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[bookmark: _Toc293146208][bookmark: _Toc369252949]Scope
[bookmark: _Toc293146211]This document deals with development of a process for depositing luminescent coatings to be used for the Target Imaging Systems. A General Collaboration Agreement has been signed between the European Spallation Source ERIC and the Production Technologies Center, Department of Engineering Science, University West for steering this activity in a staged manner, as per the priorities and scope assigned by ESS. The document includes a brief summary of (a) the tasks undertaken so far to evolve a coating solution for the initial working of the imaging system, (b) the motivation for prioritizing the above tasks, (c) results ensuing from the experiments carried out, (d) process description and recipe, and (e) possibilities for future implementation of the process(es) for the high power target. It may be noted that this coating development effort at University West was initiated in July 2016.
[bookmark: _Toc369252950]INTRODUCTION
[bookmark: _Toc293146213]The ESS beam will deliver a proton beam that is about 3.5 times higher in average power compared to the one at the SNS. Despite the lower power, the light yield of the thermally sprayed luminescent coating used at SNS has been found to decrease strongly with temperature and is, therefore, not expected to be adequate for ESS due to the higher temperature at the ESS target than at the SNS target. In addition, the SNS coating light yield has also been seen to decrease strongly with irradiation. Thus, in order to ensure adequate performance of the imaging system, it is important to identify and investigate other candidate luminescent coating chemistries. 
However, during the initial stages of beam commissioning at ESS, the beam will be sent to the tune-up dump as opposed to the target and a “safe” probe beam is being defined for a part of the commissioning.  At least for this early stage of commissioning, a photon source based on a coating that is similar to the one used at SNS could be adequate. Consequently, the phased aspirations of ESS imaging system photon source development have been identified as: 
(i) Replication and industrialization of a coating that works as well as the SNS coating, preferably with European partners, providing coatings easily accessible to ESS in the future. It may be recalled that the SNS coating is a thermal sprayed luminescent coating based on an Alumina-Chromia material system.
(ii) Identification and development of superior coatings based on alternative chemistries.    
[bookmark: _Toc369252951]Targets for tasks undertaken  
Coating development by plasma spraying
a) Spray deposition using existing axial plasma spray facility at University West and testing of selected luminescent materials, with specific focus on Al2O3 - Cr2O3 powder procured from F.J. Brodmann & Co.L.L.C., Louisiana, USA (henceforth referred to as Brodmann)
b) Spray trials with other feedstock (e.g., Al2O3 - Cr2O3 suspension) and other material chemistries (Y2O3, ZrO2-Y2O3, Al2O3)
c) Supply of coated specimens to ESS and University of Oslo for further qualifying tests.


