel strip.


[bookmark: _Toc166184223][bookmark: _Toc167042995]2.7 Zodiac tension Trial

When going through any previous work that was carried out on the furnace in Zodiac it was noticed that tensions were changed inside of the furnace inside of CC2 and CC4. There are tension control systems which was upgraded by Siemens during the 2021 summer stop. The engineers believed that if there were issues in the tension, then this could be hitting the furnace walls or causing excess vibrations throughout the furnace. 
[image: A blue lines on a white background

Description automatically generated]The trial was to increase and increase the furnace tensions of CC2 and CC4 to understand if this was made and noticeable differences in the furnace falls. CC2 and CC4 are the systems that control the tension between the furnace rolls. These changes depending on grade as during the heating cycles the steel elongates at different rates depending on the grade. The theory is that when the tension controllers were altered this cause slacker steel strip between furnace rolls therefore creating vibrations.  But also, an accelerometer which measures vibrations will also be connected to the furnace rolls to understand if there is any vibrations occurring through the steel onto the furnace rolls. Below is the results from the trial. The first image was the vibration analysis from 2021 Figure 18 and second figure 19 is from 2023 vibration analysis.[bookmark: _Toc167043046]Figure 18- 2021 Vibration Analysis



[image: A screen shot of a sound wave
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[bookmark: _Toc167043047]Figure 19- 2023 Vibration Analysis
The trial results showed that even when completing different variations of the tension controllers this didn’t not affect the vibrations between the furnace rolls. Between the tension controllers. As shown in figure 18 and 19 there is no difference between 2021 vibration analysis and 2023 vibrations analysis. So, therefore its shows that excess vibration within the furnace did not cause the debris from falling onto the steel. 
[bookmark: _Toc167042996]2.8 Furnace Fall Role Pitch Analysis
Once trials were completed a coil which contained the defect in on TLR showed the defect so that a potential roll mark could be observed on the strip. The roll marks can occur when the debris or material goes into the roll bite and causes the material to imprint onto the roll, thus onto the steel strip. As majority of the rolls in Zodiac are different from one if the roll pitch can be determined then the area for the defect can be known. 
In the Zodiac furnace there are 21 furnace rolls, the furnace fall defect is only occurring on the non-prime surface therefore only bottom furnace rolls need to be investigated. Only 14 rolls are on the non-prime surface and the pitches of the rolls are known.  A coil was sent to Coil inspection (CI) where the coil can be slowed down onto an inspection bed and using a tape measure the pitch of the defect can be isolated. The pitch that was obtained was a 2654mm pitch. This pitch is from rolls only in the Radiant tube heating section or more specifically rolls 4,6 and 8.
[image: ]
[bookmark: _Toc167043048]Figure 20- Zodiac Furnace (Highlighted Radiant tube section)
                                               
[bookmark: _Toc166184224]The exercise was completed multiple times on multiple coils to ensure that the first pitch that was obtained was not special cause or a one-off incident but after checking over twenty furnace falls that the exact pitch of 2654mm coming from the radiant tube heating section of the furnace. Therefore, this is where all efforts we put into trying to understand why the debris was falling from this section. From the results the team wanted a full furnace inspection completed to identify and points in the furnace where debris can be falling from.
[bookmark: _Toc167042997]3 Radiant Heat inspection, Sampling and Testing

[bookmark: _Toc166184225][bookmark: _Toc167042998]3.1 Radiant Heat Section Inspection and Cleaning

From the results of the debris location being inside of the radiant heat section the management team decided that a full inspection of the furnace was to be completed. The inspection was to be carried out by rope access which is a company that specialise in abseiling in confined spaces and hazardous environments. The rope access team will be going down the RT section to identify any areas of the furnace which are damaged including the radiant tubes and the walling of the furnace. Each area will be audited and commented on based on if any Inconel is missing or holes in the furnace and the status of the radiant tubes on if they are bent or dented. 
With the assistance of TATA personal and rope access the furnace audit was completed and the results from the audit are below.

[image: A white and blue table with black text
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[bookmark: _Toc167036178]Table 1- Zodiac Furnace Radiant Section inspection
Once the audit was completed the results were fed back to the project team and next steps were created to fix and patch the hole on level 4, change the radiant tubes which have bent and finally to bring in a cleaning crew to clean all the debris that was on all the radiant tubes and on the floor of the furnace.
One of the next steps that came out of the meeting was to investigate the radiant tubes that are already in the furnace and complete a full furnace inspection. To complete the next step, the zodiac had to go down for over one week to allow for the furnace to cool down to forty degrees so that people can go into the furnace. Due to the fact there were stock issues I was able to complete this a few weeks after the initial meeting. Before the week down we had to plan and organise several actions to be able to complete the inspection. These include, organise with rope access whole will be the company bringing the equipment to go down the vertical furnace. The rope accesses are also there for safety cover as they are trained in confined space rescue. The next action is ensuring all relevant permits are on for the job. Permits are vital for work because it controls and eliminates any risk of danger when completing the work. When completing work inside of the furnace several variables need to be understood and controlled. The furnace used heat and gases, these will have to be isolated before job continuation, the rope access will also have a job method statement which ensures that the crew carrying out the work knows the role that needs to be carried out and the dangers or risks of the work. Figures 22 and 23 show the extent of the debris on the radiant tubes. 

