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[bookmark: _Toc198483756]Abstract
This study conducted at Renishaw aimed to identify the core causes of code failures in 30μm scale rotary encoder rings. The focus was on how material selection impacts performance and internal failure costs. Code failures account for the majority of internal scrap and rework expenses in the rotary department, which is consistent with the Cost of Quality (CoQ) model principles. Initial observations indicated that 304 stainless steel encoder rings had fewer code failures than those manufactured of 303 stainless steel, prompting a systematic investigation using the Six Sigma DMAIC methodology.
The study involved collecting primary and secondary data to compare the yields of both materials. The results obtained showed 303 stainless steel rings yielded 93.1% compared to 304 which yielded 97.7%. Root cause analysis techniques such as Pareto charts, fishbone diagrams, and the 5 Whys were utilised to identify plausible reasons for code failures. SEM and EDS analysis was conducted which revealed manganese sulphide (MnS) inclusions in 303 stainless steel, which contained polishing medium within the inclusions, likely contributing to readhead issues when reading the scale ablated lines.
Focussing on the RESA30USA100, the department's highest volume encoder ring (20,385 manufactured in 2024), an expected yearly cost savings of £67,568 was determined if the material was changed from 303 to 304 stainless steel, based on a 4.6% yield gain and an internal failure cost of £72.39 per ring. While the upstream machining costs of 304 were not fully recorded, they were deemed covered by the expected reductions in scrap and rework.
The findings suggest a material-driven process adjustment to increase encoder reliability and lower internal CoQ. Additional research on upstream costs for machining 304 is still required if the material change were to be applied to the large range of ring sizes still manufactured in 303 stainless steel.
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[bookmark: _Toc198483757]Chapter 1: Introduction

1.1 [bookmark: _Toc198483758]Company background
Renishaw is a well-known engineering firm with a global reputation for producing cutting-edge precision measurement tools. Its product line covers a broad range of industries, such as high-precision encoder systems, coordinate measurement machines (CMMs), healthcare, and additive manufacturing (Renishaw plc, 2019). The manufacture of encoder systems is one of Renishaw’s core production lines. This project focusses on the manufacture of encoder parts within the scale department located in the manufacturing site at Miskin, Wales. 
The Scale department of Renishaw is separated into four specialised sub-departments: FSP2, Gold Scale, Linear, and Rotary. These four departments all apply scale to metal products, depending on requirement of the application. This project focusses on the production of scale on rotary encoder rings which are manufactured for the use in rotary position measurement systems. 

1.2 [bookmark: _Toc197436005][bookmark: _Toc198483759]Encoder Systems
[bookmark: _Toc197436006]Encoders are electromechanical devices which convert information from one format to another. Positional encoders such as the rotary encoders manufactured by Renishaw give information about position, speed, and direction of motion by converting rotating motion into an electrical signal (Renishaw plc, 2025). Encoders play a key role in products which require accurate motion control such as CNC machines and robotics (Iafolla et al., 2020). The rotary encoders manufactured at Renishaw consist of a stainless-steel encoder ring and a readhead. Very finely spaced lines are ablated onto the outer diameter of the ring, a readhead is then used to determine the ring's position.







1.3 [bookmark: _Toc198483760]Scale 
Renishaw encoders consist of a readhead and scale which interact together to produce positional information for high accuracy systems. Within rotary encoders, the scale is ablated into the material using a 10kW laser, the readhead detects these ablated lines and is able to feedback angular displacement to a high precision. Figure 1 below shows a typical image of an ablated encoder ring and the readhead attached. 
[image: Close-up of a metal ring with a green light
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[bookmark: _Toc198480872][bookmark: _Toc198481984]Figure 1 - Image of Rotary encoder with Readhead attached (Renishaw plc, 2024)



The scale is essentially a series of dark lines etched along the ring, much like the lines etched into a ruler. The lines are picked up by the readhead, allowing the system to calculate the distance in which the ring has rotated. 
Within the rotary department at Renishaw, there a three main scale types, these are: 20m, 30m and 40m. The number refers to the pitch of the lines in which they are ablated onto the ring. 










[bookmark: _Toc198483761]1.3.1  20m and 40m Scale
20m and 40m scales are very similar in the way they are ablated onto the rings surface as they are both incremental scales. Both scale types are arranged in a simple evenly spaced parallel pattern. Figure 2 below illustrates the placement of both scale types on the encoder ring.

Reference Mark/Datum Point
Encoder Ring








Scale ablated lines
[bookmark: _Toc198480873][bookmark: _Toc198481985]Figure 2 - 20/40µm scale, Lewys Thorne







Figure 2 shows that both the 20m and 40m scales have a thick dark line amongst the other lines. This is referred to as the reference mark or datum point of the scale. The reference mark is used by the encoder system to locate the position of the encoder. When the encoder system is turned off and restarted, the readhead will first identify this reference mark to establish the start position, it can then use this known origin to track position incrementally. 






















[bookmark: _Toc198483762]1.3.2   30m Scale
Unlike 20m and 40m scale, the 30m scale is ablated into the ring in a unique pattern, much like a barcode. Within each section of the ablated scale, specific information is coded in the form of parallel lines, with some lines missing (Renishaw plc, 2025). Figure 3 shows a typical ablation of 30m scale. 
Scale lines placed like a barcode









[bookmark: _Toc198480874][bookmark: _Toc198481986]Figure 3 - 30µm Scale, Lewys Thorne






Figure 3 also shows that the 30m scale (also known as absolute scale) does not have a reference mark or datum point. This is because the unique code patterns around the ring allow for the readhead to identify the absolute position at any point around the ring. The advantage of this is if the encoder system were to shut down, there would be no need for the system to find the reference mark or zero point on the encoder ring before continuing. However, a disadvantage is if the readhead detects an irregularity in the code pattern of the scale, then something known as a code failure can occur. 
[bookmark: _Toc197436008]






1.4 [bookmark: _Toc198483763]Methodology
[image: A diagram of a diagram

Description automatically generated]This project followed the DMAIC (Define, Measure, Analyse, Improve, Control) methodology, a basic framework within Six Sigma utilised for organised problem-solving and continuous improvement (Six Sigma, 2025).[bookmark: _Toc198480875][bookmark: _Toc198481987]Figure 4 - DMAIC Methodology, (Bansal, 2017)

DMAIC was chosen because it is suitable for addressing complex manufacturing problems when the root cause of faults is not clearly understood. Smętkowska and Mrugalska (2017) highlight how DMAIC is effective in improving product quality and the overall process. DMAIC was chosen over other methodologies for this project such as DMADV due to the aim of the project being improving an existing process within the 
manufacturing facility, rather than designing a new process. The project also includes a lot of data analysis rather than experimentation alone, which aligns well with the DMAIC methodology (Purdue University, 2019).
The Define phase was used to properly define the problem, scope the project boundaries, and identify important stakeholders. This phase is critical in Six Sigma because it ensures that all team members and stakeholders have a common knowledge of the issue. A high-level process map, a cost-of-quality analysis and a Voice of the Customer (VOC) table were utilised to determine the scope and business effect of the code failure issue.
The Measure phase concentrated on gathering accurate data to quantify the problem and determine where and how code faults occurred. Measurement System Analysis (MSA) was undertaken to assess the accuracy and repeatability of the readhead test equipment, in accordance with Six Sigma best practices (Hessing, 2014). The data was acquired using a mixed-methods methodology. This included both primary data, which was collected directly through hands-on testing by the project manager (myself) utilising a Gemba-based technique, and secondary data from the production database. This combination enabled a comparison of real-time regulated data and wider historical production trends.
In the Analyse phase, quality methods including Pareto analysis, Ishikawa diagrams, and the 5 Whys were utilised to identify and investigate fundamental causes of code failures. The use of structured analysis methods assisted in prioritising potential sources to the problem and eliminating less significant aspects. SEM and EDS are commonly employed in experimental materials research, but in the case for this project, they were used to enhance root cause analysis within the structured DMAIC approach.
The Improve phase focused on identifying and selecting the most effective corrective action. A solution selection matrix was utilised to evaluate choices based on practicality, cost, and the predicted impact. Changing the material from 303 to 304 stainless steel was suggested and supported using DMAIC tools such as a trial plan and FMEA (Failure mode and effects analysis). The proposed improvement of running trial batches of 303 rings as 304 was not physically trialled due to time and machining constraints for this project, however the framework is intended for use in a live manufacturing situation.
The Control phase specified how improvements would be tracked to ensure long-term stability. Standard quality techniques such as yield tracking, concessions, and PCAs were utilised to propose methods for maintaining traceability and change control. This technique is consistent with the ISO standards criteria for change management (ISO, 2015).
Overall, from scope and data collection to root cause analysis and suggested solution, the DMAIC structure offered a straightforward and rational process for addressing the main issue within the process. Its application helped guarantee that all choices were supported by quantifiable data and that risks were evaluated prior to execution. This systematic method guaranteed that the project remained focused, evidence-based, and relevant to practical manufacturing processes.
































