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Introduction
LSN Diffusion is an industrial manufacturing business in Llandybie, Ammanford. It specialises in manufacturing nickel, cobalt, and iron based powders via an atomizing process. These metallic powders are sold as material for powder coating, additive layer manufacture, brazing, and hipping. There are three atomizing processes used at LSN Diffusion. Dry gas atomizing uses nitrogen gas to atomize the molten metal into powder, which is left to cool in the atomizing pan. Water atomizing uses water jets to atomize the powder which is then collected and cooled in a bath of water, this then has to go through a drying process. Hybrid atomizing uses the nitrogen gas to create the powder which is then collected in a water bath; this too has to go through the drying process.
An important part of producing this metallic powder is controlling the particle size distribution (Hereafter referred to as PSD). This is done via a sieving process where the atomized powder passes through a selected set of screens on a locker or virto depending on how fine or coarse each powder is. Each batch of powder will have to adhere to a unique PSD specification depending on its end application. The department responsible for the sieving process is known as the screening department. Some of these specifications are set out by the customer who buys the powder, but the majority are created internally by LSN Diffusion for each application. After each batch is screened it is placed into a blender to recombine the powder, then PSD is tested using certified sieves on a rotap. If this passes, the batch is submitted to the laboratory where it is inspected and tested again by laboratory personnel.
The issue at LSN Diffusion was that a high number of batches of powder were passing the screening departments PSD test, only to later fail the laboratory testing. This resulted in these batches being sent back to production for reprocessing, putting a lot of stress on the screening and laboratory departments as they had to commit a lot of time and resources into unplanned extra workload. The cost implications of this were huge as each department struggled with meeting their tight deadlines. Each time a batch was reprocessed it also significantly increased the chances of that batch being contaminated with a different material. This proved to be even more costly due to the high price of metals, and the large quantity of material LSN Diffusion deals with. A typical batch produced of a nickel base alloy would weigh 1,000kg and have a value of around £35,000.
This report will look at why these differences in results were occurring and the techniques and equipment LSN Diffusion used to combat this in order to cut the amount of reprocessing required and therefore maximise its output and profit.








Main Findings

Particle Size Distribution (PSD)
Particle size distribution of a powder material is a list of values that defines the amount of particles present in each respective size, typically by mass. LSN Diffusion creates powder with a wide range of PSD specifications; some allow the size to be up to 500µm whereas others require a powder to be less than 20µm. To fully define PSD, particle size must first be determined. Ideally each powder particle would be perfectly spherical. This would allow its size to be easily characterised by a single number such as a diameter or radius. Unfortunately, most atomized powder is not spherical and has different three dimensional elongations. This means that a different size function should be used, for example particle width, particle length, or spherical equivalent diameter. The spherical equivalent diameter can be considered as an equivalent diameter of a sphere with the same physical property. 

Particle Sieve Analysis
The method used to measure PSD at LSN Diffusion was via sieve analysis. This is an analytical technique which uses a stack of sieves with varying of sieve opening sizes (Fig 1). A pan is placed at the bottom of the stack to collect any material smaller than the lowest size sieve. The finest size sieve is placed at the bottom of the stack with each sieve stacked on top in order of increasing sieve size. One hundred grams of powder is measured out and placed into the top sieve on the stack, which has the biggest apertures. The stack of sieves is then placed onto a rotap, which shakes the sieves allowing the powder inside to get sifted through. It also taps the top of the stack, mimicking what would be done via hand sieving. This equipment is run for fifteen minutes to allow time for all of the powder to separate and fall into each sieve. When finished the stack is taken off of the rotap for the sieves to be emptied. The top sieve is removed first and the powder is emptied onto a sheet, a brush is used to clear the sieve of any lodged powder (Fig 2). The powder on the sheet is weighed; this is repeated for each sieve and the pan. The results obtained represent the percentage of powder present at each size band, by weight. As the starting weight is one hundred grams, each gram measured is equivalent to one percent. Sieve analysis has a number of advantages including a low investment cost, easy handling, and the return of accurate results in a fairly short period of time.