[image: ][image: ][bookmark: _Toc167043049]Figure 21- Dirty radiant tube Picture 2
[bookmark: _Toc167043050]Figure 22- Dirty Radiant tube.













                                              
[bookmark: _Toc166184226][bookmark: _Toc167042999]3.2 Sample analysis:

To determine the root cause of the debris that was falling onto the steel and to determine where the debris was coming from inside if the furnace lab analysis needed to be completed. Samples were taken of the furnace fall defect on the steel and samples from inside of the furnace in the radiant tube section. The samples were then analysed in Port Talbot Harbour side where Energy Dispersive Spectroscopy (EDS) and Scanning Electron microscope (SEM) analysis was to be carried out.


[bookmark: _Toc166184227][bookmark: _Toc167043000]3.2.1 Energy Dispersive Spectroscopy (EDS)

Energy dispersive spectroscopy (EDS) analysis is an analytical technique that can characterise elements within materials and display them into charts. In simple terms the EDS operates by using an electron bean which excites the electron inside the material and ejecting the electron from the atom. Following this a higher energy electron will fill the outer shell, this causes energy to be released and that energy will have different characteristics which can then be classified into the specific elements. The results are then plotted into an elemental chart where the position of the peaks identifies the elements, and the height of the peak relates to the concentration of the elements that is being measured [6].

[bookmark: _Toc166184228][bookmark: _Toc167043001]3.2.2 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) analysis is another type of analytical technique but instead of creating an elemental chart it creates an image of the material. The electron beam which is held in a vacuum. The electron bean which travels through an electromagnetic field and a Lense which allows the beam to focus down on the steel sample. Once the bean hits the sample, electrons and x rays are ejected from the steel sample. Detectors then collect the electrons and x-rays, converts them into a signal to then produce a computer screen [10].
[bookmark: _Toc166184229][bookmark: _Toc167043002]3.2.3 EDS and SEM Results

Test were carried out by Port Talbot Harbor side labs where they were instructed to remove the galvanised zinc coating so that it does not interfere with the results. First sample analysis below is the results from the energy dispersive spectroscopy (EDS). The first test which was carried out was of the steel samples that contain the furnace fall defect. 
What the analysis showed that debris that made up of the defect was made up of several elements including silicon, iron oxides, chromium, nickel, and several other elements. As the furnace debris was embedded into a steel sample there is a large iron (Fe) and carbon (Ce) spikes which as this is the main composition of steel. Then the following analysis shows spike in the nickel and chromium phases within the debris from the sample. Figures 23 and 24 show the results from the EDS results that was carried out. 
[image: ][bookmark: _Toc167043051]Figure 23- EDS Results Test 1

To ensure the results from the SEM were reproducible and reliable three more samples were tested also showing chromium (CR) in the debris. Below are the further results from the testing.
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The next test that was completed by the Port Talbot labs was scan electron microscopy (SEM) as shown in figure 25 and 26. This shows the images of the debris within the steel. The analysis will determine if the debris is embedded into the steel before galvanising and show the size of the debris within the steel. Images below of the SEM analysis that was caried out. 
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[image: A close-up of a sample of a steel

Description automatically generated][bookmark: _Toc167043054]Figure 26- SEM test 2



The Final results from both the EDS and the SEM finally determined that the result from the debris shows Inconel as the debris that was falling onto the steel. The analysis was discussed with the Zodiac project team and went through the results from the testing that was complete. Nickel and chromium are made up of several parts of the furnace including the radiant tubes (RT) and the cladding within the furnace which is the walls and insulation which allows to maintain the heat within the furnace. 
[bookmark: _Toc167043003]3.3 Zodiac Radiant Tube Detail

The radiant tubes use a mixed gas composed of nitrogen and oxygen as the fuel source for the RT tubes. The RT tubes are known as “W” shaped tubes as shown in figure 27 where the mixed gas is introduced and ignited using a sparked ignition source from one end and het travels through the tube towards the exhaust. The RT tubes are enclosed and the radiant heat from inside of the tubes heat up to 1100 degrees [12]