Coating development by combustion flame spraying
a) Procurement of a robot mountable combustion flame spray gun with manual ignition, a manual gas controller and a stand-alone powder feeder
b) Assembly of all the above and integration with an existing robot at University West
c) Spray deposition and testing with the “new” Al2O3 - Cr2O3 powder from Brodmann
d) Identification of a parametric window that will yield coatings with optimum luminescent behaviour
e) Provide substrates to ESS and University of Oslo for further evaluation, after cutting samples into ESS desired shapes for luminescence characterization to qualify the coating
f) Robot programming to combustion flame spray coating on a simulated ESS target 
[bookmark: _Toc369252952]Motivation for above tasks
Based on feedback from Prof. Sanjay Sampath’s group at Stony Brook University, USA where the SNS coating was developed, various Al2O3 - Cr2O3 powder formulations had been attempted and, among these, only the powder from Brodmann had yielded acceptable results. The coatings at Stony Brook University were combustion flame sprayed and their results further suggested that the optimum coating properties in terms of luminescence were perhaps realizable in a narrow processing window. 
In view of the above, replication of the SNS coating, possibly using the same powder from Brodmann, was deemed a good starting point. The Thermal Spray Group at University West is the most prominent academic R&D unit in this field within Sweden. Consequently, it was deemed logical to entrust them the task of evaluating the Al2O3 - Cr2O3 powder for producing luminescent coatings using already available infrastructure. 
As the results in the following section will establish, University West could successfully produce a SNS-like Al2O3 - Cr2O3 coating using their in-house axial plasma spraying facility. Samples from University West, deposited with different spraying parameters, were tested at the Oslo Cyclotron as well as CERN HiRadMat. However, the coated samples have not yet been tested for high irradiation dose, as the test campaign following the BNL BLIP irradiation has been significantly delayed.  The outcome of these tests hence remains unavailable to fully confirm suitability of the above plasma sprayed coating for the first target. Moreover, there are also limitations in accommodating the eventual target into the existing spray booth at University West, unless it is split into smaller segments which would necessitate subsequent welding. 
In the absence of high irradiation dose tests, it was felt that the combustion flame spray process already tested and approved at SNS, could be relied upon more if this process could match the performance of the SNS coating. Additionally, the comparatively easier portability of a combustion spray system would enable an added option of coating the fully assembled target at an alternate facility with a larger part handling capability and perhaps also in Lund in case of a time constraint closer to the commissioning date. This provided ample motivation for the second task of Coating development by combustion flame spraying to be assigned to University West.
[bookmark: _Toc369252953]Results ensuing from experiments carried out
[bookmark: _Toc369252954]Coating development by plasma spraying 
[bookmark: _Toc369252955]Spray Process 
[image: ][image: ]The high power axial plasma spray facility at University West (Axial III; Northwest Mettech Corp., Vancouver, Canada) was used for the coating development effort. An illustrative schematic of the gun as well as the gun in operation are shown in Fig. 1 below:
 Figure 1. Axial plasma spray gun at University West: Schematic illustration and gun in operation
The main advantage of the above gun is derived from its ability to axially introduce the feedstock, either in the form of conventional spray-grade powder comprising relatively coarse particles (10-100 micron size) or in the form a suspension of much finer powders (typically less than 5 micron size). This enables more efficient utilization of the plasma energy, enhances deposition efficiency, permits higher throughput etc. compared to radial feeding of feedstock. The feeding arrangements for spraying with powders is depicted below in Fig. 2:
[image: ] 


Figure 2. Arrangement for axial feeding of powder 
[bookmark: _Toc369252956]Powder for spraying 
Enquiries with F.J. Brodmann & Co., LLC, USA revealed that the exact same starting Al2O3-Cr2O3 powder used at Stony Brook University for depositing the SNS coatings was no longer available. An alternate powder using a different variety of alumina to prepare the Al2O3-Cr2O3 blend was procured from the same supplier. The specifications provided by the supplier were: Physical Mixture of 98.5wt% Al2O3 (99.99%) + 1.5wt% Cr2O3 (99.9%) with -63/+20 micron particle size for Al2O3 and -7/+1 micron for Cr2O3. The typical morphology of the procured powder is depicted in Fig. 3 below:
[image: ]Cr2O3 particles







Figure 3. Morphology and EDS analysis of Al2O3-1.5wt% Cr2O3 powder 

Key Operating Variables
The plasma spray process is significantly influenced by a wide variety of powder and plasma gun related variables, apart from substrate conditions. For the present effort, it was deemed judicious to examine the implications of varying the following operating variables (with the gun, feedstock material and substrate conditions being fixed):
· Powder feed rate
· Total gas flow
· Plasma gas (Ar/N2/H2) composition
· Carrier gas flow
· Arc current
· Spray distance
· Gun-specimen surface speed 

