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[bookmark: _Toc25300097]Introduction
This report is the findings of a completed quality concern completed using the DMAIC methodology. The main findings are focused on the Define, Measure and Analyse stages. The concern has been raised by one of Wall Colmonoy’s significant customer, bringing a revenue of excess of £250,000 per annum. For the purpose of this report the customer’s name will not be divulged and will there for be known as “Customer A”. 
[bookmark: _Toc25300098]Who Are Wall Colmonoy?
Who is Wall Colmonoy? Wall Colmonoy Limited are an internationally reknowned company with six sites in North America and one located in Wales, Europe. Wall Colmonoy has four different types of business sectors, Alloy Products, Castings, Precision Components and Aerobraze all of which supply products into the aerospace, automotive, glass, oil & gas, mining, energy and other industrial sectors. (Wall Colmonoy, 2019)
[bookmark: _Toc25300099]Who Are Their Customers?
Customer A is a well-known Plunger and Cooling Tube manufacturer based in the United Kingdom delivering products into glass manufacturing industries. The organisation in question purchases several thermal coating powders from Wall Colmonoy. The powder is used to preserve the Plungers life by preventing Wear, Corrosion, Erosion and Abrasion (Wall Colmonoy, 2019). This is conducted by the commonly used welding equipment of High-Velocity Oxy Fuel (HVOF), this produces a highly dense coating at a fast rate to a minimum coating thickness (Praxair, 2019). The powder is applied to several derivatives of Steel such as 304 and 316.
The focus within this report is provided by the voice of the customer, with their dissatisfaction concerning a material which Wall Colmonoy provided. During application the customer reported issues with the hardness evaluation of Product ‘A’. The customer had an expectation of the material being between a hardness range of 33-38HRC. However, the customer reported the hardness was too soft, when analysed, with the reported measurement at 28-29HRC. 
[bookmark: _Toc25300100]Define Stage
[bookmark: _Toc25300101]Problem Description
In September 2017, Wall Colmonoy took receipt of a quality concern from Customer A. The customer reported receiving Product ‘A’, Batch Number P3257 which they found to be too soft in terms of Hardness evaluation requirements. The customer reported measuring between 28-29HRC. This was found by the customer during their incoming inspection test. The specification to which Wall Colmonoy manufacture the product to is customer owned. The specification range for hardness requirement was 33-38HRC. Wall Colmonoy were at least four hardness points lower than the customer’s requirements. 
Wall Colmonoy conduct outgoing inspection analysis. These tests include Particle Size Distribution, Chemical Analysis, Physical Testing (Flow Rate and Apparent Density), Weld Test and Hardness Evaluation. All the analysis passed quality control testing requirements, which was subsequently shipped to the customer along with a Certificate of Analysis identifying the relevant data. 
Results of the tests are seen in the tables below: -


[bookmark: _Toc25300102][image: ]1.0 Particle Size Distribution
[bookmark: _Toc25300103][image: ]2.0 Chemical Composition
[bookmark: _Toc25300104][bookmark: _Toc25300105][image: ]3.0 Physical Testing
[image: ]4.0 Hardness Test