[image: ][bookmark: _Toc167043055]Figure 27- Radiant Tube Diagram











                                                     
The cladding of the furnace is the insulation that ensures that the heat is kept inside of the furnace and maximises the furnace efficiency, this ensure that extra heat isn’t being used to heat up the furnace. The cladding is also made up of Nickle and chromium like the RT tubes. The cladding and the RT tubes is what is believed is falling from the furnace as these are the only two parts of the furnace that contain Nickel and chromium alloys. 
Nickle and chromium are used inside of the furnace for several reasons; The inside of the furnace reaches temperatures of over 1100 degrees Celsius and the atmosphere within the furnace is a reducing atmosphere as hydrogen is used to reduce the carbon and other tramp elements out of the steel. The reduction is required as the elements within the steel boundaries influence the mechanical properties, as some elements can make the steel brittle or stiffer. The main element which is reduce is carbon within the grain boundaries as the carbon embrittles the steel. This is one of the properties that the nickel chromium alloy is used for [8].
The next atmosphere that occurs within the furnace, is within the RT tubes due to the main gases being used within the radiant tubes is oxygen and nitrogen then once the radiant tubes is being heated rapid oxidation can occur. This is another atmosphere that the nickel chromium alloy must withstand. 
[bookmark: _Toc167043004]3.4 Furnace Debris Sample Analysis

An important part of the project was to determine the debris that was falling onto the steel in the furnace. As there are several parts of the furnace made up of different materials. So, it was important to understand the composition of the defect so that the project team knew what area to target. Samples were taken of the defect at coil inspection to be test at Port Talbot labs. 
Analysis was carried out of the furnace fall defect showing that the defects were caused by debris material pressed into the steel strip and then fully or partially coated with Zinc. The appearance of the furnace fall defect appeared in a light and dark light. But this was dependent on the severity of the feature, the greater the volume of the furnace fall features the less likely the defect will be covered with zinc, thus appearing black. The appearance and composition of the debris material itself indicated that it was highly oxidised residue from a chromium/ iron/ nickel alloy, with chromium segregating to the oxide phase and nickel to the metallic phase. Therefore, it was determined that material was falling from the furnace onto the steel was made up of an Inconel or high alloy stainless steel products that are inside of the furnace. Inside of the annealing furnace that are several parts that are made up of Inconel being Radiant tubes, refractory lining panels and refractory brick are to be considered being the root cause to the project. 
During the analysis of the Inconel defect the highly oxidised nature of the debris and the effects if the zinc coating on the steel limited the use of EDS analysis as it was difficult to obtain a result that shows the precise composition of the original alloy. But however, the analysis did show that the most likely match for the debris composition was around Inconel chromium levels. 
[bookmark: _Toc166184231]

[bookmark: _Toc167043005]4 Literature review

[bookmark: _Toc166184232][bookmark: _Toc167043006]4.1 Inconel and use in the Zodiac Furnace: 
Inconel is an alloy that is a family of Austenitic Nickle-Chrome based super alloys. The Inconel superalloy was first developed in 1932 for the development of the jet engine. The manufacturing process for the Inconel starts with pure raw elements including chromium, nickel, and other alloying elements to change the properties depending on the end use. 
The process for creating the alloy is mainly completed in an electric arc furnace where the specific metals are melted and alloyed together and form a uniform metal lattice. The molten metal is then tapped off and further refinement is completed by hot and cold working to produce sheets. To allow for the high tensile strength the metal is re annealed to allow for recrystallization and stress annealing. The final step is creating the final product by cold/ hot drawing and cold rolling.
Inconel is wildly used in many industries as furnace components such as radiant tubes, furnace lining, belts, retorts, and hearths. Inconel can be used in high temperature applications due to the properties of the metal. Inconel develops a thick adherent oxide film that protects the surface of the metal when it is heated. this allows Inconel alloys to be oxidation and corrosion resistant suited in extreme environments with high pressures and heat. Inconel is a desirable metal to use in high temperature applications as it can retain its strength and structural integrity. Unlike metals such as steel and aluminium where during high temperatures creep will occur due to thermal induced crystal vacancies in the crystal structure. But the Inconel metal when it is heated will strengthen the metal by solution strengthening or precipitation hardening. Compared with steel and aluminium where the high temperatures these metals would succumb to creep due to the thermally induced crystal vacancies. [14]
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Other than a high heat and corrosion resistance, Inconel has a high tensile strength even while under high temperatures. High corrosion fatigue and resistance to cracking or failing under temperatures and high loads. Due to the good material properties Inconel is used in a wide variety of industries including. Aerospace, oil and gas industry, marine, Automotive and industries involved with high temperatures. But depending on the grade of the Inconel and the alloying percentage of nickel and chromium within the metal has slightly different properties. Inconel is primarily made up of chromium and Inconel with the rest of the alloy being made up of iron, Niobium, cobalt, and titanium.
 Due to the Inconel properties, they are used within the Zodiac furnace. the use inside of the Zodiac furnace as the grade of Inconel that is used within the furnace is Inconel 617 is used where this has a 61% nickel and 24% chromium %. This grade is selected because this alloy works best under varying high temperatures but also having good corrosion resistance. 
As discussed, Inconel is used due to its high corrosion resistance, but as discussed during the project its was found that Inconel from the radiant tubes and cladding was micro-oxidising and flacking off, therefore falling onto steel strip, and being rolled into the steel, causing the “furnace fall defect”. This not supposed to occur during standard operations as Inconel should not oxidise. 