[bookmark: _Toc198483764]Gantt Chart

A Gantt chart was created to plan and monitor the project's critical stages from August 2024 to May 2025. It detailed the primary activities associated with the DMAIC technique, such as process analysis, data collection, testing, and final reporting. The chart helped guarantee that tasks were finished on time, resources were efficiently allocated, and project milestones were fulfilled within the timeframe specified.
Please refer to Appendix 1 for the Gantt chart image.









[bookmark: _Toc198483765]
Chapter 2: Literature Review
2.1 [bookmark: _Toc198483766][bookmark: _Toc197436009]Introduction
Optical rotary encoder systems are position measurement devices which are used in various application to measure rotational motion (HEIDENHAIN, 2019). They are used in industries where precision measurement and positional feedback is essential, such as robotics, CNC machining and the semiconductor industry (Renishaw plc, 2025). These systems' reliability is determined by the interaction between the encoder ring's surface and the readhead, which reads laser-ablated scale lines to calculate the angular position. There are numerous studies regarding encoders and their function, for example Pollefliet (2018) discusses the differences between incremental and absolute encoders, whereas other studies such as de Silva (2003) focusses on control environments for optical encoders. However, there is limited research regarding how the encoder’s material properties may affect the quality of the ablated scale on the ring. This gap is especially crucial for investigating unexpected readhead failures, also known as code failures, which might be caused by microscopic surface irregularities or material-based inclusions. The sensitivity of open encoders to dust and debris has been mentioned by Renishaw plc (2025), However, investigations at the material level continue to be under-represented.
2.2 [bookmark: _Toc198483767]Material Properties of 303 and 304
Two of the most commonly used austenitic stainless steels used in manufacturing are 303 and 304, however their microstructure is quite different (Geise, 2021). Stainless steel grade 303 has added sulphur within the metal which forms MnS (magnesium sulphide) inclusions. These inclusions help the machinability of the metal, reducing the overall tool wear which is advantageous in high volume production environments due to less tool change overs, increasing production output (Bssa.org.uk, 2025). However, the inclusions that promote machinability might have a negative impact on surface finish quality (O’Sullivan and Cotterell, 2025). A study by Lillard, Kashfipour and Niu (2016) demonstrated that manganese sulphide (MnS) inclusions in 303 stainless steel serve as initiation sites for pitting corrosion, resulting in trench formation at the inclusion-matrix boundary. These surface flaws within the material could affect post machining operations such as polishing, as polishing media, residue or debris may become trapped in these pits. These defects are problematic with encoder rings where ablation lines must be read without any interference. This is further supported by Oliveira Filho et al. (2023) who presented microstructural research demonstrating that MnS inclusions typically extend in the rolling direction. These inclusions can emerge as linear structures under high magnification, possibly resembling ablated scale lines. In the context of optical encoders, these elongated inclusions could be misidentified by the readhead or disrupt the ablation process, supporting the hypothesis that these inclusions could lead to code errors in 30m scale encoders.
In comparison, 304 stainless steel is a non-free-machining grade with a significantly reduced sulphur concentration. This makes it tougher to machine and may increase tool wear (Kumar et al., 2021), however Chagas et al., (2013) explain that the resulting material has a cleaner and more homogenous microstructure due to the lower inclusion density in 304 compared to 303. This results in better surface integrity and resistance to surface contamination after post machining processes (polishing). This is further supported by Obergfell, Azarhoushang and Lasagni (2023) who demonstrated that 304 stainless steel can support the creation of more stable and refined inclusions under specific treatment conditions. Although their studies did not focus on 303, their findings confirm the assumption that 304 can obtain a cleaner microstructure, notably due to its lower sulphur concentration. These qualities may improve the performance of optical readheads, which rely on clean ablated lines for precise position detecting. A recent study performed by Villerius et al., (2019) demonstrated that inclusions in stainless steel can cause cone-like protrusions to emerge during ultrashort pulsed laser ablation. The study highlights that a lower inclusion density in stainless steel leads to more consistent and cleaner ablation results, which is paramount in high precision environments such as encoder production.
Despite these recognised variances between materials, there is little research on how the microstructure affects encoder system readability or failure modes such as code failures. This highlights the necessity to investigate if material inclusions, particularly those found in 303, contribute to process instability and higher internal quality costs in high-precision manufacturing.
2.3 [bookmark: _Toc198483768]Cost of Quality and the Gap in Research
The Cost of Quality (CoQ) framework is a well-known tool for determining the costs an organisation incurs to ensure products meet quality standards, as well as the costs of creating goods that do not fulfil quality specifications (Lemay, 2024). Traditionally divided into four categories: prevention, appraisal, internal failure, and external failure; it offers production and engineering teams an organised approach of tracking where quality-related expenditures originate (Gupta, 1995). Internal failure costs are especially important in high-precision manufacturing environments like encoder production, where failed rings frequently require rework or scrapping, which directly increases operational costs.
The CoQ iceberg model is one of the most commonly used models for visualising the idea. Buthmann (2010) suggests that only a small percentage of quality-related costs are clear to the business (scrap and rework) however there could be large savings to the business if quality costs under the water are also identified. This is further supported by Askarov (2024) who explains that the hidden costs in COQ such as loss of customers, reduced employee morale and inefficient processes can all be overlooked but are key contributors to a business’s cost of quality.
Although there are numerous studies which apply the CoQ model to manufacturing defects in processes, there is limited literature regarding the characteristics of material microstructure and how it can affect the internal failure costs in encoder ring production. This presents a research gap, particularly because material selection is rarely considered as a potential driver for failures in encoder ring production.
This dissertation investigates this gap by combining material science research with Six Sigma process methods to better understand how stainless-steel type affects failure rates and total cost of quality. The research provides insight into whether a material-driven process modification could yield observable cost and quality improvements using both empirical data and root cause analysis.










[bookmark: _Toc198483769]Chapter 3: Define
[bookmark: _Toc197436010][bookmark: _Toc198483770]3.1 Problem statement
There were many failure modes which contribute to the overall cost of quality (CoQ) within the rotary department. However, one failure mode stood out significantly, this was code failures which appear on 30µm scale encoder rings. These failures occur when the readhead discovers an unexpected fault in the ablated code pattern, which usually leads to rework or discarding of the part. Initial observations showed that 304 stainless steel rings have fewer code failures than 303 stainless steel rings, implying that material qualities may play a factor. However, additional research was needed to confirm this connection and rule out other potential factors such as readhead malfunctions, line placement by the laser and ring surface cleanliness. This project looked into these variables to see if material selection was a root cause and whether switching to 304 stainless steel could significantly lower internal failure costs.
[bookmark: _Toc197436011][bookmark: _Toc198483771]3.2 Aims and Objectives
[bookmark: _Toc197436012][bookmark: _Toc198483772]3.2.1 Aim
The aim of this investigation was to reduce the total internal cost of quality long term within the rotary department by analysing the root causes of code failures on 30µm scale rings, with a focus on determining whether material composition of the currently used stainless steels (303S31 and 304S11) are contributing factors.

[bookmark: _Toc197436013][bookmark: _Toc198483773]3.2.2 Objectives
· To examine the rotary encoder production process in order to determine the root cause for code errors.
· To compare current yields and code failure rates between 303 and 304 encoder rings.
· To determine whether the material characteristics are contributing to the code failures.
· An investigation of the process would be conducted to rule out other potential sources of failure such as testing equipment, laser ablation application and cleaning of encoder rings.
· A calculation of the internal failure costs needed to re-work, retest and scrap code failures.
· To suggest research-based improvements that lower code errors and help to sustainably lower the overall cost of quality.

[bookmark: _Toc197436014][bookmark: _Toc198483774]3.3 Project Scope/Charter
This investigation aimed to reduce internal failure costs caused by code errors in 30μm rotary encoder rings. The project aimed to determine whether material selection specifically, 303 vs 304 stainless steel was a contributory factor. While the major focus was on material inclusions, the scope also included a process-level evaluation to eliminate other factors such as readhead variability, cleaning techniques and shift pattern variability.
[bookmark: _Toc198480893]Table 1 - Project Charter
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[bookmark: _Toc197436015][bookmark: _Toc198483775]3.4 Production Process of Rotary Encoders
To understand the production process of the rotary encoders, a process map was created to illustrate each stage, from incoming material, to shipping of the product. The process map is seen in figure 5 below.
[bookmark: _Toc198483776][image: ]3.4.1 High Level Process Map
[bookmark: _Toc198480876][bookmark: _Toc198481988]Figure 5 - High Level Process Map, Lewys Thorne


Material Receipt and Material Inspection
The 303 and 304 stainless steel rings arrive from the machine shop and are visually inspected for surface flaws such as scratches or dents. Non-conforming rings are quarantined for further examination, whereas conforming rings are cleaned using isopropanol and a cloth.

Engraving
The accepted rings are then moved onto the engraving stage, where each ring is engraved with a serial number, part number, 2D matrix bar code and a total line count. The LW2 Technifor laser engraver as seen in Figure 6 engraves one ring at a time, and the post engraving product is seen in Figure 7.
[image: A machine on a table
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Description automatically generated][bookmark: _Toc198480877][bookmark: _Toc198481989]Figure 6 - Image of Laser Engraver for Encoder Rings
[bookmark: _Toc198480878][bookmark: _Toc198481990]Figure 7 - Image of an Engraved Encoder Ring





















Each individual ring has its own serial number; this allows the production and engineering teams to easily trace the part at any point in the process.