[bookmark: _Toc25300106]Quality Characteristics 
To ensure that Wall Colmonoy maintains a level of consistency and repeatability, they comply to many International Standards which are used in the manufacturing industries. Not only taking compliance in to account, they also ensure that any analysis is conducted can be traced back to International Calibration Boards. This also ensures that any measuring equipment used is measuring correctly each particluar test. 
As highlighted in the problem description, the outgoing tests are measured, recorded and released against relevant standards.
Particle Size Distribution is measured in-accordance to ASTM B214 (ASTM International, 2016), Hall Flow and Apparent Density are released in accordance to ASTM B212 (ASTM International, 2017) and ASTM B213 (ASTM International, 2017) respectively, and Hardness Evaluation in accordance to ASTM E18 (ASTM International, 2019). The ASTM determine how the application is to be conducted to ensure repeatability and consistency. Chemical analysis is conducted on an Inductively Coupled Plasma (ICP), whereby all standards are purchased from a UKAS approved supplier which also provided a certificate of analysis of the chemical composition of the solutions. 
Weld test are also conducted to determine the performance characteristics of the coated material focusing on the molten pool, looking at items such as contaminants, out gas and slag trails. This is a vital inspection test! However, this can only be conducted as part of a visual inspection. To reduce the human variables, Wall Colmonoy employ competent welding operators that are only approved by the Quality Manager to approve any weld tests that have been carried out. Also, a scorecard system has been implemented to support the visual inspection that scores the weld performance on a scale from one to five, one being poor and five being excellent. Using this type of methodology is good manufacturing practise to standardise every single type of material that is manufactured. Giving constancy, repeatability and reproducibility of the Wall Colmonoy product portfolio which is critical to quality. 
[bookmark: _Toc25300107]Investigation Scope
The investigation was focused on two main characteristics, chemical composition and welding method. Why did the investigation focus on this? 
[image: ]Firstly, metallurgical Chemical Composition is the main contributor to Hardness of any material when heated and cooled, resulting in an increase of grain growth. The table below is the chemical composition specification of Product ‘A’: -
Elements such as Boron 0.30% range, Carbon 0.20% range and Silicon 0.50% range have rather tight tolerances when compared to Chromium 1.50% range and Iron 2.00% range, which have wide tolerances. However, Wall Colmonoy were providing a material in-accordance to a customer owned specification. Any modification would need to stay within the Minimum and Maximum boundaries.
Secondly, there was questions about the repeatability of the welding application. The welding process of High Velocity Oxygen Fuelled equipment is controlled by a pre-defined setup which has been designed by the Original Equipment Manufacturer for the use of certain types of Particle Size Distribution powders. Also, the instrument’s gun is controlled by a robot that is essentially the output of the process, delivering the number of passes required to obtain a required thickness. The variation is therefore believed to be rather low and repeatability of the machine very high. However, post spraying of the powder, there is then a requirement for a method of fusion to take place. This is to ensure that the powder reaches the properties requirement and its purpose of preventing issues such as Corrosion, Wear and Erosion. 
The “Hand Fusion” method is often under suspicion as this is an operator dependant decision as to whether the material has or not reached its optimum fusing temperature. This is found to be a change of colour through the fusion transition phase. Welding operators stop fusing when the colour is found to be at “Cherry Red” (Wall Colmonoy, 2019).
[bookmark: _Toc25300108]Investigation Team
[image: ]To ensure Wall Colmonoy could investigate the complaint, the Investigation owner Robert Davies called upon the required resource key to both identifying a finding Root Cause and supporting the investigation. The below table identifies those integral to the investigation with their position and roles clearly identified.


[bookmark: _Toc25300109]Understanding Powder Manufacturing Process
To understand the Powder Manufacturing Process, the Wall Colmonoy team reviewed the Process Flow Charts to gain an understanding of process from start to finish for the manufacturing of powder. This was split into three different Process Flow Charts. Firstly, Powder manufacturing, secondly, Laboratory Testing and thirdly, Thermal Spraying application. The reason the Flow Charts are split in to three is due to these areas being key to processing powder.













[bookmark: _Toc25300110][image: ]Powder Manufacturing Process Flow Chart
[bookmark: _Toc25300111][image: ]Laboratory Testing
[bookmark: _Toc25300112][image: ]Thermal Spraying     
[bookmark: _Toc25300113]Measure Stage
[bookmark: _Toc25300114]Understanding Sources of Variation
As highlighted in the Investigation Scope, Wall Colmonoy had already sourced a potential issue from the chemical composition and another variation in the fusion method conducted for the weld test. This enabled the investigation team to design on a detailed plan to conduct controlled trials on both the chemistry and fusion method. The team had the need to understand the link between the chemistry and the weld test results. To understand the cause and the effect of chemistry this would need to be validated during the fusion method, gaining the failure mode of the specification ranges against the hardness range. However, to ensure accuracy of the hardness range, variation from human interaction was need to be understood and potentially eliminated.
[bookmark: _Toc25300115]Chemical Composition Trials
The team planned to conduct three Experimental trials focusing on the different effects of the material being on different end of the chemical composition scale. EXP 1526 chemistry is to be at the maximum allowance between 90-100 percentiles of the specification. EXP 1528 to be on the bottom end of the specification ranging between 0-10 percentiles of the specified allowance. EXP 1529 was to be at 75 percentile of the specification range. By performing this type of measurement Wall Colmonoy would gain an understanding of the cause and effects of the chemical composition changes to the resultant weld test and hardness evaluation. All manufactured EXPs would be required to be formulated and assembled in the form of virgin raw material, this would reduce any potential process variation by understanding the Inputs, the effect of the Process and its Outputs. Also, the suspect material will also be included in the trials to identify what the Root Cause. Please see table below for the modified specification range on the three Experimental products along with the results and specification found on the suspect material, Product ‘A’, Batch Number P3257.
[bookmark: _Toc25300116][image: ]EXP 1526 Chemistry
 
