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The purpose of this Six Sigma project is to identify an area of the company LSN Diffusion where improvements could made and use a methodical approach to determine where devoting time and effort would make the most impact on the business. Six sigma will be used as a strategy tool to help achieve this and to determine the root causes of the issues and the best ways to resolve them and monitor to ensure they are long term solutions and are not just quick fixes. This will help with a process efficiency at LSN Diffusion which will in turn improve product quality, product output, and ultimately profit for the business.

[bookmark: _Toc131191680]LSN Diffusion Overview

LSN Diffusion is a company located in Ammanford that specialises in the industrial manufacture of iron, cobalt, and nickel based powders by an atomizing process. There are many end applications of these powders which include additive layer manufacture (3D printing), brazing, hipping, and powder coating. LSN Diffusion utilizes three atomizing methods which are as follows:
· Dry gas atomizing – This uses high pressure nitrogen gas through nozzles which are directed at a flow of molten metal. This freezes the metal into small droplets which are collected in an atomizing pan. The pan has no fluid present and the powder is left to cool surrounded by the nitrogen gas purge. This atomizing style is often used where the oxygen content of the finished powder is critical, such as with stainless steel 316, however this comes at a very high financial cost.
· Water atomizing – This uses high pressure water through the nozzles to form the metal droplets. These droplets are also caught in an atomizing pan, however this time the powder is wet. Therefore, an additional drying process is required. This atomizing style is significantly cheaper than dry gas atomizing due to the use of water in replacement of nitrogen gas, however oxygen content tends to be a lot higher. This is typically used for fuse weld or flame spray applications.
· Hybrid atomizing – This combines the previous two atomizing methods. Nitrogen gas is used to form the metal droplets, however this is then collected in water and put through the drying process. This method produces powder with higher oxygen content than dry gas atomizing, but lower oxygen content than water atomizing. The financial cost is also less than dry gas as the additional nitrogen gas is not needed for the purge during cool down. This method is commonly used for brazing alloys where oxygen content is restricted, but the maximum permitted in the specification allows this process to be utilized.





After the powder has been atomized, the particle size distribution (hereafter referred to as PSD) must be altered, this is done using a sieving process. The as atomized powder is passed through a selection of screens, the size of which depends on whether the finished powder is required to be fine or coarse. Typical screen aperture sizes can range from 10µm up to 500µm. Every batch of powder LSN Diffusion produces must adhere to a designated PSD specification depending on customer order requirements. The screening department is responsible for the sieving process and ensuring each batch of powder meets its PSD specification. These PSD specifications can be split into two categories. The first are internal specifications, these are a set of limits determined by LSN diffusion to ensure the powder being sold is going to be suitable for its end application. The other category is customer specification. This is where the customer purchasing the powder provides their own specific limits as to what’s allowed in each PSD band.
The last process undertaken by the screening department is blending. This is where a batch of sieved powder is transferred into a large blender in order for it to be recombined into one homogenous lot. This is required as the powder will often segregate during the sieving process into layers. A sample of this powder is then taken using a sample thief gun, and the PSD is tested by the screening department using a set of sieves on a Rotap machine and compared against the relevant specification. If this meets the specification, the batch is submitted to the laboratory for approval. The laboratory personnel take their own sample and begin undertaking a number of tests including:
· Sieve analysis
· Laser sizing
· Chemical analysis – ICP OES
· Oxygen, Nitrogen, Carbon, and Sulphur analysis
· Weld quality testing
· Hardness testing
· Hall cup flow
· Apparent and/or tap density
· Microscope imaging
· Visual inspection
After the laboratory personnel have completed their testing processes each batch of powder is reviewed by the laboratory manager. If the powder meets all of its specifications it is released from the laboratory and a customer certificate is raised. If the powder does not meet any of the required specifications then it will be retested by the laboratory personnel to confirm the validity of the result. If this still does not meet specification then the powder is rejected and would either need to be remade or reprocessed depending on the failure type. Any certified batches of powder are then passed onto the packing department where it will be packaged and moved into the stores area ready for despatching to the customer. LSN Diffusion has a large customer base where many of the product batches are shipped globally. 
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During the early 1980’s an employee at Motorola developed six sigma principles to help quantify defects and improve upon overall quality. This development still forms the core principles of six sigma methodologies, although a few additions have been made. These include improvement on processes relating to interaction and product design. (6sigma, 2017)
Six sigma can be defined as a method which utilizes tools to make improvements on a business’s processes. The six sigma method can help to reduce process variation and increase performance. The ultimate benefits of this include improved product quality or service quality, improved employee morale, increased profits and a reduction in defect rate. The DMAIC acronym can be used to follow the order in which to undertake a Six Sigma project. The stages are as follows:
· Define – Identify issues within the company’s processes that need to be addressed
· Measure – Record data related to the processes in question
· Analyse – Study the accumulated data, determine relationships between the data whilst trying to ensure every factor has been accounted for
· Improve – Produce ideas on how to positively impact the data relevant to the process
· Control – Ensure that any changes made for improvement are adhered to even after the project has finished 