Ablation Process
Ablation is the process of removing material from an object's surface via chipping, vaporisation, or another erosive method (Zhang and Faghri, 2012). The rings are fixed on top of a spinstand, which is a precision air bearing that ensures stable rotation during ablation. A 10kW laser is used to ablate the 30µm lines into the material. Accurate scale placement is dependent on adequate laser focus, which is performed by the operator. 
Following ablation, the ring is polished with Brasso to remove dust and cleaned with isopropanol to ensure clear scale visibility.

Spinstand Test
While still fixed to the spinstand, the ablated ring is tested with a readhead to determine scale quality, ring shape, and install profile.

Final Test
The ring is then retested on a separate final test spinstand with a different 30µm readhead. This second test guarantees consistency and repeatability across two test machines, and confirms that the scale lines are properly ablated and readable.

Final inspection and Packing
Rings that pass spinstand testing are given a final check for scratches and ablation clarity. If the ring conforms to the cosmetic standards, it is packed with a pass certificate. Before shipment, a second operator performs a buddy check to ensure that all components are properly packaged.















[bookmark: _Toc197436016][bookmark: _Toc198483777]3.5 Voice of Customer
Now that the process has been briefly explained, it is now important to consider the voice of the customer (VOC). The voice of the customer within six sigma helps the project manager to listen to the customer wants and needs in order to produce a better service or project (International Six Sigma Institute, n.d.).
[image: ]Within the define phase, stakeholders in Renishaw were identified to understand the wider impact of code failures on the business, this made it clearer how the problem would affect different departments and how crucial it was to find a workable solution. Table 2 displays the voice of the customer (VOC).

[bookmark: _Toc198480894]Table 2 - Voice of the Customer Table





















[bookmark: _Toc198483778]3.6 Background research 
The Cost of Quality (CoQ) refers to the whole cost of ensuring that a product or service meets quality standards, as well as the expenses associated with failure to satisfy such requirements. It comprises both conformance expenses (such as preventive and appraisal) and non-conformance costs (such as rework, warranty claims, and returns) (Katana, 2022).
The COQ within the rotary department from May 2024 to April 2025 amounted to £212,584. This figure is the total cost of the all the failure modes related to the rotary product produced. Figure 8 illustrates a bar chart of all the failure modes and their total costs for the year 2024. A pie chart has also been used to further show the impact of code failures compared to other failure modes.

[bookmark: _Toc198480879][bookmark: _Toc198481991]Figure 8 - Total CoQ for Rings May 2024 – April 2025 


The bar chart shows that of the ten failure modes; the code failures contribute the most to the total COQ. In fact, of the total £212,584 worth of scrap, the code failures make up £126,429. This is 59.45% of the total scrap which was due to code failures within the scale ablated on the ring. Due to the substantial amount of cost, it was imperative that this problem be addressed and that its underlying causes be further investigated as Bettayeb, Bassetto and Sahnoun (2014) suggest that defects and failures cost companies millions of pounds if not resolved. They continue by explaining that the consequences could be catastrophic due to customers losing trust in the quality of the product, leading to the loss of the customer.






[bookmark: _Toc197436018][bookmark: _Toc198483779]Chapter 4: Measure

The Measure phase of Six Sigma attempts to build a clear picture of current process performance by gathering accurate, relevant data (Hessing, 2014). The Measure phase of this project focussed on when and where code failures can occur within the current rotary process, as well as how they could be introduced.
[bookmark: _Toc197436019][bookmark: _Toc198483780]4.1 Encoder ring current materials
Rotary encoder rings are made from two grades of stainless steel: 303 and 304. The material used is decided by the ring's outer diameter (OD), as illustrated in Table 3.[bookmark: _Toc198480895]Table 3 - Ring sizes by current material

[image: ]

This distinction was crucial since initial findings suggested that the two material categories have different rates of code failure. This research evaluated the overall performance of the 303 and 304 groups instead of examining each ring size separately.

3 [image: ][bookmark: _Toc198480880][bookmark: _Toc198481992]Figure 9 - Process Map in terms of Code Failures

4 [bookmark: _Toc198409064][bookmark: _Toc198409141][bookmark: _Toc198412794][bookmark: _Toc198412880][bookmark: _Toc198412965][bookmark: _Toc198413044][bookmark: _Toc198413129][bookmark: _Toc198413229][bookmark: _Toc198464146][bookmark: _Toc198464328][bookmark: _Toc198468188][bookmark: _Toc198468484][bookmark: _Toc198480805][bookmark: _Toc198481453][bookmark: _Toc198481546][bookmark: _Toc198481639][bookmark: _Toc198483782]
4.1 [bookmark: _Toc198409065][bookmark: _Toc198409142][bookmark: _Toc198412795][bookmark: _Toc198412881][bookmark: _Toc198412966][bookmark: _Toc198413045][bookmark: _Toc198413130][bookmark: _Toc198413230][bookmark: _Toc198464147][bookmark: _Toc198464329][bookmark: _Toc198468189][bookmark: _Toc198468485][bookmark: _Toc198480806][bookmark: _Toc198481454][bookmark: _Toc198481547][bookmark: _Toc198481640][bookmark: _Toc198483783]
4.1.1 [bookmark: _Toc198483784]Annotated Process Map


The process map used in the Define phase has also been used in Figure 9, however the map has been annotated to explain where code failures are detected, where they may be introduced and where they are re-tested.


4.1.2 [bookmark: _Toc198483785] Detection of Code Failures
Initial spinstand test 
Code failures are first detected during the initial test on the spinstand within the laser lab. This is where the readhead scans the lines ablated onto the rings surface. The ring is rotated in front of the readhead so that all lines are detected. Any irregularities in the ablation such as inconsistent spacing between lines will be flagged as a code failure.
Failures may be introduced on the spinstand due to the following factors:
· Readhead lens is scratched or damaged.
· Improper cleaning of the ring after ablation leaving residue which the readhead picks up on.
· Material defects such as inclusions in the material.

Rings which have failed for Code Failure in the ablation lab will be placed in the quarantine area for the Engineering team to re-test.

Final Spinstand test
At the final test spinstand, the ring is retested using a separate readhead to the lab to reevaluate the result of the scale. This test determines whether the code failure persists and removes readhead-specific variability. Failures here may also come from:
· Poor handling of material in between transport from the initial test machine in the lab to the final test machine, causing scratches in the ablation.
· Improper cleaning of ring before testing on the final test machine.
· Material defects such as inclusions in the material.







4.1.3 [bookmark: _Toc198483786]Where Code failures are introduced

As stated above in the process map, the readheads detect the code failures on the ring. However, the code failure may be introduced earlier on in the process due to the reasons stated below.

Material handling and initial inspection – During the initial process stage, rings are visually inspected for cosmetic flaws. Poor operator handling at this point may cause scratches on the outer diameter, which the readhead may interpret as scale lines, leading in code failures and possible scrapping.

Cleaning before ablation – Once the ring is clocked down onto the spinstand and ready to be ablated, the blank ring must first be cleaned with isopropanol (IPA) and a white cloth to remove any residue or dust which may be on the ring. This is important as dust may stop the laser from burning the line into the ring. When the readhead is placed against the scale lines and the ring is tested, the readhead will detect this missing line and output a code failure result to the software.

























[bookmark: _Toc197436020][bookmark: _Toc198483787]4.2 Readhead Validation (MSA)
It was important to validate the testing equipment/readheads before collecting data to ensure that any code failure results were consistent and reliable across all testing equipment. This strategy aligns with six sigma best practices, where Measurement System Analysis (MSA) is carried out during the measure phase to verify the quality of the data (Pyzdek and Keller, 2009, pp.20–30).
Following Renishaw's quality control protocols, all readheads used in the laser lab and final testing facilities undergo a 3 monthly routine calibration. Records for calibration were reviewed before testing and each readhead was within the required specification. This procedure aids in removing the possibility of measurement inaccuracy due to equipment variability. A calibration record for one of the final test machines (Cal 2) can be seen below. Further calibration records for the remaining two final test machines and initial spinstand test machine can be found in Appendix 2.
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[bookmark: _Toc198480881][bookmark: _Toc198481993]Figure 10 - Calibration report of final test readhead

Figure 10 shows the readhead calibration from November 2024 – May 2025, the dates show that the readhead was calibrated within the 3 months allowance time. 