The gas-related parameters and the arc current were varied mainly to provide the opportunity to investigate a reasonably large processing window in terms of plasma power and gas enthalpy.
An elaborate spraying campaign to deposit coatings with the Brodmann powder was undertaken using a wide array of spray conditions. Preliminary testing of the coatings was carried out using a PLS assembly provided by ESS ERIC. After initial trials on stainless steel substrates to determine an approximate process window within which the deposited coatings exhibited a response during testing with the PLS assembly, further experiments involved deposition of coatings to a thickness of approximately 50 microns on 0.5 mm thick Aluminum substrates and avoiding use of any bond coat, trials based on requirements indicated. The process conditions employed to spray the various samples are summarized in Table 1. 
Results 
The results obtained on the various coatings using the PLS assembly are summarized in Fig. 4 and clearly suggest promise. It may be noted that the PLS response from a reference SNS coating is also included in Fig. 4 for comparison. It is also important to indicate that changing the substrate material, increasing the substrate thickness or including a bond coat would subsequently be possible if the ensuing results so suggest. 
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[image: ]Table 1. Process conditions used for axial plasma spraying of Al2O3-Cr2O3 coatings 
[image: ] Figure 4. PLS response for different plasma sprayed Al2O3-1.5wt% Cr2O3 coatings [image: ] 

The above coatings have so far been tested at the Oslo Cyclotron as well as at CERN HiRadMat. However, further detailed evaluation involving exposure of some selected coating samples to a high irradiation dose at BNL BLIP remains pending. 
[bookmark: _Toc369252957]Coating development by combustion flame spraying 
[bookmark: _Toc369252958]Spray Process 
For reasons described previously, after having identified suitability of the ‘new’ Brodmann powder, the follow-up effort was directed at developing combustion flame sprayed coatings using this same powder. A manual ignition robot mountable combustion flame spray gun (Oerlikon Metco, Switzerland) was procured along with a manual gas controller and a stand-alone powder feeder. The above were assembled and integrated with an existing robot at University West (see Fig. 5).
[image: ]







Figure 5. Combustion flame spray gun recently assembled at University West
The relative ease of portability and its user-friendly operation are the prominent advantages of the above system. 
[bookmark: _Toc369252959]Powder for spraying 
The same Brodmann powder as the one used for plasma spraying (Fig. 3) was utilized for spray deposition and testing with the combustion flame spray system. 

Key Operating Variables
For a given powder, the main spray parameters that can potentially influence quality of a combustion flame sprayed coating are:
· Powder feed rate
· Oxygen and acetylene flow rate
· Oxy-fuel ratio
· Spray distance
After some preliminary trials, a more detailed study was undertaken to identify spray conditions that could yield coatings promising for further investigations by ESS and University of Oslo. The process conditions employed to spray the various samples are summarized in Table 2. In view of the interest indicated by ESS, Aluminum substrates of 0.5 mm thickness were used. 
Table 2. Process conditions used for combustion flame spraying of Al2O3-Cr2O3 coatings 
	Sample
	O2 l/min
	Fuel l/min
	Powder Feed Rate g/min
	traverse speed m/min 
	Step size
mm/rev
	# strokes
	Stand-off
mm
	Carrier gas l/min