Figure 1 Sieve stack on rotap

Figure 2 Sieve brush

The Issue at LSN Diffusion
The issue at LSN diffusion was that inconsistencies were occurring between different particle sieve analysis tests. Large volumes of powder being passed by screening operatives were then being rejected when tested by the laboratory. Approximately 35% of all batches were being sent back for reprocessing. This had an enormous impact on both the screening and laboratory departments. The screening department was being heavily effected as they needed to dedicate a lot of extra labour into these batches whilst still trying to keep up with the new product passing through production. As well as this, their resources were strained as the limited amount of equipment they had was being used to reprocess these batches instead of processing the new orders. The laboratory was also under pressure as more of their labour was getting dedicated to retesting these rejected batches on top of having to deal with their regular workload. In addition to this, each time a batch got reprocessed it significantly increased the chances of contamination occurring between different alloys. This was due largely to the sheer number of different alloy specifications LSN Diffusion produce at any one time. As well as this, due to the limited amount of reprocessing equipment different alloys had to get reprocessed on the same pieces equipment straight after each other leaving short periods of time for full clean downs.
In April 2020 the true cost of this came to light after a 1,000kg batch of N-580-FS1 was sent for reprocessing after being rejected on PSD by the laboratory. After reprocessing it got resubmitted to the laboratory for testing. The PSD was passed this time, however chemical analysis revealed that the batch had been heavily contaminated with a phosphorus containing alloy (Braz-102-DK), whereas the N-580-FS1 was supposed to be phosphorus free. It was quickly discovered that the Braz-102-DK had been screened on the equipment prior to the N-580-FS1. This was a big blow for the company as the N-580-FS1 was now unusable and had to be manufactured again from scratch. The contaminated batch was now also difficult to use as LSN Diffusion did not produce many alloys that this contaminated material could be used as melt stock for. The bigger issue presented itself over the course of the next week as two further phosphorus free alloys also failed chemical analysis due to contamination by the Braz-102-DK material. These two batches had not been screened on the same equipment and so an investigation was launched to find the cause of the issue. It was discovered that the revert (oversize and fines) of the original batch of N-580-FS1 had been used as melt stock for these phosphorus free alloys. In total, this contributed to around 5,000kg of contaminated material with an approximate value of £175,000.
Root Cause
In April 2020 immediately after the full extent of the phosphorus contamination was known, a meeting was held between department managers to determine the root cause of the issue. Three main points were determined.
The use of equipment to process different alloys without being fully cleaned down
The use of revert as melt stock without an up to date known chemistry
The amount of product being sent back for reprocessing by the laboratory
Each point was then investigated further; the following points were raised as to possible reasons why the laboratory and the screening department were getting variation between their PSD results, resulting in more products being sent back for reprocessing.
Human discrepancies 
Powder morphology
Reliant upon sieve analysis
Difference in size between sieve sets
Human Discrepancies
The first point that LSN Diffusion set to investigate was the potential for human discrepancies. All screening operatives were able to conduct particle sieve analysis, however whether this should have been the case was widely disputed. It was found that some operatives were intentionally manipulating the results in order to get product to pass its specification. This was being done as the department was under increasing workload and they did not have the capacity for reprocessing the product. Of course in reality this product had to get reprocessed regardless, and so the burden of this work would just get passed to a different shift. LSN Diffusion immediately took action and introduced a new system whereby only trained team leaders were authorized to conduct sieve analysis testing. New sieve analysis reports were produced where each result had to be signed off by a team leader, making each test traceable to the person who conducted it.
In addition to this, the technique that each individual used to conduct the sieve analysis test was looked into. Two laboratory personnel were selected to conduct sieve analysis testing on the same sample five times each, the results were then averaged (Fig 3).
Technician 1		Technician 2
Sieve Size	Result		Sieve Size	Result
>150µ	0.0		>150µ	0.1
150-125µ	3.7		150-125µ	4.8
125-106µ	17.2		125-106µ	21.4
106-53µ	77.6		106-53µ	73.0
53-45µ	1.5		53-45µ	0.7
<45µ	0.0		<45µ	0.0

Figure 3 Laboratory sieve analysis results



There was clearly a large difference between the results of the two laboratory personnel. Each was requested to complete a sieve analysis test under supervision to see if any differences in their methods could be observed. The one key difference discovered was the way in which each technician brushed the powder out of the sieves. Technician 1 was a lot more thorough and methodical when brushing the sieves than technician 2. This resulted in the sieves being cleaner for the next test. The issue with the sieves not being fully cleaned is that some of the apertures in the sieve were blocked for the next test, leaving a smaller surface area for the powder to fall through. This resulted in a powder sample showing to be coarser than it truly was . In response to this discovery LSN diffusion conducted training with all of the laboratory personnel and screening team leaders to ensure that everyone conducting sieve analysis tests were all using the same methods for setting up and brushing the sieves. This two stage approach of restricting who could conduct sieve analysis tests and retraining the staff to use the same testing methods had a hugely positive impact. Over the course of the next month (May 2020) the rejection rate by the laboratory dropped from 35% to 27%. This would save around 8,000kg of product per month from having to get reworked.
Powder Morphology
It was believed that the shape of the powder itself may also have been contributing to the variations between the sieve analysis tests. Firstly, LSN Diffusion needed to get an idea of the true shape of each type of powder. A Keyence digital microscope was used to photograph the powder at high magnification. Below is a photograph of a typical powder produced by dry gas, hybrid, and water atomizing methods. 

