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1. Introduction
[bookmark: _GoBack]This report discusses the difficulties associated with removing Phosphorous in steel during the Basic Oxygen Steelmaking (BOS) process. Phosphorus has always been an undesirable element in steel. Carpenter (1917) noted that Phosphorous was an embrittling agent and has continued to be the bane of steelmakers to present day. High phosphorus steel also causes a reduction in steel toughness, hot shortness and issues with ductility (Cappel, et al., 2014). Customers have become more and more unaccepting of high Phosphorous steel which produces several challenges for steelmakers to tighten up their steelmaking process (Hlobil, et al., 2017) to negate against Phosphorus quality failures.
[image: ]BOS is the process where pig iron produced by the Blast Furnace is converted into steel by blowing oxygen through a lance to reduce the carbon content from 4.5% to 0.05%. The process accounts for 70% of the world’s steel production (Buwa, et al., 2017). During this process, in order to effectively remove impurities such as phosphorus, manganese, silicon and sulphur, fluxes such as lime and dolomitic stone (known as doloflux and dolomet) are batched into the BOS converter to produce a basic slag. The oxygen reacts with the carbon in the iron to form CO and CO2 gas. The physical impact of the oxygen being blown throws the metal up into the converter and mixes with fluxes into the solution, creating a gas-slag-metal emulsion zone known as slag. This is an exothermic reaction which increases the temperature from ~1370°C to ~1680°C. This entire process takes 16-18 minutes to fully reduces the carbon and remove enough impurities, including phosphorous. Once the blowing process is complete, the converter is tilted, and the steel is poured out of the taphole into a ladle. This is called “Tapping”. A refractory dart is placed into the vessel mid-Tap so that it acts as a plug for the taphole. This prevents slag from going through the taphole into the ladle.Figure 2 shows the reactions that occur in a BOS converter.

Phosphorous is the most difficult element to reduce during the BOS steelmaking process (Walker, 2014) on a consistent basis as there are multitude of parameters that are critical in ensuring optimum refining. These include;
a. Ensure the steel slag has enough lime so that the slag is basic enough to remove Phosphorous. (lime dissolution into the slag).
b. Adequate slag bulking depending on the incoming chemistries of the iron from the Blast Furnace.
c. Achieving the aim temperature in the BOS converter for the steel grade.
d. Correct lance height during the blowing process is achieved.
a. If the lance is too low, too much oxygen is partitioned to the steel slag thus discouraging steel-slag mixing (blown too hard).
e. No steel slag is reverted into the steel ladle once the blowing process is complete.
f. Adequate mixing through bottom tuyeres.
This report will focus solely on investigating Phosphorus removal in the BOS vessel, and more specifically, how to reduce the number of Phosphorous Miscasts for the remainder of FY19-20. A “Miscast” is the term used to define when the steel plant has failed to meet the end customer’s specification for the batch of steel made. For example, if the customer has a hard maximum allowance of 0.02% Phosphorus, and we supply them with steel with a chemistry of 0.023%, this would be defined as a quality failure (Miscast). The difficulty for steelmaking plants is to optimise the Phosphorus refining process whilst trying to meet different customer specification depending on the grade of steel being made. For example, the steel company I work for has steel grades with maximum Phosphorus allowances varying from 0.015% to 0.030%, therefore it must alter the slag bulking measures from one batch of steel to the next, whilst keeping costs down and not reducing cycle times to ensure steel output is high.