[bookmark: _Toc166184233][bookmark: _Toc167043007]4.2 Hardness Category’s

From the results from the EDS analysis showed that there was a strong amount of iron oxide within the sample. The iron oxide comes from the steel where there is an issue within the Direct fire furnace section. Where there is a slow down the open flame burners turn off as this can cause a strip break because they can burn through the steel strip. Therefore, they are turned off but there is excess gas which is made up of oxygen and nitrogen. Therefore, causing over oxidation and then scale flakes. Once going over the furnace rolls on a 90-degree bends causes flaking and eventually falls off the steel strip. 
But is impossible for the iron oxide to be the debris that is damaging the steel. This is because looking at the cross-sectional analysis of the steel showed that the debris was going into the steel substrate. 
For a metal or material to damage another material it needs to be harder for the material to damage each other. Iron oxide is considerably less hard than steel therefore it cannot penetrate the substrate. This shows that the iron oxide cannot be the contributor to the causing the defect. Unlike Inconel oxide which has a higher hardness compared with that of mild steel. Therefore, could indent the steel substrate [5]. 


[bookmark: _Toc167043008]4.3 Inconel Oxidation theory

As discussed, Inconel is a family of nickel and chromium-based superalloys known for their resistance to oxidation, corrosion, mechanical stresses, and high temperatures. When undergoing high temperature environments, the Inconel metal undergoes a form of oxidation. 
The oxidation of Inconel occurs through the formation of a protective oxide layer. Where most metals when exposed to oxidation and corrosion typically compromise the performance and durability of the metal. But with chromium the nickel-based alloy resists oxidation and corrosion due to the protective oxide layer. When the Inconel is exposed to an elevated temperature the in the presence of oxygen and that forms on the surface on the surface in a small layer typically consisting of nickel, chromium oxides and other alloying elements that are within the Inconel. 
As oxidation continues the initially formed oxide layer undergoes a transformation towards a more stable and protective oxides primarily consisting of chromium oxides (Cr2O3). The chromium oxide has a high melting point and good adherence towards the substrate making it a protective oxide layer towards the atmosphere. The oxide layer that forms develop through process called diffusion. The diffusion of oxygen through the oxide layer and the diffusion of metal atoms through the oxide layer into the metal lattice, reacts with the alloying elements, forms oxides and the metal substrate continue to diffuse through the oxide layer, therefore growing the oxide layer. 
There are several factors that can affect the oxide layer growth of the Inconel, factors including temperature, oxygen content, oxygen partial pressure and surface conditions. Inconel alloys typically follow a system called parabolic kinetics and the Inconel oxidation typically follows this process. The process means that the rate of oxidation initially increases rapidly and then slows down once the initial protective oxide layer forms. This process is a typical characteristic of Inconel diffusion where the rate of oxidation is proportional to the square root of time. But under certain conditions cracking of the oxide layer may occur, exposing the oxide layer to the Inconel substrate metal, therefore exposing the Inconel to further oxidation. 
[bookmark: _Toc167043009]4.3.1 Inconel Oxidation theory research paper 1 
An experiment was carried out by G.A Greene and F. frock [4] which studied the oxidation of Inconel 718 in air at temperatures from 973K to 1620K. The experiment that was carried out was to expose Inconel to temperatures ranging from 973 Kelvin (699 celsius) to 1620 Kelvin (1364 celcius) and exposed to air. The experiment was performed from 9- 14 days in three different tests where the Inconel is held at three separate temperatures. Between 1173K – 1573k, 1473K- 1614K and 973K – 1223K
The results from the experiment showed that the Inconel exhibits parabolic diffusion-controlled oxidation over a wide range of temperatures. But at temperatures above 1573K oxidation becomes catastrophic and the Inconel becomes severely deformed and the Inconel begins to deform under its own weight at temperatures above 1560 Kelvin. The Inconel 718 experiences a period of oxidation for 24 hours of oxidation in air. But after 24 hours, continued exposer to temperatures below 1173 kelvin the results show no further measurable weight gain due to oxidation of the substrate metal. but at temperatures above the 1173 temperatures weight gain of the oxide continues and the formation of oxide scale increases. 
[bookmark: _Toc167043010]4.3.2  Inconel Oxidation theory research paper 2