[bookmark: _Toc25300117][image: ]EXP 1528 Chemistry

[bookmark: _Toc25300118][image: ]EXP 1529 Chemistry


[bookmark: _Toc25300119][image: ]Product ‘A’ Chemical Composition
On completion of atomisation of the powder, the material will be sieved to the defined manufacturing specification requirements and submitted to the Laboratory for Chemical Verification on the ICP machine. 
[bookmark: _Toc25300120]Fusion Method
All three Experimental powders were then to be weld tested with a range of different fusing and cooling methods, looking at the effects of the potential variation between the heating and cooling regime. Current process for weld testing on this material is via the form of HVOF and Hand Fuse (Oxygen & Acetylene).
· Test One – All three Experimental products and suspect material to be sprayed & hand fused as per current procedure, air cooled.
· Test Two – Same as above, apart from the cooling regime. Product to be immediately placed in to vermiculite to slow cool the test bar to room temperature.
· Test Three – All three Experimental products and suspect material to be sprayed and vacuum fused through a sight glass on the furnace. No backfill of furnace to control cooling rates.
· Test Four – Conduct Differential Scanning Calorimetry analysis of the powders to determine Solidus and Liquidus range of all the products to be able to furnace vacuum fuse product at a set temperature, along with backfill of furnace to control the cooling regime.
These tests focus on understand the variability of the heating methods from the operators influence and the potential influence of cooling methods, for example, fast cooling by air could be influential to the hardness of the material. 
The measurement of required data points was carried out on the Hardness Machine. In the three trials, five bars from each Experimental products were weld tested, therefore, each trial will have had twenty different sets of data points to gain an understanding of the repeatability, the reproducibility and the consistency of the process. The hardness being the most critical as for the customer.
[bookmark: _Toc25300121]Analyse Stage
[bookmark: _Toc25300122]Chemical Composition
[image: ]Understanding the chemistry this gives an accurate measure of whether or not the specification is capable of achieving the desired hardness specification. The results for the three experimental products are seen in the below table:-
[image: ]To understand and visualise where the chemistry sits within the specification, a Scatter Diagram has been tabulated to show where the elements sit within the specification range. The Lower and Upper Specification Limits are 0.00% to 100% respectively.   

As can be seen in the Scatter Diagram, the Boron and Carbon measurements on the suspect material, Product ‘A’, are comparable to EXP 1528. Boron and Carbon are very important to the product in question as these are the hardening elements that can form strong bonds such as Borides and Carbides. EXP 1526 and EXP 1529 have common trends, this was expected as the both Experimental products had been aimed at the seventy-fifth percentile to hundred percentile of the specification. 
The chemical composition results were the first stage of understanding the problem raised by the customer. Planning, reviewing and understanding of the potential variation of the weld test and its application would have most significance to the investigation. This would allow Wall Colmonoy to understand the Escape Point in terms of how they incorrectly released non-conforming product, and therefore, gaining a better understanding of their product and release method.
[bookmark: _Toc25300123]Testing Results
With all three trials being conducted and completed, the material was then subject to the testing requirements of Hardness Evaluation. All test bars were machined to a finished diameter of 27.0mm thus ensuring there was sufficient coating on the bar to suffice the hardness indentation. Each trial would give fifteen different sets of data points from the three Experimental products. 
Results were recorded in two different formats, one looking at the range of the average Hardness results within the percentage of the specification limits using Scatter Diagram, and method two was the average hardness results within the specification limits. 

[bookmark: _Toc25300124]Trial Number One Results
[bookmark: _Toc25300125][image: ]Scatter Diagram 

Analysis of trial one indicates that EXP 1528 and Product ‘A’ have similar trends, this being well below the hardness specification range. However, interestingly, bar number two on Product ‘A’ is measured at 4.00% of the specification allowance. As this is the current method of release this would indicate that Product ‘A’ might have been released correctly in terms of what was measured and recorded on the release bar. However, if another bar was to be re-weld tested and hardness tested prior to release, that test bar might have failed hardness for being too soft. The results indicate that there is high difference in range. EXP 1526 and EXP 1529 hardness’s are found to be above the fifty percentile of specification range to nearly hundred percentile of specification range. 
Even though the results looks similar, the review of the hardness range of the five test bars were also considered to gain a better understanding of the total range across the average hardness results.  
[bookmark: _Toc25300126][image: ]Hardness Plot

The above average hardness graph shows a considerable variation between the five bars of the four products analysed. EXP 1526 is found to have a range of 1.5HRC, EXP 1528 has a range of 2.4HRC, EXP 1529 range found be 2.1HRC and Product ‘A’ measuring a range of 5.1HRC. These high ranges of 1.5 to 5.1HRC is found not to be a stable, consistent or repeatable process. Product ‘A’ has a range of the complete hardness specification amassing to a 5 hardness point range. 