2. Define stage
2.1. Problem statement
“High Phosphorus in steel can cause embrittlement and ductility issues. In FY18-19, P Miscasts accounted for 1.1% of the quality failures in the BOS Plant. Since then, the current rate of P Miscasts has increased to 1.7% of the steel. At the current rate, we are projected to have 192 P Miscasts for FY19-20. If the Miscast rate can be reduced back to FY18-19 levels (1.1%), then 28 P Miscasts can be prevented.“

Figure 3 shows cumulative P Miscast frequency between two Financial years

Figure 4 shows cumulative P Miscast costs between two Financial years
2.2 
2.3 SIPOC 
Below is a SIPOC created to show how Phosphorus removal in the BOS converter is achieved from a high level. SIPOCs can be used to succinctly map all inputs, processes and outputs of an improvement project (Nold III, 2011) . This can be used to better understand the process so it can be optimised (Shahin, 2008). During the steelmaking process, Phosphorus removal is only possible during the oxygen blow stage. A Hidden Factory is important as it allows a non-conforming product to be reworked before being sent to the final customer (Marcineková, et al., 2019). However, there is no opportunity to remove Phosphorus during the Secondary Steelmaking process or the Continuous Casting process as no more slag-metal mixing occurs. Because of this, there is no Hidden Factory to rework steel that contains high Phosphorus. 
We have both internal and external customers. The internal customer is the Secondary Steelmaking process. If high Phosphorus steel enters Secondary Steelmaking, there is no hope of removing any more Phosphorus and a Miscast is generated. At this point Secondary Steelmaking must decide to either try and achieve the aim specification for the other elements or decide against adding expensive alloys such as Niobium or Titanium in the event of the steel ladle of steel being scrapped. The external customer will have to either accept the poorer quality steel on concession or decline the slabs entirely. These declined steel slabs are then either scrapped or downgraded to a poorer quality steel. Depending on the grade of steel made, a scrapped cast of steel can cost from £15K to £50K. Even if the steel slabs are accepted on concession, this still incurs a cost of £1.6K.




Table 1 shows a SIPOC for the BOS process
	Suppliers
	Inputs
	Processes
	Outputs
	Customers

	 

	Suppliers to the process inputs
	What inputs are required
	Major process steps
	Process outputs
	Who receives the output?

	Blast Furnace
	~300t of pig iron
	Receive pig iron from Blast Furnace
	~325 of steel
	Secondary Steelmaking process (internal customer)

	Scrap merchants
	~50-80t of scrap metal
	Pour pig iron into ladle
	~35t steel slag
	 

	Internal scrap from the Mills
	~10-20t of lime
	Desulphurise pig iron
	 
	 

	Oxygen supplies
	~3-10t of dolomitic stone
	Charge scrap into BOS converter
	 
	 

	Electricity supplies

BOS converter

Refractory lined steel ladle
	~3.5-7t of burnt dolomitic stone
	Charge pig iron into BOS converter
	 
	 

	 
	Silica gravel (raw stone)
	Blow oxygen into BOS converter
	 
	 

	 
	Consumable temperature and chemistry probes.
	Pour steel from BOS converter into ladle
	 
	 

	 
	Refractory darts
	(See below Process Flows and FMEA's for more details)
	 
	 

	 
	16,000-19,000Nm3 of Oxygen
	 
	 
	 


2.4 
2.5 Process Mapping / Flow
2.5.1 [image: ]Schematic of the BOS Plantf[image: ].
e[image: ].
d[image: ].
c[image: ].
b[image: ].
a.
Figure 5 shows a schematic of the BOS Plant

a) ~50-80t of scrap metal is weighed up and transferred in either Vessel 1 or 2.
b) ~300t of pig iron comes into the BOS Plant via a torpedo for the Blast Furnaces.
c) The pig iron is transferred into a ladle in the Hot Metal Pour station.
d) Magnesium and Lime is added to the ladle of steel to reduce sulphur at the Hot Metal Desulphurisation station.
e) The desulphurised steel is charged to either vessel 1 or 2 on top of the scrap metal. Oxygen is then blown onto the steel for ~16-20 minutes. The metal is then tapped into a ladle and transferred to secondary steelmaking (f).