Figure 4 Dry gas powder morphology


Figure 5 Hybrid powder morphology

Figure 6 Water powder morphology


There is clearly a big difference between the shapes of each type of powder, depending on how it was atomized. Fig 4 shows a typical dry gas atomized powder, it generally looks quite spherical, although small clusters can be seen on most of the powder particles. These are referred to as satellites and they occur when a large and small particle are atomized in close proximity to one another . These satellites can pose two issues for sieve analysis techniques. Firstly, the shape of the particle with satellite attached was irregular, meaning that it would inconsistently fall through an aperture in a sieve depending on which way the particle landed. As well as this, since the satellites were not fully bonded to the other particle, they could be separated when subjected to any external forces or vibrations. This was a greater issue at LSN diffusion as the powders were transported around production in metal bins with forklifts. This meant that if the screening department had tested a dry gas atomized powder, it may have been moved around many times before the laboratory took their sample, resulting in the laboratory testing a powder with a higher fines content due to the satellites detaching themselves from the other particles. To try and counter this, a new process was put in place for any powder submitted to the laboratory. Any powder that was tested by the screening department had to be taken to a designated area that was set up for storage of any batches that had been submitted to the laboratory. Once in this area, they were not to be moved until full testing had been completed.
Fig 5 shows a typical hybrid atomized powder where again it can be seen that the powder is fairly spherical for the most part. This powder was likely to have fewer issues during sieve analysis than its dry gas counterpart due to the reduction in the number of satellites. A few elongated particles can be seen which may have an impact on the sieve analysis test. This is due to the elongated particles potentially landing in different orientations when moving on the sieves. If one of these particles was to stay horizontal throughout the test then it would stay in a sieve with large apertures. If that same particle was to land vertically then it would pass through into a sieve with smaller apertures. Due to the small volume of these elongated particles present in hybrid atomized powder LSN Diffusion did not deem it a significant enough problem to justify implementing changes.
Figure 6 shows a typical water atomized powder, the morphology of which differs greatly from both the dry gas and hybrid atomizing techniques. Spherical particles are a minority in this type of powder, with a majority consisting of elongated wire like particles and clusters. This morphology is most concerning with regards to sieve analysis methods as each test is highly subjective to the orientation in which the particles fall. To add to this, the hook like nature of these particles resulted in the sieves being more prone to blinding as these would stick in the apertures of the sieve. This type of powder was deemed the most troublesome in terms of screen analysis consistency, however it was also the most difficult to propose a solution for. Changing the morphology of the water atomized powder was not possible and switching these powders to a different atomizing style was not financially viable. Water atomizing is significantly cheaper than dry gas or hybrid atomizing due the use of water in place of nitrogen gas. It was deemed that the increase in cost of switching water atomized product to hybrid atomizing was more than the cost of reprocessing the water atomized powder. The only possible solution to this was to change the style of testing the powder.





Alternative to Sieve Analysis
After discovering how different in morphology the powders were depending on the atomizing style, LSN Diffusion started to look at other methods of PSD analysis. Laser sizing devices soon become the main focus of the project. LSN Diffusion purchased a Microtrac Sync device and soon put it to use as part of the PSD specifications. The Microtrac Sync combined two methods of measurement into one, these being laser diffraction and image analysis . Laser diffraction measures the variation of the intensity of light scattered by a laser beam passing through the particulate sample. Large particles will scatter the light at small angles whereas small particles will scatter the light at large angles. This data is then analysed and calculated within the analyser’s software, reporting a particle size in the form of a volume equivalent sphere diameter. Therefore this type of measurement gives a result as if each particle was a sphere, regardless of its true morphology . The image analysis measurement technique involves photographing every individual powder particle and taking measurements of its length, width, and sphericity. The Microtrac Sync proved its worth with finer powders as it could be used as a wet or a dry system. The wet system was especially useful when dealing with the fine powders as it used ultrasonic waves to disperse the particles and stop them from sticking to one another. Fine powders are notoriously difficult to measure with sieve analysis due to this. A test was arranged to compare the measurements of less than 20µm of the same sample multiple times using the sieve analysis and Microtrac Sync (Fig 7).