Once the readheads calibration records had been reviewed and passed, the heads were then visually inspected for any scratches or damage made to the lenses before testing. This was an important step as a scratch on the readhead lens could be seen as a line when the readhead is testing the ring’s scale. An image of a faulty readhead and good readhead are seen in Figure 11 below.
[bookmark: _Toc198480882][bookmark: _Toc198481994]Figure 11 - Defected and new 30m readhead











	

The image to the left shows a scrapped readhead due to the lens being scratched. The red box shows the outline of the lens of the readhead, which is used to read the lines on the ring. The black arrow is pointing to a vertical scratch which is situated within the lens. This readhead was outputting false code errors due to this scratch. The image to the right shows a fully functional new 30m readhead with no scratches or damage to the lens.
To further validate the reliability of the testing equipment, rings which had initially failed for code failure were re-tested four times at different heights of the scale (centre, top, bottom and centre again). This ensured that the entire scale was inspected by the readhead and any scratches or inclusions in the scale were consistently picked up by the readhead. This four-point test helped reduce the chance of missing faults in the scale which ultimately increased confidence in the accuracy of the code failure detection process. An image of this setup is shown in Figure 12.
Scale on ring
Indent shows the height at which the readhead is testing the scale
Readhead










[bookmark: _Toc198480883][bookmark: _Toc198481995]Figure 12 - Image of readhead up against the encoder ring scale

[bookmark: _Toc197436021]To ensure readhead reliability, a scratched 30μm encoder ring was used as a test sample. This ring had an obvious surface scratch on the scale region and was tested on several spinstands equipped with different 30μm scale readheads (one initial test machine and 3 results from final test machine). Each test machine detected a code failure at the same angular position as the scratch spot, indicating that the readheads reliably identified the physical flaw.
Figure 13 depicts the scratched encoder ring used during testing. Figure 14 shows the relevant code failure result from one of the test machines.
[image: ]




[bookmark: _Toc198480884][bookmark: _Toc198481996]Figure 13 - Visual scratch in ablation on encoder ring
Visual vertical scratch within the ablation of the ring


Code Fail




















[bookmark: _Toc198480885][bookmark: _Toc198481997]Figure 14 - Code failure result from the Renishaw database





Figure 14 displays a result from Cal 2 (test machine 2) which has outputted a code failure (green vertical line on the graph) at approximately 300 degrees around the ring. Additional test results can be found in Appendix 3 and Appendix 3 cont. which display the code fail at the same angle. 

[bookmark: _Toc198483791]4.3 Data Collection Plan
A data collection plan was created to assure the accuracy and consistency of the obtained results. The purpose of the plan was to identify what data was needed before collecting it (Kunz, 2024). Data was gathered utilising both primary and secondary methods. Primary data was acquired through direct observation of the production labs and final test area, also known as a Gemba-based technique in Six Sigma (Peterka, 2024). This permitted real-time monitoring of encoder ring performance in a controlled environment. Gisi (2023) explains that Gemba walks allow the opportunity to observe a process closely, making it easier to identify sources of variation, which supported the primary dataset’s validity.
Secondary data was gathered from the rings production database, including test results for all 30µm encoder rings manufactured between August 2024 and January 2025. The six-month dataset was utilised to discover broader trends and compare the historical performance of 303 and 304 stainless steel rings. To confirm validity and repeatability across test equipment, code failures recorded in both datasets were confirmed using a four-point retest technique at the end of the test.
Furthermore, stratification was used on the secondary data to see whether other variables, such as shift pattern, test machine, or ring size contributed to the code failure rates. 
[image: ][bookmark: _Toc198480896]Table 4 - Data collection plan




[bookmark: _Toc197436022][bookmark: _Toc198483792]4.4 Secondary Data Collected 

Below is a table showing the results of the code failure fallout of 303 and 304 encoder rings across a 6-month period.
[bookmark: _Toc198480897]Table 5 - Rings manufactured in a six-month period by material type taken from the rings database

[image: ]
The findings show an apparent disparity in performance: 303 stainless steel rings failed about 7% of the time, but 304 rings failed less than 3%. Both groups underwent identical processes, including cleaning, ablation, and readhead testing. Despite a reduced sample size of 304, the trend remained persistent and substantial, indicating the need for additional root cause investigation in the Analyse phase.
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3 [bookmark: _Toc198409076][bookmark: _Toc198409153][bookmark: _Toc198412806][bookmark: _Toc198412892][bookmark: _Toc198412977][bookmark: _Toc198413056][bookmark: _Toc198413141][bookmark: _Toc198413241][bookmark: _Toc198464158][bookmark: _Toc198464340][bookmark: _Toc198468200][bookmark: _Toc198468496][bookmark: _Toc198480817][bookmark: _Toc198481465][bookmark: _Toc198481558][bookmark: _Toc198481651][bookmark: _Toc198483794]
4 [bookmark: _Toc198409077][bookmark: _Toc198409154][bookmark: _Toc198412807][bookmark: _Toc198412893][bookmark: _Toc198412978][bookmark: _Toc198413057][bookmark: _Toc198413142][bookmark: _Toc198413242][bookmark: _Toc198464159][bookmark: _Toc198464341][bookmark: _Toc198468201][bookmark: _Toc198468497][bookmark: _Toc198480818][bookmark: _Toc198481466][bookmark: _Toc198481559][bookmark: _Toc198481652][bookmark: _Toc198483795]
4.1 [bookmark: _Toc198409078][bookmark: _Toc198409155][bookmark: _Toc198412808][bookmark: _Toc198412894][bookmark: _Toc198412979][bookmark: _Toc198413058][bookmark: _Toc198413143][bookmark: _Toc198413243][bookmark: _Toc198464160][bookmark: _Toc198464342][bookmark: _Toc198468202][bookmark: _Toc198468498][bookmark: _Toc198480819][bookmark: _Toc198481467][bookmark: _Toc198481560][bookmark: _Toc198481653][bookmark: _Toc198483796]
4.2 [bookmark: _Toc198409079][bookmark: _Toc198409156][bookmark: _Toc198412809][bookmark: _Toc198412895][bookmark: _Toc198412980][bookmark: _Toc198413059][bookmark: _Toc198413144][bookmark: _Toc198413244][bookmark: _Toc198464161][bookmark: _Toc198464343][bookmark: _Toc198468203][bookmark: _Toc198468499][bookmark: _Toc198480820][bookmark: _Toc198481468][bookmark: _Toc198481561][bookmark: _Toc198481654][bookmark: _Toc198483797]
4.3 [bookmark: _Toc198409080][bookmark: _Toc198409157][bookmark: _Toc198412810][bookmark: _Toc198412896][bookmark: _Toc198412981][bookmark: _Toc198413060][bookmark: _Toc198413145][bookmark: _Toc198413245][bookmark: _Toc198464162][bookmark: _Toc198464344][bookmark: _Toc198468204][bookmark: _Toc198468500][bookmark: _Toc198480821][bookmark: _Toc198481469][bookmark: _Toc198481562][bookmark: _Toc198481655][bookmark: _Toc198483798]
4.4 [bookmark: _Toc198409081][bookmark: _Toc198409158][bookmark: _Toc198412811][bookmark: _Toc198412897][bookmark: _Toc198412982][bookmark: _Toc198413061][bookmark: _Toc198413146][bookmark: _Toc198413246][bookmark: _Toc198464163][bookmark: _Toc198464345][bookmark: _Toc198468205][bookmark: _Toc198468501][bookmark: _Toc198480822][bookmark: _Toc198481470][bookmark: _Toc198481563][bookmark: _Toc198481656][bookmark: _Toc198483799]
4.5 [bookmark: _Toc198483800]Primary Data Collected 

[bookmark: _Toc198480898]Table 6 - Primary data collected over a one-month period by material type
[image: ]


The primary data obtained over a one-month period demonstrates that 304 stainless steel rings had a much higher yield (98.75%) than 303 rings (92.78%), supporting the material's link to lower code failure rates.


4.6 [bookmark: _Toc198483801]Primary and Secondary Data Comparison
Primary and secondary data sources were used throughout the measure phase of this project to strengthen the validity of the findings. Primary data was collected by the project manager (myself), who ablated, cleaned and tested rings of both materials and all sizes over a span of one month. This approach ensured consistency in ablating, cleaning, testing and handling rings and code failure results were recorded in real time.
This primary data was then compared to secondary data which was collected over a six-month period from the rings database. The primary and secondary datasets included a range of encoder ring sizes and the rings were tested using the same final test machines. The secondary data differed to the primary data as multiple operators across two shifts were used, which introduced natural variation, whereas the primary data was all collected by the project manager.
[image: ][bookmark: _Toc198480899]Table 7 - Comparison of Primary and Secondary Data


The results were highly consistent across datasets. Both confirmed that 303 rings failed at a higher rate than 304 rings, highlighting the relationship between material and code failure. This alignment facilitated further research during the Analyse phase.
4.7 [bookmark: _Toc197436024][bookmark: _Toc198483802]Stratification of Failure Data
To align with six sigma best practices, encoder ring data was collected from the rotary production rings database and stratified to identify if there was a correlation between code failure rates and shifts, testing equipment and operators. This data represents secondary data which was recorded over a six-month period, involving two shifts and multiple operators.
Stratifying the data helps divide the issue into smaller subgroups. Data can be collected from each subgroup, helping paint a clearer picture of how these could contribute to the main issue (Aishwarya, 2024).
[bookmark: _Toc197436025]Shift pattern, test machine and ring size were chosen to understand whether external factors such as certain shift patterns (Days/Afternoons), consistency of readhead results or ring diameter had any effect on the number of code failures produced. The three tables below show the quantity of rings tested at final test and the failure rate for each process variable

4.7.1 [bookmark: _Toc198483803]Shift Pattern

[bookmark: _Toc198480900]Table 8 - Stratification results, Shift pattern
[image: ]

The failure rates were essentially identical between shifts, demonstrating that operator variation was not a significant factor to code faults.