2.5.2 High level Process Flow
The Primary Steelmaking process consists of several different process steps that all interlink with each other. Each stage can be critical to Phosphorus refining.
[image: ]
2.5.3 Hot Metal (pig iron) pour - Process Flow
[image: ]
2.5.4 HM Desulphurisation - Process Flow
[image: ]

2.5.5 Scrap Loading - Process Flow
[image: ]





2.5.6 Main Oxygen Blow - Process Flow
[image: ]
[image: ]
2.5.7 [image: ]End-blow (EB) to Tap - Process Flow











2.5.8 Tapping converter - Process Flow
[image: ]
2.6 Project Charter
[image: ]Table 2 shows Project Charter





3. Measure stage
3.1. Data Collection
The measurement phase is used to refine the teams understanding of the problem. The steelmaking process is complex and there are several variables that can affect P refinement. Often, there is more than one variable that can contribute to a Phosphorus Miscast. Below is a list of measurements that are taken during the process that can be used to monitor the process control. Each variable is difficult to control in isolation because of the interdependence with each other.
	Each variable is measured using a systematic sampling approach. Therefore, all the data listed is instantly available to be extracted. All the data gets instantly fed into a level 2 computer database system. Using Microsoft Access, queries can be set up to extract mass data which can be done by myself in quick fashion. The data below should be ample to complete the analyse phase, so there shouldn’t be a requirement to use other data collection tools to provide more information.
Types of data required to analyse P performance;
	Measurement
	How is it measured?
	Sampling method
	Importance for P refinement

	End-blow P measurement / % of steel
	Measurement by consumable sublance probe
	Systematic 
	The end-blow measurement is the final measurement of elements in the steel bath before the steel leaves the converter. If the P is higher than the grade max specification, there is no ability to rework the steel to remove any more Phosphorus.

	End-blow temperature / °C
	Measurement by consumable sublance probe
	Systematic 
	Phosphorus refinement can be inhibited if the temperature of the steel at the end of blow is significantly higher than the aim. This can be caused by a lack of adherence to coolant requests, or if the in-blow sublance probe fails.

	In-blow C measurement / % of steel
	Measurement by consumable sublance probe
	Systematic
	A sublance probe is sent into the steel bath 87% of the way into the main blow to get a temperature and carbon measurement. This is used calculate how much more oxygen needs to be blown to complete the blow. If the IB carbon is too low (<0.2%), P refining is impacted. 

	Ladle P measurement / % of steel
	Measurement by consumable sublance probe
	Systematic
	A measurement is taken after the steel has been "tapped" into the steel ladle before going to Secondary Steelmaking. A ladle P measurement can determine whether P has reverted from the steel slag back into the ladle from the converter. This can be caused if the refractory dart fails to plug the converter taphole, letting slag through the taphole into the steel ladle.

	Basicity of steel slag
	Calculation based on two measurements from XRF analysis
	Systematic
	This is the ratio of lime and SiO2. If the basicity of the slag isn't high enough, this will prevent Phosphorus refining. A low basicity could be caused by poor slag generation at the start of the blow, or it could indicate that not all the fluxes entered the steel bath in the first place. 

	Fe content in steel slag / % of slag
	Measured in laboratory using XRF analysis
	Systematic
	Too low an Fe content in the slag can indicate that the oxygen lance has been blowing at too low a height. This is known colloquially as "blowing too hard".

	CO Product 
	Calculation based on two measurements from the end-blow sublance
	Systematic
	A high CO Product (End-blow carbon % * end-blow oxygen (ppm)) can indicate poor stirring and mixing of the steel and slag emulsion. This can be caused by poor argon flow through the bottom tuyeres and steel skull build up at the bottom of the converter.

	Coolant adherence / ± 0.5t of request
	Bunker weighing system
	Systematic
	Sinter is used as a coolant. If the model requests a certain amount and it isn't added, the temperature of the converter will be too high, thus hindering P refinement.