(De Mast, 2012)
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The purpose of the define phase in a Six Sigma project is to identify and present the scope of the project as well as its goals and desired objectives. (Thorn, Define Phase - Project Selection, 2022) 

[bookmark: _Toc131191683]Project Charter
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Figure 2 shown above is the proposed project charter for this Six Sigma project report. The goals, scope and intended deadlines are presented in a visual manner that is easy and quick to understand by anyone within the company. (Ruecker & Radzikowska, 2008)
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The problem at LSN Diffusion is that a lot of finished batches of powder are being rejected by the laboratory due to them failing to meet the required specifications. This has a large financial impact on the business as well as putting a lot of extra strain on the labour force and equipment available. This is because the rejected material will either need to be remade from scratch or it will need reprocessing, depending on the failure type. Occasionally the customers may agree to a concession on the specification if they require the material urgently, however this is a last resort as it paints the company in a bad light and gets the customers questioning LSN Diffusion’s ability to consistently manufacture good quality powder. The laboratory rejections are categorized as follows:
· Particle Size Distribution (PSD) – This is tested using sieves and/or laser sizing analysis, it is the amount of powder present in each size band
· Chemical analysis – A majority of elements are tested using ICP-OES analysis expect for carbon, sulphur, oxygen, and nitrogen which are analysed using combustion methods
· Weld quality – LSN Diffusion has the capability of weld testing using flame spray, powder weld, or PTA methods. The applicable method is selected depending on the end application of the powder. Common failure types are deposit hardness, weld pool cleanliness, and surface finish
· Physical properties – This category includes apparent and tap density as well as hall cup flow
· Visual inspection – This is a simple visual check which can be done by eye or examined using a digital microscope. Common failure types include particle shape, non-metallic inclusions, and oxidized particles.
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[bookmark: _Toc131189393]Figure 3 LSN Diffusion Process Flow Chart
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The second phase of a Six Sigma project is the measure phase in which data is collected to establish the baseline in order to quantify the processes performance. (Hessing, 2019)

[bookmark: _Toc131191687]Current Laboratory Rejections

The laboratory records the outcome of every batch of powder submitted whether passed or failed on a designated spreadsheet. Rejected material is then discussed on a daily basis between department managers in a face-to-face meeting. Figure 4 below shows the total laboratory rejections in weight (%) for the current data available for the end of 2022. It can be seen that the largest contributor to failure rate is PSD at 40% of the total rejected quantity. These batches are all returned to the screening department for reprocessing which creates a strain on the labor and equipment availability due to the increase in workload. As well as this the reworked product will be required to be submitted to the laboratory again where full analysis will be completed for a second time. It is also quite a time consuming process to rework these batches which will have a negative effect on the lead times of LSN Diffusion’s product. All of these factors ultimately end up causing a large financial burden on the company. It could be argued that chemical composition would cost more to resolve due to the product needing to be completely remade, however there is already ongoing work to reduce this portion, therefore this project will not be focused on chemical composition. Table 1 below shows a breakdown of these rejections by both number of batches and total quantities.
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	Table Showing Laboratory Rejection Data

	Failure Type
	Quantity Of Rejected Batches
	Weight of Rejected Batches (Kg)
	Weight (%)

	Particle Size Distribution (PSD)
	34
	21438
	40

	Physical Properties
	6
	2280
	4

	Welding Quality
	3
	2029
	4

	Chemical Composition
	52
	18765
	35

	Contamination
	8
	6699
	13

	Other
	5
	2105
	4

	
	
	
	

	Total:
	108
	53316
	100
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The third phase is the analysis phase. The purpose of this is to analyse the data in order to determine the root causes of the PSD failures and the most critical influencing factors. This will allow for potential improvements to be made that have the most impact. (Thorn, 2022)