Another research paper by K.B Yoon [15] conducted research on the oxidation failure of radiant heater tubes which showed the failure analysis of radiant heater tubes was performed by visual inspection of the tube cracks, metallographic observation and chemical analysis of the tube metal and oxide scales. 
An experiment was conducted by heating a radiant tube where flue gases was passed through the radiant tube at temperatures above 1000 degrees this resulted in cracking a scale formation on the radiant tubes and chemical analysis by EDAX was performed show that scale made up of nickel and chromium being Inconel was detached from the radiant tubes. Figure 28 shows the results from the EDAX results.
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[bookmark: _Toc167043056]Figure 28- EDAX chemical analysis.
The result of the experiment showed that if the radiant tube is operated below temperatures of 1000 degrees, then there should be any issues with Inconel oxidation or cracking of the Inconel tubes. If the tubes operate below this temperature a protective Cr2O3 oxidation film forms. However, if operating above this temperature ten the stabilised Cr2O3 protective film transforms into a volatile CrO3, and abnormal oxidation or rapid oxidation occurs. The rapid oxidation causes pits and thins the metal causing oxide scales to form. This oxide scale will then crack under the heat expansion of the radiant tubes as the expansion coefficient of the oxide scale differs to that of the tube metal. This scale then dislocates from the tube and fresh oxide then forms. 






[bookmark: _Toc167043011]4.4 Literature review conclusion

To conclude the Inconel creates a protective oxide layer during the manufacturing process which is chromium oxide (Cr2O3). This chromium oxide acts as a protective layer towards the atmosphere. But at high temperatures the Inconel exhibits continued oxide scale formation and due to the high elevated temperatures, the Inconel oxidation becomes catastrophic, and the Inconel can deform under its own weight. In relation to the Zodiac furnace the high temperatures are not as high as the temperatures as the experiment from G.A Greene and F. frock being at around 900 degrees but at this temperature the oxidation does cause scale to form over time in air.
But also, the research paper from K.B Yoon shows that it is important that the Inconel tubes are process at the recommended manufacturer temperatures depending on the grade of the Inconel. As above the recommended temperatures oxide scale forms and can become detached from the metal tubes. Due to the expansion of the oxide layer differs between the metal tube.
 Even though the Zodiac furnace contains no oxygen inside of the furnace, but once there is an issue inside of the furnace for example a strip break where the steel snaps inside of the furnace. But the procedure that the operators work towards is the fact that the operators open the furnace doors the moment the furnace is not in operation. The result of this causes natural air to flood the furnace at the high temperatures. Causing thermal shock of the Inconel an allowing for oxidation to occur. 



[bookmark: _Toc167043012]5 Zodiac furnace 

[bookmark: _Toc167043013]5.1 Furnace Inspection and clean

Due to the sheer size of the furnace and how the entire furnace contained Inconel it was difficult to determine where inside of the furnace these defects were occurring. Each part of the furnace was sampled but due to the number of debris mainly iron oxide scale from the steel it was difficult to understand if there was Inconel in between this iron oxide. So again, sample were taken from each of the furnace doors on the floor level. Results below of what was found. Below in figure 28 is the arrows of the furnace doors. 
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Description automatically generated][bookmark: _Toc167043057]Figure 29- Zodiac Furnace Doors

Results above showed that there was oxidised Inconel was in 2 sections of the furnace being the radiant tube gas and electric sections. These sections have the highest changes in temperatures and as discussed within the literature review the large swings in temperatures can affect the incomes corrosion properties as cause corrosion and flaking of the Inconel within the furnace. 
The final proof of understanding if the material as indeed coming from the radiant tube section was that when going into detail of the TLR maps I noticed that there was a “Tail” off each of the furnace falls. When going through the images inside of TLR it was noticed that the images of the furnace falls were repeating every several meters, but the images were fading after. A coil was then put onto the coil inspection line with a furnace fall in a large tail to identify if a pitch could be taken from defect to defect. What was found was that there was a pitch of 2674mm. Several results were taken and noted down. This roll pitch only relates to a couple of rolls inside of the furnace being four, six and roll 8. Therefore, this was the area that must be targeted.
From the results based off the previous work that was carried out I decided that to prove that we indeed falling from the furnace was based off the previous analysis that the furnace needed to go back to a standard as close to original as possible. Therefore, a full furnace clean was to be completed to remove any debris inside of the furnace. This again was to be completed by a rope access team who will abseil down the furnace and with the assistance of a HVAC which is an industrial vacuum, will remove all the debris. This was to be completed on a two-week shutdown where the entire of the radiant tube section was to be cleaned. In the figures below 29 and 30 shows the radiant tubes and the furnace floor before the clean and figure 31 and 32 is after the cleaning of the radian heat section 
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Description automatically generated][bookmark: _Toc167043058]Figure 30- Floor of Furnace Doors
[bookmark: _Toc167043059]Figure 31- Radiant Tube Before
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Description automatically generated][bookmark: _Toc167043060]Figure 32- Radiant tubes after cleaning.
[bookmark: _Toc167043061]Figure 33- Radiant Tubes after cleaning.
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Figure 33 above shows there was a large step change in the TLR maps after the cleaning after cleaning the furnace. Over the last several weeks the percentage of furnace falls is less than one percent and holding at this rate for a few weeks. But after the next full finish campaign in week twenty-nine the furnace fall percentage rose to 1.4%. This was expected to happen as no initial upgrades or preventions to the stopping the furnace falls were carried out but were not expected this early on. 
Results were brought to the management team and showing the results of the furnace cleaning and the impact towards the quality and the customer if no work is carried out on the upgrades, then it will return to the same standard as before. 
The impact to the customer and the reputation of the Llanwern site was enough for the management team to allocate a complete upgrade of the furnace inside of the radiant tube section. But due to the financial burden of a total re-line and changing of furnace walls and radiant tubes this total cost would cost TATA over five million pounds. 
The way maintenance is carried out on the furnace is only changed on a failure basis on when a radiant tube fails or if there is a hole in the wall exposing the lagging. Overall, this a poor way to manage the furnace as some tubes can last for several years with some of the tubes not being changed for over 15 years. As the failure of the tubes come from being dislodged and damaged due to strip breaks and the steel falling onto the radiant tubes. 
 The management team wanted a full inspection of the furnace to be carried out and create a report of each section of the furnace. The report will then be used to determine on what parts of the furnace that need to be changed. The report was already caried out during previous inspections of the furnace when the root cause was being determined. 
Below is the report that was carried out by the rope access engineering team over one of the down days. The report goes down from the roof of the furnace to the grown level which is separated into sections. The report gives comments of each section and the giving it a score on the severity level from 0 – 10, with 10 being sever damage effect the integrity of the furnace and required to be changed during the major stop. 
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[bookmark: _Toc167036180]Table 3- Radiant tube inspection results
The above report in table 3 showed that there were five radiant tubes that have been damaged and showing large amount of corrosion on the radiant tubes. A large part of the furnace had already been changed over the years. But the roof inside of the furnace show the largest part of corrosion and during the cleaning side, which was carried out in the last stop, the roof showed flaking of Inconel which therefore showed the potential of the root cause, causing the furnace falls.