3.2. 
3.3. FMEA – Top 5 RPNs
[image: ]Failure Modes and Effects Analysis (FMEA’s) show the potential failure modes for each stage of the steelmaking process. Each step is geared to determine the affect of failures on P refining. The Risk Priority Numbers (RPNs) are used to determine the most critical process steps to P refining by ascertaining the severity of process failure, occurrence and detection methods (Kahedi & Shojaie, 2019). The higher the RPN, the more critical the step is for P refining. After conducting the FMEA analysis, the following four process steps have been deemed the most critical;
After conducting the FMEA analysis, you can see that the five failures have all been mentioned in the data that needs collecting. The weighing up of fluxes (effects on basicity), sublance failures (effect on in-blow measurements), refractory dart failures and excessive slag in the ladle (ladle P measurements).
3.3.1. [image: ] HM and Scrap FMEA


3.3.2. [image: ] Blowing FMEA
[image: ]















3.3.3. [image: ] Tapping FMEA





4. Analyse stage
4.1. Cause and effect diagram - Ishikawa
[image: ]Phosphorus refining is complex process, and there are numerous potential failure modes. Cause and effect diagrams such as Ishikawa/fishbone diagrams are an essential tool in order to brainstorm and visually display data (Ueng & Yu, 2012). Below, you can see the number of variable and sub-variables that influence Phosphorus refining directly or indirectly by affecting temperature control.
Figure 6 shows an Ishikawa diagram highlighting the potential failure mechanisms for Phosphorus








4.2.  “5 Why” root cause analysis
[image: ]The highest level of root cause analysis involves using a “5 Why” method of Problem Solving. Using the “5 Why” tool can help narrow in on the areas that have caused the most problems over the FYTD. The “5 Whys” are conducted by the shift teams when P Miscasts occur. These are then reviewed by the Technical department to determine whether they have come to correct conclusion. These root causes can be put into a pareto. The current root causes are defined as; Equipment Failure, Process Capability, Standard Practice Not Followed, Standard Practice Inadequate, Operator Error and SLA Failure. Once this is determined, I can ascertain what data needs to be collected to meet CTQs. There are criticisms of using 5 Why analysis by itself. Simply asking “Why?” can often mean that vital information can be missed when determining the root cause of a problem. It becomes far more useful when “5 Whys” are used with other analysis tools (Amine, 2010).










Figure 7 shows a 5 Why investigation carried out by the shift team





4.3. Pareto analysis
For this problem, I have chosen to perform a pareto on the root causes of P Miscasts for FY18-19 and FY19-20 thus far. I have worked out the percentage of P Miscasts for each root cause to see if there’s a difference between the two financial years. After conducting the pareto analysis, I can see that Miscasts for “Process Capability” has increased from 0.33% to 0.76% - a significant increase. Therefore, to try and get P Miscast levels back to FY18-19 level, this area needs addressing first.
[image: ]Using my own knowledge of the steelmaking process, I have been able to investigate all the Process Capability Miscasts and give a further defined root cause which pinpoints the exact reason for failure. From this pareto analysis, it is quite stark that the increase in Miscasts for the lance being too low has increased significantly compared to the previous financial year. The next piece of analysis will focus on finding relationships in the data collected to see if I can ascertain why we have experienced so many issues with the lance being too low. The issues regarding lance too low can be seen in the Ishikawa diagram (circled).Figure 8 shows an Ishikawa diagram highlighting the lance height as being a potential failure mechanism for Phosphorus



Figure 9 shows further defined root cause Pareto
Figure 10 shows high level root cause Pareto





4.4. Scatter graph analysis
After conducting extensive analysis of all the Phosphorus Miscasts over the last two financial years, I can see that doing a scatter graph for reach financial year showing the Phosphorus levels and Fe content in the slag would be beneficial to see if there’s a relationship. In steelmaking, a low slag Fe (<17%) indicates that the lance is too low in the steel bath for adequate Phosphorus refining. From the analysis already conducted, I would expect to see lower slag irons and higher Phosphorus results during FY19-20 than FY18-19.
From the analysis, there is a higher proportion of Phosphorus levels >0.020% when slag irons are <15%. This coincides with the increased amount of Process Capability Miscasts caused by the lance height being too low. From both scatter graphs, a negative correlation can be observed (high slag iron, the lower the Phosphorus and vice versa).