[bookmark: _Toc131191689]5 Whys

5 Whys is a tool that can be used in a Six Sigma project to help determine the root cause of the stated problem. It works by repeatedly asking the question “why”, with each answer building onto the answer to the previous question. At the final stage, the root cause of the problem should be discovered. (Voehl, 2016)
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[bookmark: _Toc131189395]Figure 5 5 Whys Diagram One
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[bookmark: _Toc131189396]Figure 6 5 Whys Diagram Two
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[bookmark: _Toc131189397]Figure 7 5 Whys Diagram Three

As can be found in figures 5, 6, and 7 above, the 5 whys model was used repeatedly to address the primary cause of the high amount of PSD failures. This identified three key areas to focus the improvement stage on being difference in operators, difference in sieves being used, and sampling method for PSD analysis.


[bookmark: _Toc131191690]Ishikawa Diagram

Another common analysis tool used in a Six Sigma project is Ishikawa modelling (sometimes called cause and effect or fishbone diagram), developed by Japanese quality system expert Dr. Kaoru Ishikawa (Hayes, 2023). This modelling aids in determining the possible causes of a stated issue. After all of the brainstormed potential causes are added to the diagram, the project team can analyse them to try and produce solutions for the root causes of the problem. (Watson, 2004)
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[bookmark: _Toc131189398]Figure 8 Ishikawa Diagram for Laboratory PSD Rejects
 
The Ishikawa diagram shown in figure 8 above aided in brainstorming potential causes of fluctuation between the laboratory and production PSD analysis results. From these, the most likely influencers for fluctuation were decided as:
· Different sieves used
· Sampling method
· Different staff members
· Operating training


[bookmark: _Toc131191691]Improve

The fourth stage of a Six Sigma project is the improve stage. This focuses on producing and implementing solutions to the root causes discovered in the analyse stage. (Go Lean Six Sigma, 2022)

[bookmark: _Toc131191692]Sieve Improvement

Considering the findings in the analyse stage, it became clear that further information was required to ensure that any suggested improvements would make a practical difference. Firstly, the different sieve potential cause was explored and in order to quantify data on this all of the sieves were measured using a Keyence digital microscope (Labmate, 2014). A total of four sets were measured, with two belonging to the laboratory and two belonging to production. The measurements were entered into a table which can be seen in table 2 below, any sieves outside of the manufactures permitted tolerance are highlighted in red.

[bookmark: _Toc131189418]Table 2 Measurement Results of Sieves
	Table showing measurement of sieves on Keyence microscope

	Sieve Size (µm)
	Lab A
	Lab B
	Production A
	Production B

	180
	178
	179
	179
	183

	150
	162
	153
	154
	151

	125
	125
	122
	134
	124

	106
	104
	108
	114
	108

	90
	93
	89
	92
	99

	75
	74
	82
	75
	81

	63
	65
	65
	63
	66

	53
	59
	55
	54
	55

	45
	43
	44
	47
	45

	38
	39
	37
	39
	42



It can be clearly seen in table 2 above that a total of eight sieves were found to be outside of the manufacturer’s tolerance, all of which were above the specified limits. This would certainly be an issue as any sieves above tolerance would allow extra material to fall into the sieve below leading to an increase in weight for that PSD band. The sieves underwent visual inspection, and it was found that all the sieves were relatively old. Due to constant brushing of the sieves it is thought that over time the apertures were being stretched. Two actions were taken against this finding, firstly the out of tolerance sieves needed to be replaced as soon as possible. Secondly, LSN Diffusion required a continuous monitoring of sieve measurement to identify worn sieves.

[bookmark: _Toc131189419]Table 3 Measurement Results of Sieves After Replacements
	Table showing measurement of sieves on Keyence microscope after replacements

	Sieve Size (µm)
	Lab A
	Lab B
	Production A
	Production B

	180
	178
	179
	179
	183

	150
	148
	153
	154
	151

	125
	125
	122
	124
	124

	106
	104
	108
	107
	108

	90
	93
	89
	92
	90

	75
	74
	73
	75
	73

	63
	65
	65
	63
	66

	53
	53
	55
	54
	55

	45
	43
	44
	47
	45

	38
	39
	37
	39
	37



Table 3 above shows the measurements of the sieves after replacement of the worn sieves, the replaced sieves are coloured in green. All four sets of sieves are now within the manufacturer’s tolerances.