[bookmark: _Toc25300127]Trial Number Two Results
[bookmark: _Toc25300128][image: ]Scatter Diagram

Results for test trial number two are similar to that from test trial number one. EXP 1526 and EXP 1529 are within the same areas of the graphs with results ranging from 60 percent to 140 percent on both products. EXP 1528 and Product ‘A’ are yet again well below the specification limits but are more comparable. Analysis of the first two trials do show an immediate trend, taking from the chemical composition scatter diagram, whereby Boron and Carbon being on the bottom end of specification in terms of EXP 1528 and Product ‘A’ and mid to high range on EXP 1526 and EXP 1528. Early indication suggest that the specification of EXP 1528 and Product ‘A’ are not capable of achieving the hardness specification range of 33 to 38HRC. Is this true?

[bookmark: _Toc25300129][image: ]Hardness Plot

Review of the average hardness results show, yet again, a significant variation between each bars from the four products. EXP 1526 has a hardness range of 3.8HRC, EXP 1528 a range of 2.6HRC, EXP 1529 range is 5.2HRC and Product ‘A’ with a hardness range of 2.2HRC. The process currently used by Wall Colmonoy of Spraying and Hand Fusing which is determined by a welding operator, is clearly not adequate. The significant range of each bars on all the products found in both test one and two prove the range is neither repeatable, nor constant. The results on EXP 1529, Bar Three, does show there are slight differences between “air cooling” and “vermiculite cooling”. However, could this be a rogue test result?



[bookmark: _Toc25300130]Trial Number Three Results
[bookmark: _Toc25300131][image: ]Scatter Diagram

The fusion method on this trial was found to be slightly different compared to trial one and two, that is EXP 1526 and EXP 1529 were put through the same furnace cycle recorded as “Cycle A”, due to the similarities in its chemical composition, with EXP 1528 and Product ‘A’ following the same methodology in a different run cycle recorded as “Cycle B”. Why? The fusing range on both will be different as the products are at the different end of the scale resulting in lower and higher melting points.  Cycle One fusing temperature was recorded at 1052°C. Cycle Two fusing temperature was recorded at 1072°C.
Results from EXP 1526 and EXP 1529 shows the variation with the specification is around 20% which looks comparable, however, EXP 1528 and Product ‘A’ has a 100% swing. This suggest Cycle two is not comparable with variation.
[bookmark: _Toc25300132][image: ]Hardness Plot

Hardness ranges look visually improved, variation does not seem as clear as trials One and Two. EXP 1526 and EXP 1529 look comparable but there is a shift in hardness distribution from the upper specified limit to the lower specified limit. Average hardness range of both products are found to be 1.8 and 1.6HRC respectively. EXP 1528 and Product ‘A’ still has an average hardness range of 2.0 to 2.6HRC respectively, this is still a lower range than the previous two trials. Does this suggest fusing temperature as the variable or is the application with the fusing of the product in the furnace likely to give a more uniform coating hardness, due to all bars being subject to the same conditions (heating and cooling)?
 


[bookmark: _Toc25300133]Trial Number Four Results
[bookmark: _Toc25300134]Differential Scanning Calorimetry Analysis
To determine the true fusing temperature of the four products, it was needed to conduct an additional test to allow for the use of an accurate figure of the solidus and liquidus of the powder. This was conducted by using the Differential Scanning Calorimetry. EXP 1526 was measured at approximation of 1062°C, EXP 1528 measured at 1095°C, EXP 1529 measured at 1058°C and Product ‘A’ measured at 1105°C. Again, to reduce the cost of running the vacuum furnace both EXP 1526 and EXP 1529 which have similar fusing temperatures were put in to the same furnace cycle and EXP 1528 and Product ‘A’ in to another furnace cycle due to the results provided by the Differential Scanning Calorimetry. Therefore EXP 1526 and EXP 1529 will be fused at 1060°C. EXP 1528 and Product ‘A’ will be fused at 1100°C.
[bookmark: _Toc25300135][image: ]Scatter Diagram