Figure 11 shows scatter graph relationship between Phosphorus and slag irons in FY19-20

Figure 12 shows scatter graph relationship between Phosphorus and slag irons in FY18-19

















5. Conclusion
The purpose of this report was to use the define, measure and analyse phase of Six Sigma to investigate a problem at my workplace.  The issue related to Phosphorus refining, and in the current financial year, Phosphorus refining capabilities have decreased significantly compared to the previous financial year. By using the define, measure and analyse phases of Six Sigma I have been able to determine that the rate of Phosphorus Miscasts caused by the oxygen lance being too low had risen significantly. I have been able to prove this by conducting “5 Why” root cause analysis on hundreds of Phosphorus Miscasts and compared the Phosphorus levels against the iron found in the steel slag. Low iron in the slag is indicative of poor Phosphorus refining. After looking at the top 5 RPN numbers, issues regarding the lance did not feature as the highest risk to Phosphorus refining.  This is interesting as we have perhaps underestimated the importance of this variable. Following this analysis, the FMEA will need to be reviewed to bring the RPN’s in line with the reality of our process capability. After this, the RPN can be rescored after implementing corrective measures (Askarian, et al., 2015).
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Cumulative cost of Phosphorus Miscasts by Financial Year
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Pareto of further define root causes on Process Capability P Miscasts in each Financial Year
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Pareto of high level root causes for P Miscasts in each Financial Year
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Scatter graph showing Slag Fe against Phosphorus levels in FY19-20 
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Scatter graph showing Slag Fe against Phosphorus levels in FY18-19
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oxidised slag leading to poor S 

removal downstream

HM misses vessel or is 

retained when charging

Charge HM to vessel

Less fluxes weighed up than 

requested

Blow0030

Blow0020

Blow0010

Weigh up fluxes

Charge Scrap to vessel

Low slag bulk & low basicity 

leading to poor Phos refining 

and potential poor S control

Scrap misses vessel when 

charging

Hot  leading to poor P refining 

& overblown leading to overly 

fluid slag > slag carryover> P 

reversion in SS

Add Coolant

Blow0050

Blow0035

Select Blow height

Less coolant added and 

requested

Move to wrong height


image17.emf
No coolant in system 3

Training & comperency 

assessment

High level Bunker radar

Low level bunker weighing

1 15

Operator intervention

1

Training & comperency 

assessment

Automated process

Daily review process 1 5

Blocked bunkers

2

Shift process

Material selection

Shift management

Daily review process

3 30

Excessive coolant requested 

(>6t)