[bookmark: _Toc166184234][bookmark: _Toc167043014]5.1 Furnace modifications and upgrades:

From the above report in table 3 it was decided that a priority to change the top of the radiant tube gas section roof and six radiant tubes. This was to be carried out during the summer stop, in a two-week period. Based off the cost of the rope access, materials, and planning. The furnace upgrade will cost £810,000 in total. The cost of the project due to the significant amount therefore had to be approved by the TATA board of directors. A meeting was scheduled to show the extent of the damage to the inside of the furnace and the consequences to the customer. The management team approved and the large-scale project was taken over by the engineering team to produce the results. 
Once the radiant tubes and the furnace roof had been replaced the line was then started back up and the results below showed the extent of the improvements. 






[bookmark: _Toc167043015]5.2 Results of Furnace modifications and upgrades

After the radiant tubes and the roof was replaced, there was a large on-going step change over the weeks. And unlike the cleaning of the furnace where for a short term the furnace falls was reduced but eventually started to rise. Shown in figure 34 the rejections remained at a consistent level and not slowing increasing over time. Therefore, showing a consistent improvement was made and also showing a clean TLR map with only a couple small manageable furnace falls. 
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[bookmark: _Toc167043063]Figure 35- Rejections after modifications and upgrades.
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Description automatically generated][bookmark: _Toc167043064]Figure 36- TLR Map after modifications and upgrades.


[bookmark: _Toc166184235][bookmark: _Toc167043016]5.3 Changes in Procedures and Process

When understanding that the Inconel inside of the furnace was oxidising it was important to understand what the process was that causes the Inconel to oxidise in an inert atmosphere. When discussing the problems with the production operators that manage the furnace several points were brought up that could have a potential impact on the quality of the furnace. 
When a strip break occurs within the furnace it was decided by management that they wanted to make sure that the line started again as fast as possible. The procedure of when a strip break occurs is for the furnace to cool slowly with the assistance of the cooling fans. This would allow the Inconel tubes and the liner to cool slowly. But this can take up to over 24 hours to undertake as the furnace is going from 1100 degrees to 40 degrees to allow for the operatory to go inside of the furnace to fix the problems and get the line operational. But the management decided that one pf the methods to cool the furnace faster was to open the furnace doors and let in natural air into the furnace. So instead of a slow progressing cooling time, this changes to a fast-cooling rate, and was believed that the fast cooling increased the rate at which the Inconel deteriorates compared with the slow deterioration of the Inconel tubes in the slow cooling process. 
The rates of oxidation typically increase with rising temperatures and cooling rates based off the surface reaction kinetics as when a metal is heated the faster oxidation rates. So, the faster the metal cools the increased reaction kinetics, resulting in a faster oxidation rate. This is the vice versa as the lower temperatures and reduced cooling rates the slower the oxidation of the metal. 
Based off this information it was decided that the way in the furnace was cooled was to go back to the slow cooling rates to be able to protect the furnace and the Inconel. This was a difficult decision by the senior management team as the cost of changing the process is less that keeping the original process. As the fast-cooling rate saves over 8 hrs in starting the process again. With the Zodiac line being down costs between £80,000 - £100,000 per hour therefore can cost the company close to £800,000 per time there is an issue. But the cost of losing the customer and the reputation of TATA is outweighed the cost of the downtime. 