The above Scatter Diagram from trial four shows a major difference compared to the previous three trials. There are clear and consistent trends from all four products. EXP 1526 and EXP 1529 are approximately sitting between 50 and 60 percent within the hardness specification range. These two products have been fluctuating within the specification range on all four trials. However, EXP 1528 and Product ‘A’ are between 35 and 70 percent below the specification range. This has been the case throughout the trials. Thus meaning the product is not capable of achieving the desired specification range with the current chemistry.
[bookmark: _Toc25300136][image: ]Hardness Plot
 
The average hardness results on the four products are found to be repeatable, reproducible and consistent. EXP 1526 and EXP 1529 have an average hardness on the five bars are 35.7 and 35.9HRC with a range of 0.6 and 0.4HRC respectively. This is a major improvement compared to the previous three trials. The same story can be said for EXP 1528 and Product ‘A’ but on a different scale of hardness result averages with 29.8 and 29.9HRC and range of 0.6 and 0.7HRC respectively.  
[bookmark: _Toc25300137]Conclusion
[bookmark: _GoBack]This was an intensive investigation from the start, from understanding the problem, to collecting data and analysing the data at the end. Understanding and controlling the variables was the cause and effect of non-conforming product being release by Wall Colmonoy. It was found that the chemical composition, along with the fusion method, as part of the weld test were the biggest variables. Product ‘A’ the suspect product which was released by Wall Colmonoy Laboratory team at 33.8HRC of which was tested by the customer, who found a measured hardness between 28-29HRC, even though the chemical composition, was within specification. Chemistry is the main factor due, to its properties resulting in the changing hardness range. Through controlled condition of the vacuum furnace and the understanding of its thermal properties, it was found, along with EXP 1528, that the chemical composition specification was not capable of achieving the hardness specification range of 33-38HRC. EXP 1526 and EXP 1529 chemistries were targeted at 75 to 100 percent of the specification range. This, along with the controlled conditions of the vacuum furnace was the main factors in understanding the product capabilities. Modifying the specification range of Product ‘A’ between 75 and 100 percent of the specification will give the customer a product capable of achieving the hardness specification range, critical to their quality. Controlling the fusing method by heating to 1060°C each test will give the customer a consistent, reliable and repeatable product each time, also ensuring that Wall Colmonoy do not provide any non-conforming product.    
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Element Name. Nominal Value Minimum Maximum
(wt%) Specification (wi%) | Specification (wt%)

Boron 153 130 1.60
Carbon 0.35 0.20 0.40
Chromium 9.13 8.00 9.50
Iron 2.75 1.25 3.25
Nickel 83.11 82.00 86.50
Silicon 3.13 275 3.25
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Element Results (wt%) Minimum Maximum
Specification (wt%) | Specification (wt%)

Boron 131 1.30 1.60
Carbon 023 020 040
Chromium 872 8.00 950
ron 238 125 325
Nickel 84.31 82.00 86.50
silicon 3.05 275 3.5
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EXP1526 | EXP1528 | EXP1529

Element Results Results Results | Specification | Specification
(wt3%) (wt3%) (wt3%) (wt3%) (wt3%)
Boron 153 132 156 130 160
Carbon 031 0.26 032 0.20 0.40
Chromium 891 8.16 9.05 8.00 9.50
Iron 298 135 273 125 3.25
Nickel 83.14 86.10 83.28 84.31 86.50
Silicon 313 281 3.06 275 3.25
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Element 

Name

Minimum 

Specification 

(wt%)

Maximum 

Specification 

(wt%)

EXP 1526 

Results 

(wt%)

Range A Range B Percentage

Nominal 

Value

Boron 1.30 1.60 1.53 0.30 0.23 76.7% 50.0%

Carbon 0.20 0.40 0.31 0.20 0.11 55.0% 50.0%

Chromium 8.00 9.50 8.91 1.50 0.91 60.7% 50.0%

Iron 1.25 3.25 2.98 2.00 1.73 86.5% 50.0%

Nickel 82.00 86.50 83.14 4.50 1.14 25.3% 50.0%

Silicon 2.75 3.25 3.13 0.50 0.38 76.0% 50.0%

 

Element 

Name

Minimum 

Specification 

(wt%)

Maximum 

Specification 

(wt%)

EXP 1528 

Results 

(wt%)

Range A Range B Percentage

Nominal 

Value

Boron 1.30 1.60 1.32 0.30 0.02 6.7% 50.0%

Carbon 0.20 0.40 0.26 0.20 0.06 30.0% 50.0%

Chromium 8.00 9.50 8.16 1.50 0.16 10.7% 50.0%

Iron 1.25 3.25 1.35 2.00 0.10 5.0% 50.0%

Nickel 82.00 86.50 86.10 4.50 4.10 91.1% 50.0%

Silicon 2.75 3.25 2.81 0.50 0.06 12.0% 50.0%

Element 

Name

Minimum 

Specification 

(wt%)