3

CBM adaption

Daily review process 3 45

High In Blow Carbon leqads to 

2nd IB dip and no automated 

coolant additions

1

CBM adaption

Daily review process 3 15

Blow0100

End Blow

Oxygen flow does not stop

Hot leading to poor P refining 

and over oxidised slag leading 

to slag carryover and 

reversion in SS

Negative charge leading to 

high N pickup and over 

oxidised slag leading to poor S 

removal downstream

7

PLC & Level 1 system failure

1

Training & competency 

assessment



Stack oxygen alarm 1 7

Cabin lab failure

4

Cabin lab maintenance schedule

No QT Phos result calculated - 

visual

Daily review process

2 24

Sample quality poor

7

Automated process & SLA with 

probe supplier

No QT Phos result calculated - 

visual

Daily review process

2 42

Add End Blow Coolant

Blow0090

No end blow phos prediction 

leading to increased risk if 

tapped before end blow 

sample is reported

In Blow Sample analysis fails In Blow Sample reported

Hot or high in carbon leading 

to poor P refining

Not enough coolant is added

Blow0110



5

3


image18.emf
End Blow model wrong 2 EBM Adaption Shift monitoring 3 18

End blow model not 

followed

2

Training & comperency 

assessment

Daily review process 2 12

In Blow Sublance failure 4 Maintenance plan Daily review process 1 12

O2 lance raised too high 2

Training & comperency 

assessment

Adhoc investigations 5 30

Late coolant addition 4

CBM adaption

Automated timing of 

coolant addition

Shift monitoring 2 24

Coolant addition  far less 

than required

2

Maintenance plan

Coolant material selection

Daily review process 2 12

Tilt trips out

Potential slag through taphole 

leading to P reversion in SS

5 Engineering failure

2

Maintenance plan

Alarm 1

10

Vessel angle too high due to 

deviation from SOP

2

Flightpath SOP

Training & competence 

assessment

Tapwatcher 1

4

Vessel angle too high due to 

steelcar trip

4

Maintenance Plan

Track Cleaning schedule

Alarm 2

16

Hot face worn  due to poor 

installation

2

Vessel scans

SOPs

Taphole change report 3

12

Hot face worn due to taphole 

life

5 Planned Taphole changes Taphole life tracked 2

20

Tilt engineering failure 2 Maintenance plan Alarm 1

4

Dirty steel ladle

Retianed slag from previous 

ladle use melting off 

refractory elading to P 

reversion during tap & SS

?

Dart machine failure 5 Maintenance plan

Shift log

Daily review process

2

70

Skull buildup prevents dart M/C 

being able to enter vessel

2 Shift process

Shift log

Daily review process

2

28

Dart machine not used due to 

manning priorities

2 Shift process

Shift log

Daily review process

2

28

Dat machine not operated  to 

SOP

2

Training & competency 

assessment

Shift log

Daily review process

2

28

Run out time too short 3 Scheduled taphole changes R.O.T tracked 2

42

Highly agitated bath 2

End Blow Model

Wooden Blocks added

Lip camera 2

28

Vessel at wrong angle 1

SOP

Training & competency 

assessment

Adhoc 5

30

Hot face in poor condition 3

Refractory scans

Scheduled taphole change

Scan 2

36

Slag too thick 2 process control models Slag chemistry 2

24

Dart integrity poor 4 SLA with supplier Visual check & reports 2

48

Tilt failure at end of tap 1 Maintenance plan Alarm 3

21

Tapping at incorrect final angle 

due to encoder fault

1 Maintenance plan Adhoc visual checks 6

42

Poor visibility due to wind/dust 1 None

Tapwatcher

Daily review process

4

28

Late tap additions 1

Training & competency 

assessment

Daily review process 4

28

Poor visibility due to buildup of 

skull around tapping window

3 Shift process Visual check & reports 1

21

No tapwatcher alarm 1 Camera calibration schedule Visual check & tapwatcher 2

14

Slow reaction to tapwatcher 

alarm

2

Training & competency 

assessment

Tapwatcher

Daily review process

4

56

Slow tilt speed at end of tap 10 Maintenance plan Reports 1

70

Tap0020

Tapping & make 

required additions

Slag in ladle leading to P 

reversion in SS  or poor 

Sulphur removal on low S 

grades

Insert Dart

Tap0030

Tap0040

Drain Vessel

7



Slag in ladle leading to P 

reversion in SS  or poor 

Sulphur removal on low S 

grades

Excessive slag put onto ladle 

before vessel brought upright

Tap0050

End Tap

Dart fails

High end blow carbon

Reactive slag leading to slag 

exiting vessel over the lip into 

the ladle leading to potential 

Phos reversion in SS

3

Tap0010

Start Tap

SC

6



Pulling slag during tap

No dart inserted

Slag in ladle leading to P 

reversion in SS



Flow of steel is not reduced 

near end of tap leading to 

large slag carryover in the 

ladle and P reversion in SS or 

poor Sulphur removal on low S 

grades

2

7

RPN

Current Process Controls 

Detection

DETECT

Process 

Flow Step 

No. 

Process Function / 

Requirement

Potential Failure Mode

CLASS

Potential Cause(s) / 

Mechanism(s) of Failure

OCCUR

Current Process Controls 

Prevention

Potential Effect(s) of 

Failure

SEV
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