Below is the new procedure for the task that was made.
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[bookmark: _Toc166184236][bookmark: _Toc167043017]5.3 Sustainability of project

[bookmark: _Toc166184237][bookmark: _Toc167043018]5.3.1 Failure Mode and Effect Analysis (FMEA):

During the control phase or the sustainability phase it was critical that this phase was maintained as historically TATA is poor at sustaining a project. The project team had to ensure that this would not occur with this project. As a standard procedure for sustaining a project Failure mode and effect analysis (FMEA) is used. FMEA generates a score based off the likely hoot of the event occurring and the severity of the event. A FMEA was completed a as the RPN score was below 100 after the improvement were completed the score was then reduced as long as the failure mode and effect analysis are followed. Figure 36 shows the FMEA analysis [11].
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[bookmark: _Toc167043066]Figure 38- Failure mode and effect analysis.

[bookmark: _Toc101867980][bookmark: _Toc166184238][bookmark: _Toc167043019]5.3.2 Quality Monitor:

A critical part of the control section is quality monitoring. The quality monitor has been implemented based of an automatic process where a chart is updated and monitored on a regular basis along with all the other completed projects.  The data at which is being feed into the quality monitor is based off the rejections and the diversions from the Zodiac. From the improvement section the furnace fall defect was given its own category to separate it from the other defects that was like the furnace fall defects. A limit of twenty tonnes was put in place as the target, so if this went above this target then a review would be carried out. 


[bookmark: _Toc166184239][bookmark: _Toc167043020]6 Project Conclusion

[bookmark: _Toc167043021]6.1 Project Recap

Over the past two years there was a growing number of customer complaints due to a pitting defect on the steel known as “Furnace Falls”. But due to the number of complaints in the marketplace customers were demanding that improvement was required to guarantee the quality of the steel that is produced. Therefore, a project team was set up to reduce or eliminate the furnace fall issues. The project is problem solved using basic DMAIC principles and methods. 
The initial stages of the project were to determine the debris that was falling onto the steel. After various trials and tests, it was determined that the defect was falling from inside of the furnace and based off pitch measurement from the furnace fall defect showed that it was coming from rolls four, six and eight. From this information showed that the debris was falling from inside of the radiant tube section.
Once this information was understood the next phase of the project was to determine the debris that was falling from inside of the furnace. Samples were taken of the steel with the defect in and samples from the inside of the radiant tube section. Scanning electron microscopy (SEM) and Energy dispersive spectroscopy (EDS) tests were carried out in Port Talbot Harbor side. The tests carried out showed high levels of chromium and Nickel in the debris. Nickel and chromium make up an alloy known as Inconel. Inconel is used inside of the furnace for the radiant tubes and the walls of the furnace. The Inconel is used inside of the furnace due to its excellent mechanical properties being excellent heat resistant and corrosion resistance. 
But it was believed that due to the procedures that were taking place with opening the furnace doors when there is an issue. The operators open the furnace doors the moment the line shuts down causing the Inconel to experience thermal shock and micro-oxidation occurs. Therefore, cause scale builds up which then falls on top of the steel and rolled in. 
During the project, inspection and cleaning was carried out inside of the radiant tube section which showed large build-up of debris inside of the furnace and several radiant tubes being heavily damaged and the roof of the furnace showing large amount of scale formation. Based of the successful results from the cleaning and the inspection. It was decided that a total improvement was required to changed damaged Inconel tubes and the roof of the radiant tubes section. The result showed a large reduction in the furnace falls. But to ensure the quality of the Inconel tubes a new procedure was introduced to stop the oxidation of the radiant tubes. 