4.7.2 [bookmark: _Toc197436026][bookmark: _Toc198483804]Test Machine

[bookmark: _Toc198480901]Table 9 - Stratification results, Test machine
[image: ]

Table 9 above shows that “Final test 1” tested more rings than Final Test 2 and 3, however the failure rate was comparable across all three machines. This suggested that equipment variation was not a root cause of code failures.


4.7.3 [bookmark: _Toc197436027][bookmark: _Toc198483805]Encoder Ring Size Range

[bookmark: _Toc198480902]Table 10 - Stratification results, Encoder ring size
[image: ]

The failure rate for 303 stainless steel rings was highest in the smaller size range (52-100 mm), with 7.56% fallout. The larger 303 rings (104-124 mm) had a lower failure rate but remained higher than 304 rings. While 304 rings had fewer total samples, failure rates were consistently lower across all size categories. This confirms previous findings that material, rather than ring size was the most influential element in code failure rates.
[bookmark: _Toc197436029]
4.8 [bookmark: _Toc198483806]Conclusion
The Measure phase clarified where code failures were introduced and found within the rotary process. Spinstands were confirmed as critical detection sites. Material handling, surface contamination, and inclusions were identified as potential causes. MSA was used to confirm readhead reliability across multiple spinstands/readheads. The results from both the primary and secondary datasets showed consistently higher code failure rates in 303 encoder rings compared to those made from 304 stainless steel. This offered compelling evidence that material composition has a substantial impact in code errors, justifying further investigation in the Analyse phase.




















[bookmark: _Toc197436030][bookmark: _Toc198483807]Chapter 5: Analyse

The Analyse phase is a crucial step in the DMAIC process as it uses data-driven investigation to pinpoint the underlying causes of defects. As Shankar (2008, pp.41–50) explains, the analyse phase is important as it helps understand cause and effect relationships in the process. Within the analyse phase of this project, the encoder process was investigated to understand the much higher code failure rate with 303 stainless steel encoder rings compared to the 304 rings, as detailed in the measure phase.
To align with six sigma best principles, root cause analysis was further supported by the use of structured quality tools. As Hutwelker (2019, pp.14–16) explains, the root causes of the process limits must be measured and evaluated. Therefore, tools such as pareto charts and cause and effect diagrams (Ishikawa) were used to guide the process investigation.
5 [bookmark: _Toc198409090][bookmark: _Toc198409167][bookmark: _Toc198412820][bookmark: _Toc198412906][bookmark: _Toc198412991][bookmark: _Toc198413070][bookmark: _Toc198413155][bookmark: _Toc198413255][bookmark: _Toc198464172][bookmark: _Toc198464354][bookmark: _Toc198468214][bookmark: _Toc198468510][bookmark: _Toc198480831][bookmark: _Toc198481479][bookmark: _Toc198481572][bookmark: _Toc198481665][bookmark: _Toc198483808][bookmark: _Toc197436031]
5.1 [bookmark: _Toc198483809]Pareto Analysis
The root cause investigation started with a pareto analysis. A pareto chart was made to identify the main common contributors to code failure on 30m scale encoder rings. Rosing and Scheel (2015, pp.37–77) explain that the pareto analysis is a technique applied to prioritise problem solving and the root causes to an issue. They continue to say that “It is based on the idea that 80 percent of the problems may be caused by as few as 20 percent of the causes” (Rosing and Scheel 2015, pp.37–77).
Although, it is important to note that the testing system used within the process only outputs an overall result for pass/fail and the failure mode attached to the ring if it failed. The readhead system does not give diagnostic feedback as to why the ring failed for code failure, it only lets the operator know that there is an issue with the scale. Due to this, the information in the pareto chart was based on post failure analysis of the rings. This included retesting outcomes, visual inspection and microscopic inspection where needed. The Pareto chart is categorised into the following:
Cleaning related code failures – Rings which initially failed on the first test but passed on retest with the four-step testing process and cleaning the ring were noted down as surface residue and debris.
Scratches – Rings which failed for code failure which had visible scratches at the corresponding angular position outputted by the software were noted as scratches in the Pareto chart.
Material 303 – Rings which failed repeatedly across multiple final test machines and had no visible damage to the scale were noted as potential issue with the material. These rings were confirmed later with SEM/EDS.
Material 304 - Rings which failed repeatedly across multiple final test machines and had no visible damage to the scale were noted as potential issue with the material. These rings were confirmed later with SEM/EDS.
Readhead Damage – Although this is not a current occurrence, some code failures could be tracked to the readhead lens being scratched on the test machine. Repeating tests on multiple test machines produced inconsistent results and visual inspection of the head proved it faulty. These have been labelled as readhead damage in the Pareto.
Other – This is where the reason for the code failure was unknown.
As the testing procedure does not give diagnostic reasons as to why the ring failed for code failure, the Pareto chart should not be considered a perfect distribution of results. Although, it allowed for a good decision-making tool which helped prioritise investigation work and it corresponds to the six-sigma approach.
It’s important to note that although rings which initially failed for “readhead damage and cleaning related” would have passed on re-test with working readheads and proper cleaning. However, due to the rings triggering a code failure result initially, the results have been added to the Pareto chart as engineering time would have been used to retest these rings, contributing the overall cost of quality.
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AI-generated content may be incorrect.][bookmark: _Toc198480886][bookmark: _Toc198481998]Figure 15 - Pareto chart of causes of Code Failures


The Pareto figure above shows that the bulk of code failures were caused by 303 material, cleaning issues and scratches, emphasising them as the primary contributors to internal quality costs.


5.2 [bookmark: _Toc197436032][bookmark: _Toc198483810]Code Failure Costs
It is important to note the financial cost of code failures to the process. A cost breakdown was made to estimate the total cost of quality within the rotary department associated with encoder rings which are scrapped and reworked. As stated in the measure phase, the range of encoder ring sizes varies massively, thus the price difference for rings can also be significantly different (52mm O/D rings are £36.7281, whereas a 550mm ring is        £1,224.1668). Due to this, the RESA30USA100 encoder ring was used as an example. This 100mm ring is the most frequently manufactured ring (20,385 rings made out of 35386 in 2024). The cost to manufacture a RESA30USA100 ring is £51 (this includes the raw material and machining).
Factory costs were based on the overhead rate of the department which is £75.51 an hour. The following table shows the estimated cost for an encoder ring which fails for code failure.[bookmark: _Toc198480903]Table 11 - Calculation to scrap a RESA30USA100

[image: ]
Each ring which fails the initial test and the final four-point test by engineering is ultimately scrapped for code failure. This totals to £72.39 per ring. Since it excludes indirect costs like lost capacity, production schedule disruptions, and customer order delays, this figure is probably a modest estimate.
As the number of code failure rings made from 303 stainless steel was significantly higher than 304 over the 6-month testing period seen in the Measure phase, these failures have a significant financial impact on the department. Therefore, the cost analysis backs up the necessity of additional research and corrective actions during the Improve phase.



5.3 [bookmark: _Toc197436033][bookmark: _Toc198483811]Fishbone Analysis (Ishikawa)
Fishbone diagrams also known as Ishikawa are a core six sigma tool used within the Analyse phase to identify the main cause of an issue within a process, which in this case was the high scrap rate of code failures on encoder rings. Hill (2011, p.63) explains that a fishbone diagram is a brainstorming activity which allows a visual aid of the main causes contributing to the overall problem. This diagram below highlights the validated data which was collected in the measure phase, including material differences between 303 and 304, confirmed scratched rings and tested readheads.
The diagram above was used to visualise the many potential causes of code failures on the rotary encoder rings. The causes were categorised into the following: Machine, Measurement, Environment, Method, Man and Material. The use of this root cause analysis tool allowed for both validated causes of code errors which were identified in the measure phase (such as ring scratches and readhead damage) and other potential influences which could lead to code failures on the rings. While the Pareto analysis at the start of the Analyse phase identified that the material was the largest contributor to overall scrap, the Ishikawa diagram enabled a larger analysis of potential contributors to code failures. Refer to Appendix 4 for zoomed in version of the fishbone diagram.[bookmark: _Toc198480887][bookmark: _Toc198481999]Figure 16 - Fishbone Diagram
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 In order to better understand why the material causes code failures, the next stage used the “5 Whys” method which is also a popular tool used within six sigma best practices to more closely locate the root cause. 







5.4 [bookmark: _Toc197436034][bookmark: _Toc198483812]The 5 Whys
The 5 Whys technique was used to look more closely at the most likely underlying cause of code failures. This six-sigma tool was used to uncover the root causes of a problem within a project or process (NHS England, 2015).
In this project, the 5 Whys were utilised to determine why the code failure rate of 303 stainless steel encoder rings was substantially higher than that of 304 stainless steel rings.


Higher code failure rate seen on 303 stainless steel when compared to 304 stainless steel 
Problem?

	


Because the readhead detects higher inconsistencies in the scale
Why?