<20µm test results of sieve analysis against Microtrac Sync results on a batch of Braz-2-BF1

 	Test1	Test 2	Test 3	Test 4	Test 5	Average
Microtrac Sync	13.6	13.4	13.6	13.5	13.5	13.52
Sieve Analysis	12.1	12.7	11.7	12.0	11.4	11.98

Figure 7 <20µ test results comparing sieve analysis to Microtrac Sync
The results clearly show that the Microtrac Sync was far more consistent with results than the sieve analysis approach. This led LSN Diffusion to alter any of its specifications that included a <20µm value to use the laser method instead of the sieve method. This proved an effective method as laboratory reworks reduced further over the course of a few months starting July 2020. This reduced the reworks from 27% to 22%, saving around 5,000kg a month of product requiring reprocessing.
Sieve Measurement
Attention was finally turned to the accuracy of each sieve. The laboratory and screening departments had two full sets of sieves each, totalling forty sieves. Each sieve was manufactured to specific standards depending on the sieve size; however some of these standards still allowed a large difference between sieves and as the sieves got more use the sizes of the apertures may be subject to change. All forty sieves were examined using the Keyence digital microscope; ten randomly selected apertures were measured and averaged to give a good indication of the true size of the sieve (Fig 8). Each set of sieves was then given a colour coding system to ensure that the sieves were not mixed between sets.




Table showing measurement of sieves on Keyence microscope
Sieve Size (µm)	Lab A	Lab B	Production A	Production B
180	178	179	179	183
150	162	153	154	151
125	125	122	134	124
106	104	108	114	108
90	93	89	92	99
75	74	82	75	81
63	65	65	63	66
53	59	55	54	55
45	43	44	47	45
38	39	37	39	42

Figure 8 Table showing measurement of sieves
All of the sieves highlighted red in Figure 8 were deemed to be too far from the required values and so replacement sieves were immediately purchased. Most of these sieves had worn over time due to the brushing spreading the apertures, effectively making them larger. Interestingly the 150µm sieve from laboratory set A was a nearly brand new sieve which had been manufactured that far from its certified size. The new sieves purchased were then measured and switched out with the selected faulty sieves (Fig 9). This was done during October 2020, where a vast improvement on the number of reworks from the laboratory occurred. This had the biggest impact of any of the improvements made and reduced the reworks from 22% to just 12%, saving around 10,000kg of material being reprocessed per month.
Table showing measurement of sieves on Keyence microscope after replacements
Sieve Size (µm)	Lab A	Lab B	Production A	Production B
180	178	179	179	183
150	148	153	154	151
125	125	122	124	124
106	104	108	107	108
90	93	89	92	90
75	74	73	75	73
63	65	65	63	66
53	53	55	54	55
45	43	44	47	45
38	39	37	39	37

Figure 9 Table showing measurement of sieves with replacements


[bookmark: _Toc105188599]Conclusion
LSN Diffusion effectively implemented measures and controls to prevent further escalation of a known problem. The amount of laboratory reworks dropped from 35% to just 12%, a reduction of 23% in a short matter of months, from May 2020 to October 2020. This would lead to 23,000kg a month of material not having to be reprocessed. Over the course of a year that would accumulate to an enormous amount of 276,000kg of material. Despite this it is clear that the most efficient root was not taken to achieve this goal. Measuring the sieves with the microscope and replacing the worn ones with new ones clearly had the biggest positive impact on reducing the amount of laboratory reworks. However, this was the last focus of the project. Six months had been spent investigating other possible causes of PSD testing fluctuation, and some imposed solutions made little to no difference. Had this been the primary focus of the project then an even greater amount of material rework could have been stopped.
Further work should also have been carried out as the points concluded in the original meeting were not fully inclusive of all potential causes. It would be recommended that the powder sampling technique be investigated next as this is believed to also be largely responsible for variation in sieve analysis results. There is a dedicated standard for sampling metal powders which is ISO 3954:2007 . The technique outlined in this standard consists of taking a large number of small samples from the original batch, then recombining these with a device such as a sample splitter. As well as this another point which may have had an impact on the amount of laboratory reworks is the lack of repercussions for department managers. LSN Diffusion did not have any monitoring of laboratory reworks in place before this project began, therefore none of the department managers were held responsible for the cost that this was incurring to the company. 
Some of the methods used to investigate some of these points are also questionable. Using a microscope to measure sieves is not an ideal solution as the sieves are woven into a mesh. This means that they have the ability to separate which would widen the apertures only under load. This would not be possible to see with the microscope. It would be recommended that this test be carried out again using a calibrated reference powder to achieve a more comparable result. LSN Diffusion could also have investigated purchasing a purpose built dynamic image analyser. This works in a similar way to the image analysis of the Microtrac Sync, however it is much more sophisticated and is believed to be able to completely replace sieve analysis. This would completely remove the human element and sieve measurement fluctuation from PSD analysis.
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