Maximum 

Specification 

(wt%)

EXP 1529 

Results 

(wt%)

Range A Range B Percentage

Nominal 

Value

Boron 1.30 1.60 1.56 0.30 0.26 86.7% 50.0%

Carbon 0.20 0.40 0.32 0.20 0.12 60.0% 50.0%

Chromium 8.00 9.50 9.05 1.50 1.05 70.0% 50.0%

Iron 1.25 3.25 2.73 2.00 1.48 74.0% 50.0%

Nickel 82.00 86.50 83.28 4.50 1.28 28.4% 50.0%

Silicon 2.75 3.25 3.06 0.50 0.31 62.0% 50.0%

Element 

Name

Minimum 

Specification 

(wt%)

Maximum 

Specification 

(wt%)

Product 'A' 

Result 

(wt%)

Range A Range B Percentage

Nominal 

Value

Boron 1.30 1.60 1.31 0.30 0.01 3.3% 50.0%

Carbon 0.20 0.40 0.23 0.20 0.03 15.0% 50.0%

Chromium 8.00 9.50 8.72 1.50 0.72 48.0% 50.0%

Iron 1.25 3.25 2.38 2.00 1.13 56.5% 50.0%

Nickel 82.00 86.50 84.31 4.50 2.31 51.3% 50.0%

Silicon 2.75 3.25 3.05 0.50 0.30 60.0% 50.0%
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Bar Number

Minimum 

Specification 

(wt%)

Maximum 

Specification 

(wt%)

EXP 1526 

Average 

Hardness 

Trial 1 

(HRC)

Range A Range B

Percenta

ge

Nominal 

Value

Bar 1 33.00 38.00 35.50 5.00 2.50 50.0% 50.0%

Bar 2 33.00 38.00 35.50 5.00 2.50 50.0% 50.0%

Bar 3 33.00 38.00 37.00 5.00 4.00 80.0% 50.0%

Bar 4 33.00 38.00 35.60 5.00 2.60 52.0% 50.0%

Bar 5 33.00 38.00 35.80 5.00 2.80 56.0% 50.0%

Min 35.50

Max 37.00

Range 1.50

Bar Number

Minimum 

Specification 

(wt%)

Maximum 

Specification 

(wt%)

EXP 1528 

Average 

Hardness 

Trial 1 

(HRC)

Range A Range B

Percenta

ge

Nominal 

Value

Bar 1 33.00 38.00 27.60 5.00 -5.40 -108.0% 50.0%

Bar 2 33.00 38.00 28.60 5.00 -4.40 -88.0% 50.0%

Bar 3 33.00 38.00 29.40 5.00 -3.60 -72.0% 50.0%

Bar 4 33.00 38.00 27.70 5.00 -5.30 -106.0% 50.0%

Bar 5 33.00 38.00 30.00 5.00 -3.00 -60.0% 50.0%

Min 27.60

Max 30.00

Range 2.40

Bar Number

Minimum 

Specification 

(wt%)

Maximum 

Specification 

(wt%)

EXP 1529 

Average 

Hardness 

Trial 1 

(HRC)

Range A Range B

Percenta

ge

Nominal 

Value

Bar 1 33.00 38.00 37.70 5.00 4.70 94.0% 50.0%

Bar 2 33.00 38.00 35.60 5.00 2.60 52.0% 50.0%

Bar 3 33.00 38.00 36.10 5.00 3.10 62.0% 50.0%

Bar 4 33.00 38.00 36.50 5.00 3.50 70.0% 50.0%

Bar 5 33.00 38.00 37.20 5.00 4.20 84.0% 50.0%

Min 35.60

Max 37.70

Range 2.10

Bar Number

Minimum 

Specification 

(wt%)

Maximum 

Specification 

(wt%)

Product 

'A' 

Hardness 

Average 

(HRC)

Range A Range B

Percenta

ge

Nominal 

Value

Bar 1 33.00 38.00 30.1 5.00 -2.90 -58.0% 50.0%

Bar 2 33.00 38.00 33.2 5.00 0.20 4.0% 50.0%

Bar 3 33.00 38.00 28.8 5.00 -4.20 -84.0% 50.0%

Bar 4 33.00 38.00 27.9 5.00 -5.10 -102.0% 50.0%

Bar 5 33.00 38.00 29.5 5.00 -3.50 -70.0% 50.0%

Min 27.90

Max 33.20

Range 5.30
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Bar Number

Minimum 

Specification 

(wt%)