Because inclusions in the material are interfering with the lines on the ring and how the readhead reads the lines 

Why?





Because 303 stainless steel contains a higher MnS (Magnesium sulphide) content in its microstructure.
Why?





Magnesium sulphids (MnS) helps with machinability when turning the rings.
Why?







The 5 Whys analysis seen above helped narrow down the repeated code failure issue on 303 stainless steel rings to a possible root cause. This was, inclusions within the material which may affect how the readhead interprets the ablated lines on the ring. Although logical reasoning and process observations support this conclusion, more technical validation was needed. Therefore, in order to evaluate the composition and microstructural variations between 303 and 304 stainless steel encoder rings, a thorough material examination was conducted using Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS).
[bookmark: _Toc197436035]

5.5 [bookmark: _Toc198483813]SEM and EDS Analysis of Encoder Rings
After using the 5 Whys method to determine that material inclusions were most likely a root cause of code failures, a thorough materials investigation was conducted. In order to accomplish this, high-resolution surface images and elemental composition data were obtained using Energy Dispersive X-ray Spectroscopy (EDS) and Scanning Electron Microscopy (SEM). The aim was to compare the differences in microstructure between both stainless-steel types for the encoder rings and assess whether the observed results could explain the failure rates explained in the Measure phase.

5.5.1 [bookmark: _Toc197436036][bookmark: _Toc198483814]Visual Comparison of SEM
To visualise the difference in ring surface quality, SEM image comparison of the two stainless steel types (303 and 304) is shown in Figures 17 and 18.

[image: ]
[bookmark: _Toc198480888][bookmark: _Toc198482000]Figure 17 - SEM images of blank 303 and 304 encoder rings

The image on the left shows the encoder ring (serial number 2GL175) manufactured from 303 stainless steel. The image to the right shows the SEM image of (serial number 2HF906) a 304SS encoder ring. While the 304 sample's surface seems cleaner and more uniform, the 303 sample has obvious inclusions and surface flaws. These images give support to the hypothesis that inclusions in 303 might be a factor in the increased rates of code failures discussed early in the project.
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[bookmark: _Toc198480889][bookmark: _Toc198482001]Figure 18 - SEM images of ablated 303 and 304 encoder rings

Ablated lines

Inclusions (comet tails) in 303 material.




Figure 18 above displays the SEM images of two ablated encoder rings (left image of 303, right image of 304). The images clearly show the dark ablated lines in both; however, the 303-encoder ring displays many dark inclusions throughout the material.






























5.5.2 [bookmark: _Toc197436037][bookmark: _Toc198483815]SEM and EDS Analysis of 303SS Encoder Rings
Seven blank encoder rings (unablated) of various sizes made from 303 stainless steel were investigated under Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS). 
The SEM images revealed all rings containing surface defects and inclusions within the material. The inclusions found within each ring were seen to be rich in manganese and sulphur (MnS), consistent with MnS stringers which are typically seen in austenitic stainless steels such as 303 (Mahmutović et al., 2017). MnS is added to some austenitic stainless steels such as 303 to improve its machinability (Mars and Berg, 2002), although, these inclusions are softer than the steel matrix and can poorly interact with post machine processing (Ånmark, Karasev and Jönsson, 2015).
In many regions tested on the rings, comet tails were present. These are long streaks on the surface of the ring which is linked to the post machining stage (polishing). The EDS analysis of these regions illustrated aluminium oxide particles which is the main component found in the polishing media (chromax green) which was used to polish these rings. 
EDS Images of one of the 303 samples can be seen below.

[image: ]
[bookmark: _Toc198480890][bookmark: _Toc198482002]Figure 19 - EDS analysis of MnS inclusion within the 303-test piece

[image: ][bookmark: _Toc198480891][bookmark: _Toc198482003]Figure 20 - EDS analysis of Aluminium Oxide present in MnS inclusion












The EDS images show the same inclusion found on the 303-encoder ring. The “+” in the image is where the EDS is analysing. Figure 19 displays elements high in Mn and S (MnS inclusion). Figure 20 displays elements of Al and O within the inclusion (Aluminium Oxide).
The images show that polishing media can get lodged within the MnS inclusions sites during the post machining polishing process. These polishing residues might affect the readhead's ability to detect clean, high-contrast scale lines placed in the ablation process, making it difficult for the readhead to distinguish between ablation line and inclusion defect.
The idea that the inherent material characteristics of 303 stainless steel contribute significantly to its increased frequency of code failures is supported by the extensive presence of MnS inclusions and the tendency of these regions to trap debris. Images of the remaining 6 303 samples can be viewed in Appendix 5.



































5.5.3 [bookmark: _Toc197436038][bookmark: _Toc198483816]SEM Analysis of 304SS Encoder Rings
[image: ]The 304 stainless steel encoder ring examined under SEM and EDS displayed a lot less inclusions within the material’s surface. The inclusions which were picked up were far less frequent compared to the 303 encoder rings and did not show compositions high in sulphur which were found on the 303 samples. The inclusions found on the 304’s surface were rich in carbon. Figure 21 displays SEM and EDS of an inclusion found in a 304 sample.[bookmark: _Toc198480892][bookmark: _Toc198482004]Figure 21 - SEM and EDS images of 304 test piece.


Figure 21 shows an SEM image on the left and EDS of the material on the right. The graph explains that the material was rich in carbon (lighter red displays higher concentrations of carbon, darker means less carbon). This was consistent with the EDS spectrum and complete elemental breakdown is reported in Appendix 6, confirming that the inclusions were not sulphur-based and supporting the cleaner microstructure observed in 304 stainless steel.
The lower inclusion density witnessed on the 304 sample was in line with the recognised metallurgical distinctions between stainless steel 304 and 303. Yeo (2020) explains that 304 stainless steel grade is a non-free machining stainless steel which has a significantly lower amount of manganese sulphide (MnS), which is purposefully added to 303 to aid the machining process. The less MnS inclusions witnessed on the 304 sample reduce the chances of surface pits forming, which as seen on the 303 samples can trap polishing media which may affect the ablation process or readhead testing of the scale lines.
Under SEM, the 304 ring's surface seems rather clean and uniform, which confirms the Measure phase results showing a consistently lower rate of code failures with 304 rings. There was no indication of aluminium oxide deposits or embedded debris in the scanned areas, according to the EDS spectra for 304, showing that the post machining process of polishing was not an issue for 304 encoder rings.
5.5.4 [bookmark: _Toc198483817]SEM and EDS Conclusion
Both the SEM and EDS analysis of the 303 and 304 samples gave strong evidence which backed up previous findings. The 303 samples showed more embedded surface debris and a larger density of MnS inclusions than 304, which showed a more homogeneous, clean microstructure. Although it is not possible to explicitly verify the precise process by which these inclusions cause code failures, the reported material variations closely match the failure trends noted during the Measure phase. These results clearly point to material composition as a key contributing factor, especially the existence of MnS inclusions in 303. This strengthened the argument for investigating a decrease in the usage of 303 stainless steel in favour of alternative metals like 304.




































[bookmark: _Toc198483818]Chapter 6: Improve
The improve phase within the DMAIC methodology focuses on creating and validating workable solutions that deal with the underlying issues found during the Analyse phase (Jiju Antony, 2016, pp.201–208). This project identified that the highest contributor to code failures in the 30μm scale encoder rings was those made of 303 stainless steel, due to the high volume of MnS inclusions embedded in the material. Both SEM and EDS analysis of the encoder rings, along with production data helped suggest that to decrease the overall code failures and reduce the total cost of quality of the department was to make a material change from 303 to 304 for the encoder rings.

6 [bookmark: _Toc198409101][bookmark: _Toc198409178][bookmark: _Toc198412831][bookmark: _Toc198412917][bookmark: _Toc198413002][bookmark: _Toc198413081][bookmark: _Toc198413166][bookmark: _Toc198413266][bookmark: _Toc198464183][bookmark: _Toc198464365][bookmark: _Toc198468225][bookmark: _Toc198468521][bookmark: _Toc198480842][bookmark: _Toc198481490][bookmark: _Toc198481583][bookmark: _Toc198481676][bookmark: _Toc198483819]
6.1 [bookmark: _Toc198483820]Selection Matrix
A solution selection matrix, which is a very popular tool within the DMAIC methodology was used to evaluate potential solutions to the issue by comparing criteria such as cost, time and ease of implementation (Gemba Academy, 2024). This tool was used to compare four potential solutions to reduce the number of code failures. A score of 1 is not favourable and a score of 5 is the most favourable. The solution with the highest total was chosen.[bookmark: _Toc198480904]Table 12 - Selection matrix

[image: ]

The Solution selection matrix above showed that the material change from 303 to 304 stainless steel was the most favourable solution to the code failure problem because of its cost-effectiveness, practicality, and robust data support. Although cleaning enhancements and operator training were taken into account, their impact was less favourable than a material change. A change of polishing media scored lowly because there was little indication of performance difference between both materials when processed under the same media.