	1
	38
	22
	35
	100
	5
	2
	75
	6

	1.2
	38
	22
	15
	100
	5
	2
	75
	6

	2
	43
	26
	35
	100
	5
	2
	75
	6

	3
	40
	22
	35
	100
	5
	2
	75
	6

	4
	38
	22
	35
	100
	5
	2
	75
	6



Results 
The results obtained on the various coatings using the PLS assembly are summarized in Fig. 6. These results are amply indicative of the prima facie suitability of the combustion flame spray process for development of luminescent coatings that could be utilized during the commissioning stage at ESS. However, a more detailed investigation of the combustion flame sprayed coatings is still pending. Coating specimens will be provided to ESS and University of Oslo for further evaluation, after cutting samples into ESS desired shapes for luminescence characterization to qualify the coating.
[bookmark: _Toc369252960]Implementation for coating 
Based on the above results, both the plasma spray and combustion spray processes appear prima facie capable of depositing luminescent coatings based on the Al2O3 - Cr2O3 powder from Brodmann, although qualification of these coatings by exposing them to high power radiation is still pending. Apart from such qualification, an additional consideration that could influence actual implementation of one or both of these processes is also likely to be the associated logistics: whether the actual hardware can be accommodated into the spray booth at University West, whether the final integration plan makes it mandatory to coat the target at Lund etc. If the final coating can be carried out at University West, the option of using either of the two processes would be available, when they are eventually qualified. On the other hand, if either the spray booth limitations at University West or the integration requirements/schedules demand coating of the hardware outside University West, the portability of the combustion flame spray process would perhaps make it the only possible option. It must however be stated that, in general, both the above coating techniques are easily amenable to ‘scale up’ to coat the ESS target. In actual fact, no scaling of the main spray process is even necessary, and the challenges are largely associated with aspects related to job handling, masking, spray gun-job maneuverability etc. Thus, it would be meaningful to begin thinking of a baseline plan for coating the target and PBW that is most likely to succeed in time for target installation, even while continuing coating development in parallel to identify other superior solutions. 
Although specifics of a plausible implementation plan can be conceived only after complete details regarding the final hardware to be coated are known, it is apparent now that the earlier hypothetical option of splitting the target into six segments to accommodate it in the spray booth at HV is no longer relevant. If coating either the fully assembled target or at best two half shells of the target are the only options that can be considered, it rules out (a) coating at HV, due to space constraints in the existing spray booth and (b) plasma spraying (as so far experimented at HV), due to absence of any other spray facility in Sweden with an identical gun to readily translate the available results. In view of the above, it appears most logical to consider the combustion spray process of the Al2O3 - Cr2O3 powder from Brodmann as the baseline plan for coating the target (although the plasma spray route could still be considered for smaller parts that can be coated at HV, like the PBW). Even in the absence of results from tests that are yet to be performed under high irradiation doses, there is also significant confidence to be derived from the fact that the above baseline will be a very close replica of the coating already qualified for SNS. As an insurance, the baseline coating could also include a bond coat identical to the one used in the coating at SNS (approximately 50 micron thick 95Ni-5Al coating). The Al2O3 - Cr2O3 coating thickness in case of the SNS coating appears to have been 225-250 microns, based on data that has been shared with HV. Although based on preliminary suggestions from ESS the experimental trials conducted at HV so far have been in the 35-100 micron thickness range, deposition of coatings with SNS-like thickness is indeed possible and has been routinely done at HV with other ceramic material systems. In the course of the above experimental studies, the coating thickness was determined using a micrometer to measure the substrate thickness before and after coating. During coating of actual hardware, if thickness measurement on the part is not conveniently possible, arrangement will be made for simultaneous generation of representative test specimens on which such measurements and all other tests will be made. Temperature attained on the substrate will also be measured using a contact thermocouple.
An key benefit of having the combustion spray process as the baseline plan from a commissioning standpoint would be that the coating could happen as late as possible, in principle even on a fully assembled target, after welding, at ESS. Although it would require considerable detailing, possible once the geometry, size and weight of the target, precise identification of the regions to be coated, masking needs etc. are know, a plan for on site coating is practical and can be drawn up. Such a plan will need to articulate a strategy for various important elements such as plasma gun and part manipulation, robot programming, substrate cooling (if necessary) etc. Obtaining assistance from one or more industrial partners to help with local requirements (robot, turntable, exhaust, utilities etc.) will also be considered during detailed planning. If the above baseline plan is approved, an urgent recommended action would be to procure in required quantities the same stock of Brodmann powder as that used for experimentation so far in order to avoid introducing any needless variability.
The above baseline plan involving combustion spraying of the Al2O3-Cr2O3 powder from Brodmann should ideally be complemented by continue coating development efforts centred around alternate promising chemistries that are deemed promising. One such chemistry that appears worthy of evaluating in detail is Y2WO6. 
[bookmark: _Toc369252961]Glossary
See also: https://confluence.esss.lu.se/display/BIG/Abbreviations
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[image: ]Figure 6. PLS response for different combustion flame sprayed Al2O3-1.5wt% Cr2O3 
coatings 
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