[bookmark: _Toc167043022]6.2 Overall Conclusion

To conclude due to the incorrect standard operations that had been completed over the years the above report showed that there was negligence and underfunding of the furnace. To ensure consistent continuous improvement of the furnace the senior management team had to understand that improvements within the furnace had to be carried out on a timely basis and not to a critical point which cause out of control rejections and diversions. But most importantly losing the relationship and confidence of our customers. The improvements within this report demonstrated to the senior management team that the changes of procedure and funding was important to ensure consistent quality assurance. The first demonstration of proving to the senior management team was the cleaning within the furnace as this would bring the furnace back to standard conditions like it was new, even if the build-up did returns.
Overall, the project was a success to the Zodiac line and showed a large improvement to the furnace falls being below one percent and demonstrated to the customer that we as a steel company can demonstrate clear continuous improvements and that we invest into our assets. This was important to demonstrate as customers are demanding higher quality standard every year to a pint where zero defects were the way the industry was leading to. Therefore, a large amount of funding and time would be required to be put into all defects across the Zodiac line. 
The overall project cost the company close to one million pounds to fix the issues with over £800,000 pounds to replace the radiant tubes and the roof of the furnace and £100,000 spent on the inspection and cleaning of the rope access and hiring a HVAC vacuum to clean inside of the furnace. But the cost of these improvements was worth it to the Zodiac line as we can now guarantee to customers that we produce quality steel. 
But there were several unknowns of the project that remain unanswered. For example, a large part of the project which was trying to be answered was understanding the reason on why the furnace falls were falling. Several parts of the process were analysed looking into vibration analysis, weld position going over the furnace rolls causing sudden vibrations and tension analysis to understand if there was slack strip between each of the furnace rolls. These trials showed no success and there was still no understanding on the randomness of the furnace falls falling onto the steel. 











[bookmark: _Toc166184240][bookmark: _Toc167043023]6.3 Recommendations:

The main recommendation for the project is around the quality and maintenance of the furnace. One of the critical findings that within the project was the lack of engineering and maintenance standards of the furnace. Therefore, there are several short and long-term recommendations that should be followed:

[bookmark: _Toc166184241][bookmark: _Toc167043024]6.3.1 Short Term Recommendations: 

· Several line coils before full finish run to determine quality of the steel.
· Training and understanding of inspectors and operators. 
· Displaying of customer complaints for operator understanding 
The shorter-term recommendations are for pre full finish runs, as it is important for operators to understand that quality comes first before production. These recommendations come at a low cost with a large benefit. As the operators are the personnel that run the Zodiac line, therefore are the ones directly responsible for the quality of the steel. Therefore, it is important as a management team to monitor and train all existing and new personal to the new procedure for cooling the furnace. But also, for the inspectors on ensuring that they are booking the correct code and ensuring that no defects leave the site and not to take any changes with the customers. 

[bookmark: _Toc166184242][bookmark: _Toc167043025]6.3.2 Long Term Recommendations: 

· On going engineering maintenance 
· Funding towards furnace upgrades 
· Furnace inspection and cleaning on annual basis 
The longer-term results have a higher financial impact towards the business as these are physical upgrades and maintenance towards the operations and standards of the Zodiac furnace. But without these recommendations the results over time will cause the furnace to return to the same standard as they previously were, but also not showing the customer that TATA as a company is trying to protect them. Therefore, the management need to make the decision around how much time resources need to go into these crucial maintenance and upgrades on an annual basis and plan it into the budget. 



[bookmark: _Toc167043026]6.4 Project Limitations

During the project there were several limitations of the project that the project team still did not understand. During the initial stages of the project there were two separate questions. One was what was the material was falling onto the steel and the reason for the debris falling onto the steel. The first question on the material that was dropping onto the steel being the Inconel was answered and resolved. But the second question being why the debris was falling onto the steel. Several trials were carried out with understand if there were trends on the location of the furnace falls onto the steel. Another trial was completed on vibration analysis through the furnace to determine if there were issues with tracking, welds going over the furnace rolls and loose steel between tensiometers. But overall, there were no successful results from the trials that had been completed. And overall, there was still no understanding on why the debris was falling from inside of the furnace. Therefor large efforts were concentrated on stopping the oxidation of the Inconel.
Another limitation of the project was since the furnace falls were happening inside of an enclosed furnace work could only be carried out every five weeks when the galvanising line goes down for maintenance for 24 hours. Work will be carried out within the furnace and the line started back up, but it was difficult to predict that any of the work carried out during the down time made any impact towards the furnace falls. This then cause the project to go on for over six months as only work could be carried out in 24 hours over five weeks.
And the final limitation towards the project was due to the issue with knowledge of Inconel oxidation inside of a inert atmospheres. Research had been carried out with the oxidation of Inconel, but these reports and papers were from industries not related to the steel industry, therefore the information from these reports had to be followed based on part of the reports. For example, the oxidation of Inconel above temperatures of 700 degrees. Therefore, a procedure was implemented to not open furnace doors until below a critical temperature.

[bookmark: _Toc167043027]6.5 Feedback and communication

In TATA there isn’t wide communication of project that have been completed and it is common for most sites to not show their results from projects that have been completed from issues that have been resolved. In TATA steel Europe there are seven galvanising lines. Historically there is no communication between each of the galvanising lines giving feedback or communication on issues that they are having or understanding if they had any information that could help the project. This is what is believed to be silo mentality where the senior management team didn’t want to show to the other galvanising lien that we are having customer complaints and have large issues at producing steel. 
Therefore, due to the large issue that was resolved it was decided that the project work was to be communicated to the other galvanising lines including Shotton, Imjauden and Segal where the other galvanising lines are located. But also hoping that this communication will help other galvanising lines in the future on ongoing problems and issues.
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