6.2 [bookmark: _Toc198483821]Data Collection Plan – Material Change
A material change trial was proposed to stakeholders to study how changing the material from 303SS to 304SS would affect the code failure rate. The RESA30USA100 ring (outside diameter 100mm and 30µm scale) would be chosen due to the high volume of these rings run in production. The only process changes which would occur would be the material change, all other parts of the process would stay the same to ensure reliable and accurate results. 
An internal concession would be raised against this ring part number by the rotary department to authorise the change in material for selected RESA30USA100 jobs. This concession ensures that all company standards are conformed to and parts can be easily traced on this concession. Only the rings which are a part of the concession would be included in the overall results.
A data collection plan was developed to support the trial (Table 13).

[bookmark: _Toc198480905][image: ]Table 13 - Data collection plan - Material Change












6.3 [bookmark: _Toc198483822]Cost Analysis and CoQ Impact
As stated in the Analyse phase, the cost to scrap a RESA30USA100 for code failure is approximately £72. Code failures accounted for 59.45% of the total cost of quality from June 2024 – May 2025 for the rotary department (£126,429), a small reduction in code failures would yield large savings. P1ws, (2020) explains that 303 stainless is typically more expensive than 304 stainless steel. This is reinforced by esteelsuppliers, (2024) who agree that 303 is typically more expensive, due to the addition of sulphur to the material for easier machineability. However, they go on to say although 304 it is a cheaper material, it is harder to machine because of the absence of sulphur, meaning the cost of tools may increase. This raises the possibility of indirect production costs, which would be tracked during the study. However, the overall financial case would be advantageous because of the anticipated decrease in scrap and rework.
This projects aim was to reduce the number of code failures on the encoder rings, which in the CoQ model is internal failure costs (engineering retest and scrap processing). Machining 304 may increase the overall cost of the process due to it being harder to machine, however under the CoQ model this is considered a prevention cost as the upstream change will likely reduce the number of failures downstream (code failures at final test after ablation) (Sebastian, 2020).






















6.4 [bookmark: _Toc198483823]FMEA (Failure Modes and Effect Analysis)
A failure modes and effect analysis (FMEA) was conducted to support the risk evaluation of changing the material. The investigation indicated possible issues such as higher tool wear and decreased polishing efficiency as a result of the tougher machining qualities of 304 stainless steel (McHone Industries, Inc, 2020). While none of the risks were particularly severe, proper monitoring and communication were highlighted as critical management strategies. Each variable (severity, occurrence and detection were scored from 1-10 and a risk priority number was calculated from the product of these three variables (El-Awady, 2023).
This study helps the systematic implementation of material change in a controlled environment (Carlson, 2012, pp.1–20).
[image: ][bookmark: _Toc198480906]Table 14 - FMEA



6.5 [bookmark: _Toc198483824]Estimated Outcomes and Cost Impact
Although the material change trial was limited in scope, existing manufacturing data for 304 stainless steel encoder rings served as a valid baseline. As stated in the measure phase, the final test yield for all 304 rings was 97.7%. Whereas for the 303SS the yield was 93.1% for all rings. If the RESA30USA100 ring continued the same pattern after upgrading to 304, it would result in a 4.6% yield increase.
With an annual production output of 20,385 RESA30USA100 rings, this solution is estimated to save roughly 938 rings from being scrapped. At a total internal failure cost of £72.39 per failed ring (including manpower, retesting, material, and administrative costs), the predicted annual cost savings are £67,881. This includes any further advantages from reduced engineering time and process disturbance. These results provide good economic justification for using 304 stainless steel in this product range. 
While a formal return on investment (ROI) was not estimated due to limited visibility of upstream expenses such as higher tool wear in the machine shop, the expected annual savings of more than £67,000 make a compelling case for the change in material. Any marginal increases in machining costs are projected to be offset by significant savings in scrap, rework, and engineering effort. These savings reinforce the case for an increased use of 304 stainless steel for encoder ring production, supporting ongoing efforts to minimise the department's internal cost of quality.
6.6 [bookmark: _Toc198483825]Stakeholder Engagement
The material change trial was designed with stakeholder engagement in mind. It was proposed that the rotary production, engineering, and quality teams assess the change before it is implemented. To ensure traceability and internal approval, a formal internal concession would be made to permit the use of 304 stainless steel on specific RESA30USA100 jobs. The goal of this cooperative approach was to guarantee that any process modifications stayed under control, practical, and consistent with broader departmental procedures.









[bookmark: _Toc198483826]Chapter 7: Control

The Control phase within the DMAIC methodology is intended to ensure that the changes produced in the Improve phase are sustained and do not regress over time (DeLadurantey, 2023). This project’s primary aim was to reduce the total cost of quality within the rotary department by proposing a material change from 303 to 304, based on its reduced failure rate for code failures. To ensure process stability and confirm the long-term advantage of this adjustment, a structured control approach was devised. The RESA30USA100 is the highest-volume encoder ring within the department and after stakeholder discussion, this part was selected as the best starting point for the suggested material change. An internal process concession would be raised to allow select batches of RESA30USA100’s to be machined using 304 stainless steel. The concession allows easier traceability of parts; these batches would be monitored by the engineering team, tracking performance and yields throughout the trial (Anderson and Anderson, 2024).
If the trials show a yield improvement comparable to the 97.7% average for existing 304 rings, as predicted in the Improve phase, then a PCA (process change authorisation) would be raised to permanently change the material from 303 to 304 for this encoder product. This method would ensure that any changes are guided by existing quality procedures and obtain the necessary stakeholder approval (ISO, 2015). No customer impact is expected because the encoder rings' form, fit, and function remain intact; however, any permanent material change would be informed via Renishaw's routine customer notification process, as required by engineering change protocols.
The yield and code failure fallout of each batch of RESA30USA100 encoder rings would be tracked closely looking at the existing rings database. Any negative trends in the results would prompt an engineering investigation into why the rings are failing for code failure such as looking at cleaning errors and analysis of the material under SEM and EDS analysis for surface contamination. Walker (2023) explains that it is important to track the progress of the change and making sure all that are involved are informed of the change to ensure everyone is on board. This allows everyone to work towards the same goal, minimising the chance of errors such as poor cleaning techniques. Continuously monitoring the batches of 304 rings during the trial phase will allow the engineering team to visually analyse the data in real time and quickly act on any issues that arise.
If performance requirements are fulfilled, then more trials could be run to include other various size encoder rings currently made from 303 stainless steel. However, any additional expansion would necessitate its own appraisal, risk assessment, and stakeholder consultation. If the trial output falls short of expectations, continued implementation would be suspended, and a root cause study would be completed with input from engineering, production, and quality teams to determine the viability of continuing with 304 stainless steel.















































[bookmark: _Toc198483827]Chapter 8: Conclusion
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8.1 [bookmark: _Toc198483830]Results
The results of the investigation revealed a consistent and measurable difference between 303 and 304 stainless steel encoder ring code failure rates. Data was collected over a six month timeframe which showed a yield of 93.1% for encoder rings made from 303 stainless steel, while rings manufactured from 304 stainless steel yielded 97.7%, giving a 4.6% overall improvement.
Primary data under controlled conditions was collected by myself over a one month period which supported the secondary data findings. Stratification of the results was used to rule out potential contributors to code failure rates, these were: shift pattern, test machine and ring size.
According to the root cause analysis, material composition was the most likely reason for the high code failure rate seen on 303SS encoder rings. SEM and EDS analysis was conducted on various 303 unablated encoder rings which revealed MnS inclusions (magnesium sulphide). EDS analysis of these inclusions displayed trapped polishing residue from the post machining polishing process. This was consistent with the lower code failure rate and supported the theory that inclusions and surface quality might hinder the readhead's ability to accurately detect ablated scale lines.
According to the cost breakdown in the analyse phase, each code failure on a RESA30USA100 ring costs £72.39 in scrap, labour, and retesting. Based on the annual production of 20,385 RESA30USA100 rings, moving from 303 to 304 stainless steel for this product was predicted to save £67,881 per year due to a 4.6% yield increase. The calculation was based just on this ring type, not including other benefits like less engineering intervention and downtime.
In conclusion, this research met its objectives of investigating the reasons of code errors in 30µm encoder rings, assessing the importance of material selection, and proposing an evidence-based solution. The findings not only justify a significant revision to the RESA30USA100 product line, but also show how structured problem-solving using Six Sigma can result in meaningful, data-driven improvements. This study provides a transferable approach for lowering internal failure costs and encourages the continuous integration of quality engineering and materials science in high-precision manufacturing.