Maximum 

Specification 

(wt%)

EXP 1526 

Average 

Hardness 

Trial 2 (HRC)

Range A Range B Percentage

Nominal 

Value

Bar 1 33.00 38.00 35.70 5.00 2.70 54.0% 50.0%

Bar 2 33.00 38.00 37.20 5.00 4.20 84.0% 50.0%

Bar 3 33.00 38.00 35.50 5.00 2.50 50.0% 50.0%

Bar 4 33.00 38.00 39.00 5.00 6.00 120.0% 50.0%

Bar 5 33.00 38.00 35.20 5.00 2.20 44.0% 50.0%

Min 35.20

Max 39.00

Range 3.80

Bar Number

Minimum 

Specification 

(wt%)

Maximum 

Specification 

(wt%)

EXP 1528 

Average 

Hardness 

Trial 2(HRC)

Range A Range B Percentage

Nominal 

Value

Bar 1 33.00 38.00 29.20 5.00 -3.80 -76.0% 50.0%

Bar 2 33.00 38.00 30.30 5.00 -2.70 -54.0% 50.0%

Bar 3 33.00 38.00 27.70 5.00 -5.30 -106.0% 50.0%

Bar 4 33.00 38.00 28.80 5.00 -4.20 -84.0% 50.0%

Bar 5 33.00 38.00 29.80 5.00 -3.20 -64.0% 50.0%

Min 27.70

Max 30.30

Range 2.60

Bar Number

Minimum 

Specification 

(wt%)

Maximum 

Specification 

(wt%)

EXP 1529 

Average 

Hardness 

Trial 2 (HRC)

Range A Range B Percentage

Nominal 

Value

Bar 1 33.00 38.00 35.60 5.00 2.60 52.0% 50.0%

Bar 2 33.00 38.00 37.90 5.00 4.90 98.0% 50.0%

Bar 3 33.00 38.00 40.10 5.00 7.10 142.0% 50.0%

Bar 4 33.00 38.00 36.70 5.00 3.70 74.0% 50.0%

Bar 5 33.00 38.00 34.90 5.00 1.90 38.0% 50.0%

Min 34.90

Max 40.10

Range 5.20

Bar Number

Minimum 

Specification 

(wt%)

Maximum 

Specification 

(wt%)

Product 'A' 

Hardness 

Average Trial 

2 (HRC)

Range A Range B Percentage

Nominal 

Value

Bar 1 33.00 38.00 28.70 5.00 -4.30 -86.0% 50.0%

Bar 2 33.00 38.00 27.50 5.00 -5.50 -110.0% 50.0%

Bar 3 33.00 38.00 29.50 5.00 -3.50 -70.0% 50.0%

Bar 4 33.00 38.00 28.40 5.00 -4.60 -92.0% 50.0%

Bar 5 33.00 38.00 29.70 5.00 -3.30 -66.0% 50.0%

Min 27.50

Max 29.70

Range 2.20
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Bar Number

Minimum 

Specification 

(wt%)

Maximum 

Specification 

(wt%)

EXP 1526 

Average 

Hardness 

Trial 3 (HRC)

Range A Range B Percentage

Nominal 

Value

Bar 1 33.00 38.00 33.40 5.00 0.40 8.0% 50.0%

Bar 2 33.00 38.00 34.20 5.00 1.20 24.0% 50.0%

Bar 3 33.00 38.00 32.60 5.00 -0.40 -8.0% 50.0%

Bar 4 33.00 38.00 33.20 5.00 0.20 4.0% 50.0%

Bar 5 33.00 38.00 32.40 5.00 -0.60 -12.0% 50.0%

Min 32.40

Max 34.20

Range 1.80

Bar Number

Minimum 

Specification 

(wt%)

Maximum 

Specification 

(wt%)

EXP 1528 

Average 

Hardness 

Trial 3 (HRC)

Range A Range B Percentage

Nominal 

Value

Bar 1 33.00 38.00 25.60 5.00 -7.40 -148.0% 50.0%

Bar 2 33.00 38.00 27.10 5.00 -5.90 -118.0% 50.0%

Bar 3 33.00 38.00 26.60 5.00 -6.40 -128.0% 50.0%

Bar 4 33.00 38.00 27.60 5.00 -5.40 -108.0% 50.0%

Bar 5 33.00 38.00 26.10 5.00 -6.90 -138.0% 50.0%

Min 25.60

Max 27.60

Range 2.00

Bar Number

Minimum 

Specification 

(wt%)