[bookmark: _Toc131191693]Sampling

The second potential cause considered was the sampling method and the fact that the laboratory was testing a different sample to production. There were no standard operating procedures or work instructions to unify the way in which samples were taken. Consideration had to be taken for the best possible way to take a sample that would properly represent the batch of powder. After some research it was discovered that a standard for sampling metal powder existed ASTM B215 - 20. This standard stated that metallic powder should be sampled whilst flowing, three intervals of equal quantities should be taken, one at the start of the drop, one in the middle, and one towards the end. This should then be split using a sample splitter in order to recombine the sample into one homogenous sample (ATSM, 2020). To ensure this was strictly adhered to a standard work instruction was created and distributed to the laboratory and screening departments, shown in figure 9 below.
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[bookmark: _Toc131189399]Figure 9 Standard Work Instruction for Metal Powder Sampling
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LSN Diffusions system allowed anyone within the screening department to conduct PSD sieve analysis testing. This meant that there were around twenty personnel of all skill levels conducting the testing. In order to improve this, a decision was made to only allow screening supervisors and team leaders to undertake the sieve testing. This ensured that there was an adequate skill level and reduced the number of individuals that would need to be trained and monitored. In addition to this, these staff were given refresher training on how to properly conduct PSD sieve analysis testing so that it would always be the same method as used in the laboratory.

Following on from this, it was decided that productions sieve analysis results should be at a standard acceptable for customer certification purposes. This has two major benefits. The first is that it saves the laboratory approximately eight hours of labor per day, as they do not need to conduct PSD sieve analysis on every batch of powder themselves. Secondly, the laboratory rejection rate for PSD should be massively reduced as only a low number of batches will be over checked for PSD sieve analysis. This of course does come with increased risk, however that will be closely monitored in the next phase.




[bookmark: _Toc131191695]Control

The final stage of the Six Sigma project is the control phase, and it is designed to ensure that any improvements implemented throughout the project are continued over longer periods. (SAGE Automation, 2019) 

The first implemented control was the continuous measurements of test sieves. It was decided that the sieves required measuring every six months. The table shown in table 3 was used as a template for this and was updated to include the test date, and the technician that measured them.  A section was also added for comments on a visual inspection test as sometimes the sieves may be damaged or indented, see figure 10 below. Additionally, it become the sole responsibility of the quality technician to conduct this testing and ensure it was completed on time.
	Sieve Measurement Quality Check

	Sieve Size (µm)
	Lab A
	Lab B
	Production A
	Production B

	180
	 
	 
	 
	 

	150
	 
	 
	 
	 

	125
	 
	 
	 
	 

	106
	 
	 
	 
	 

	90
	 
	 
	 
	 

	75
	 
	 
	 
	 

	63
	 
	 
	 
	 

	53
	 
	 
	 
	 

	45
	 
	 
	 
	 

	38
	 
	 
	 
	 

	Date tested
	 

	Operator
	 

	Visual inspection comments

	 

	
	

	
	

	
	

	
	


[bookmark: _Toc131189400]Figure 10 Sieve Measurement Template




Regular refresher training is now also provided to all personnel who conduct sieve analysis testing, this includes both the laboratory staff and screening staff. Toolbox talks have now been implemented on a biannual basis to ensure they continue to follow the set procedures for powder sampling and sieve analysis. The importance of completing these tasks correctly is reiterated in the toolbox talks. Any staff found to be deviating from the standard work instructions are subject to disciplinary action.

Since the laboratory is now not checking the PSD of every batch of powder, a system was set in place to reduce the risk of customers receiving material that doesn’t meet specification. It was agreed that the laboratory would overcheck one out of every ten batches of powder. These are selected at random which should ensure a variety of PSD specifications are tested against. This will monitor the improvements made as if they have worked, all of the material should be within specification. It will also serve as a deterrent for anyone within the screening department who is considering not following the standard work instructions. Furthermore, customer complaint NCRs are being more closely monitored and a meeting has been set up once a month to ensure that the number of NCR’s related to PSD are not increasing due to this change. Since making the change of using production PSD results for customer certification the laboratory has over checked thirty two batches, all of which complied with the relevant specifications. This has essentially reduced the number of laboratory PSD rejects for this period to 0%. 
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