8.2 [bookmark: _Toc198483831]Discussion
The outcomes of this study support the hypothesis that material composition has an important effect in the reliability of rotary encoder rings. The consistency of results in code failures on both 303 and 304 stainless steel rings when analysed under controlled primary data collecting conditions and secondary data indicates that the issue was not due to test machine variability or machine operator, but rather the material itself. This was supported by Lillard et al. (2016) and Villerius et al. (2019) in the literature review who noted that MnS inclusions in free machining stainless steels can hinder surface quality and introduce issues during laser ablation, which is consistent with the findings in this study.
SEM and EDS analysis of 303 stainless steel rings revealed large concentrations of MnS inclusions, with polishing compound embedded within. The same analysis conducted on 304 stainless steel revealed very few inclusions on the rings surface. These defects within the material are very likely to interfere with the readability of the ablated lines by the readhead, offering a plausible explanation for the increasing failure rates.
The project's usage of both real-time Gemba-based data and larger production datasets helped establish that the issue was systemic rather than limited to individual batches or handling issues. Furthermore, a material change from 303 to 304 stainless steel offers a potential improvement without altering the form, fit or function of the encoder rings. Highlighted in the project charter, a constraint to the project was calculating upstream costs of machining the 304 material, however the expected reduction in scrap, rework and engineering time presents a compelling financial case for pursuing the change.
If the initial trials for the change of material on the RESA30USA100’s proves successful, then it is possible to make further changes to other ring sizes currently made from 303 stainless. If these further trials yield similar failure reductions, then the cost of quality within the department could improve significantly. However, due to the machining qualities of 304, additional validation effort, operator participation, and possibly tooling revision would be imperative.
Finally, the project demonstrated that with a structured root cause analysis and investigation into material qualities which was supported by literature and data, justifications and changes can be made to improve the total cost of quality of the department.








8.3 [bookmark: _Toc198483832]Conclusion
This project aimed to identify the core cause of code failures in 30µm scale rotary encoder rings. The focus was on whether material composition contributed to the department's high internal failure rate. With the use of the DMAIC framework, it helped discover the fact that across both primary and secondary data, 303 stainless steel rings had a much larger fallout rate for code failures compared to rings made from 304. This was supported by root cause analysis, SEM and EDS data, which showed large clusters of MnS inclusions. The presence of inclusions and imbedded polishing residue gives a strong, evidence-based reason for the higher failure rate.
The study found that upgrading to 304 stainless steel provides an increased likelihood to the reduction of scrap and rework, improving product quality, and lowering the internal cost of quality. While the scope of the investigation did not involve the potential upstream costs associated with machining 304, the financial case for change was substantial. A potential annual savings of £67,881 on one product alone (RESA30USA100) was calculated, with additional gains possible if the material modification is extended to other ring sizes.
The combination of the Six Sigma methodology along with material science analysis has helped address a major quality issue within the rings department, it has also demonstrated the value of data-driven analysis in resolving high-cost production issues. The findings suggest that the rotary encoder department should conduct additional trials, collaborate with stakeholders, and plan for broader adoption as part of long-term quality improvement efforts.





















8.4 [bookmark: _Toc198483833]Recommended Further Work
This report provided a strong argument that the microstructure of 303 stainless steel (containing MnS inclusions) has a correlation with the increased code failure rate seen on the encoder rings. While there is strong evidence across material analysis of the rings and empirical data, further investigation is required to strengthen the long-term improvement plan.
Firstly, due to time constraints and equipment access, this investigation tested only a small number of encoder rings with SEM and EDS analysis. Larger-scale microstructural research is recommended, which should include numerous batches and ring sizes from various manufacturing dates. This would help to assess whether the inclusion density seen in 303 stainless steel is consistent across all stock.
Secondly, an expansion across multiple ring sizes manufactured from 303 stainless steel would provide a better insight into the benefits of the proposed material change. While the experiment on RESA30USA100 rings indicates a potential of 4.6% yield improvement, this should be confirmed on additional part numbers to determine the overall cost-of-quality advantage across the department. Given the known toughness of 304 stainless steel, these trials should involve a careful investigation of tool wear, machining time, and polishing performance.
Although other materials such as low-sulphur 303 variations or modified 304 grades may provide a mix of machinability and cleanliness, they were not evaluated for this project due to limited availability, traceability, and a lack of current production data. Similarly, while examining polishing compounds may be useful in future research, present data suggests that the main cause of code problems is deeper within the base material rather than surface treatment alone. While this project found a substantial link between MnS inclusions in 303 stainless steel and higher code failure rates, further research could focus on angular correlation testing. Mapping inclusion locations to specific readhead detection points helps determine whether these inclusions actually interfere with scale readability, confirming causation more conclusively.
Finally, future studies could look into the use of machine vision systems or AI-powered surface analysis techniques to discover inclusion-prone regions in real time. While this is outside the scope of the current project, early detection of code failure risks has the potential to greatly increase yield and reduce rework.
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[bookmark: _Toc198483837]Appendix 2 – Calibration Reports for Test Machines and Spinstands
Below are calibration records of three final test and one initial test 30µm readheads. All readheads were within calibration when MSA was conducted.
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[bookmark: _Toc198483366]Figure A2 3 - Initial test machine calibration record



[bookmark: _Toc198483838]Appendix 3 – Code Fail result outputted by the software

The images below show the repeatability of the different readheads outputting the same code error on a scratched encoder ring.
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[bookmark: _Toc198483054][bookmark: _Toc198483071]Figure A3 3 - Initial Test Machine 1 (SS7) code failure results at 300 degrees








[bookmark: _Toc198483840]Appendix 4 - Fishbone Diagram Enlarged
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[bookmark: _Toc198483841]Appendix 5 – SEM and EDS Images of 303 samples
[bookmark: _Toc198483842]Ring 1 SEM and EDS	
[image: ][image: ]Magda, Renishaw's Materials Scientist, submitted the following SEM and EDS photographs. The project author conducted all of the analysis and interpretation.[bookmark: _Toc198483714]Figure A5 1 - Surrounding matrix is steel

[image: ]These photos corroborate the data presented in Chapter 5, indicating the existence of polishing compound on the 303 stainless steel samples.[bookmark: _Toc198482449][bookmark: _Toc198482725][bookmark: _Toc198483084][bookmark: _Toc198483715]Figure A5 2 - Aluminium Oxide
[bookmark: _Toc198482450][bookmark: _Toc198482726][bookmark: _Toc198483085][bookmark: _Toc198483716]Figure A5 3 - Aluminium Oxide

[bookmark: _Toc198483843]Ring 2 SEM and EDS	
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[bookmark: _Toc198482727][bookmark: _Toc198483086][bookmark: _Toc198483717]Figure A5 4 - Aluminium Oxide found in the Steel Surface
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[bookmark: _Toc198482728][bookmark: _Toc198483087][bookmark: _Toc198483718]Figure A5 5 - Steel Substrate

Ring 2 displays polishing compound left on the ring which can interfere with the ablation process

[bookmark: _Toc198483844]Ring 3 SEM and EDS
[image: ][bookmark: _Toc198482729][bookmark: _Toc198483088][bookmark: _Toc198483719]Figure A5 6 - Aluminium Oxide with MnS inclusion

[image: ][bookmark: _Toc198482730][bookmark: _Toc198483089][bookmark: _Toc198483720]Figure A5 7 - MnS inclusion in the 303 material


Ring 3 displays MnS inclusions throughout the surface of the 303 stainless steel ring. With polishing compound (aluminium oxide) found embedded within the inclusion.












[bookmark: _Toc198483845]Ring 4 SEM and EDS
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[image: ]Figure A5 9 - Aluminium Oxide on Steel Surface[bookmark: _Toc198482732][bookmark: _Toc198483091][bookmark: _Toc198483722]Figure A5 8 - MnS Inclusion

[bookmark: _Toc198482733][bookmark: _Toc198483092][bookmark: _Toc198483723][image: ]Figure A5 10 - Steel ring

The ring 4 images display MnS inclusions on the steel ring, polishing residue can also be seen in A5 9. These can affect the way the readhead reads the ring and can interfere with the ablation process.




[bookmark: _Toc198483846]Ring 5 SEM and EDS
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[bookmark: _Toc198483093][bookmark: _Toc198483724]Figure A5 11 - Aluminium Oxide within MnS inclusion
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[bookmark: _Toc198483094][bookmark: _Toc198483725]Figure A5 12 - Aluminium Oxide within MnS inclusion


















[bookmark: _Toc198483847]Ring 6 SEM and EDS
[image: ][image: ][bookmark: _Toc198483095][bookmark: _Toc198483726]Figure A5 13 - Aluminium Oxide

[bookmark: _Toc198483096][bookmark: _Toc198483727]Figure A5 14 – MnS Inclusion

[image: ][bookmark: _Toc198483097][bookmark: _Toc198483728]Figure A5 15 - Aluminium Oxide

All 303 stainless steel rings tested under SEM and EDS displayed MnS inclusions and Aluminium Oxide residue from the post machining polishing process. These can affect the way the readhead reads the scale on the ring, causing code failures.
[bookmark: _Toc198483848]Appendix 6 – SEM and EDS of 304 Sample

Images supplied by Material scientist Magda at Renishaw The project author conducted all of the analysis and interpretation.
[bookmark: _Toc198483499]Figure A6 1 - Element map, SEM and EDS of 304 sample































The elemental mapping of a 304SS encoder ring revealed a carbon-rich inclusion, as shown in the C K map. Although the S K (sulphur) map shows some yellow signals, this does not necessarily indicate a high sulphur presence. It is likely that this signal is caused by trace sulphur levels in 304SS, which are typically less than 0.015 wt% (thyssenkrupp Materials, 2018). The EDS spectra revealed no significant sulphur peaks, and there was no evidence of MnS (manganese sulphide) inclusions supporting the conclusion that this substance is substantially cleaner than 303SS samples.
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