Maximum 

Specification 

(wt%)

EXP 1529 

Average 

Hardness 

Trial 3 (HRC)

Range A Range B Percentage

Nominal 

Value

Bar 1 33.00 38.00 34.10 5.00 1.10 22.0% 50.0%

Bar 2 33.00 38.00 33.60 5.00 0.60 12.0% 50.0%

Bar 3 33.00 38.00 33.50 5.00 0.50 10.0% 50.0%

Bar 4 33.00 38.00 33.10 5.00 0.10 2.0% 50.0%

Bar 5 33.00 38.00 32.50 5.00 -0.50 -10.0% 50.0%

Min 32.50

Max 34.10

Range 1.60

Bar Number

Minimum 

Specification 

(wt%)

Maximum 

Specification 

(wt%)

Product 'A' 

Hardness 

Average Trial 

3 (HRC)

Range A Range B Percentage

Nominal 

Value

Bar 1 33.00 38.00 29.60 5.00 -3.40 -68.0% 50.0%

Bar 2 33.00 38.00 29.10 5.00 -3.90 -78.0% 50.0%

Bar 3 33.00 38.00 30.60 5.00 -2.40 -48.0% 50.0%

Bar 4 33.00 38.00 28.60 5.00 -4.40 -88.0% 50.0%

Bar 5 33.00 38.00 31.20 5.00 -1.80 -36.0% 50.0%

Min 28.60

Max 31.20

Range 2.60
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Bar Number

Minimum 

Specification 

(wt%)

Maximum 

Specification 

(wt%)

EXP 1526 

Average 

Hardness 

Trial 4 (HRC)

Range A Range B

Percentag

e

Nominal 

Value

Bar 1 33.00 38.00 35.40 5.00 2.40 48.0% 50.0%

Bar 2 33.00 38.00 36.00 5.00 3.00 60.0% 50.0%

Bar 3 33.00 38.00 35.80 5.00 2.80 56.0% 50.0%

Bar 4 33.00 38.00 35.50 5.00 2.50 50.0% 50.0%

Bar 5 33.00 38.00 35.90 5.00 2.90 58.0% 50.0%

Min 35.40

Max 36.00

Range 0.60

Bar Number

Minimum 

Specification 

(wt%)

Maximum 

Specification 

(wt%)

EXP 1528 

Average 

Hardness 

Trial 4 (HRC)

Range A Range B

Percentag

e

Nominal 

Value

Bar 1 33.00 38.00 29.50 5.00 -3.50 -70.0% 50.0%

Bar 2 33.00 38.00 30.10 5.00 -2.90 -58.0% 50.0%

Bar 3 33.00 38.00 30.00 5.00 -3.00 -60.0% 50.0%

Bar 4 33.00 38.00 30.00 5.00 -3.00 -60.0% 50.0%

Bar 5 33.00 38.00 29.60 5.00 -3.40 -68.0% 50.0%

Min 29.50

Max 30.10

Range 0.60

Bar Number

Minimum 

Specification 

(wt%)

Maximum 

Specification 

(wt%)

EXP 1529 

Average 

Hardness 

Trial 4 (HRC)

Range A Range B

Percentag

e

Nominal 

Value

Bar 1 33.00 38.00 35.90 5.00 2.90 58.0% 50.0%

Bar 2 33.00 38.00 36.10 5.00 3.10 62.0% 50.0%

Bar 3 33.00 38.00 35.90 5.00 2.90 58.0% 50.0%

Bar 4 33.00 38.00 35.80 5.00 2.80 56.0% 50.0%

Bar 5 33.00 38.00 35.70 5.00 2.70 54.0% 50.0%

Min 35.70

Max 36.10

Range 0.40

Bar Number

Minimum 

Specification 

(wt%)

Maximum 

Specification 

(wt%)

Product 'A' 

Hardness 

Average  

Trial 4 (HRC)

Range A Range B

Percentag

e

Nominal 

Value

Bar 1 33.00 38.00 30.40 5.00 -2.60 -52.0% 50.0%

Bar 2 33.00 38.00 29.90 5.00 -3.10 -62.0% 50.0%

Bar 3 33.00 38.00 29.70 5.00 -3.30 -66.0% 50.0%

Bar 4 33.00 38.00 29.70 5.00 -3.30 -66.0% 50.0%

Bar 5 33.00 38.00 29.80 5.00 -3.20 -64.0% 50.0%

Min 29.70

Max 30.40

Range 0.70
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