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1. Introduction

The NOvA detector is a unique structure that is constructed completely from alternating layers of vertical and horizontal PVC extrusions that are connected together only by adhesive between layers.  The current design envisions 31 planes of PVC extrusions (a block) being assembled and adhered together in the horizontal position on block raiser and then rotated into the vertical position.  

The adhesive that is used between layers is critical to the structural integrity of the structure.  The adhesive will have to be applied over large surfaces so ES&H concerns have dominated the criteria for selecting the adhesive to date.  The adhesive must have a work life of approximately 20 minutes to allow extrusions to be placed during assembly, but cure rather quickly so that sufficient strength in a 24 hour period so that the block can be rotated into the vertical position.  

This paper will describe the analysis that has been done to determine the adhesive shear stresses in the structure and the process for selecting 3M 2216 as the baseline adhesive.  
2. Modeling & Calculation Details of Adhesive Joints
The selection of an adhesive for NOvA started with a determination of the adhesive stresses within the structure so that a requirement on the bond strength could be established.  

Optimizing the geometry of the PVC extrusion to withstand the 19psi hydrostatic pressure within the detector is a fairly straightforward analysis.  However, once these extrusions are bonded together to form a monolithic structure the challenge of the structural analysis is significantly magnified.  The buckling/stress/deflection analyses of the assembled detector that are described in the sections below depend on how the adhesive bond is modeled.  
The analysis an adhesive bonded joint is considered to be one of the most challenging tasks. The difficulty is not only on the complex stress state within the adhesive but also due to the complicated geometry being modeled as well as the limitation of computational capacity.  Several methods including the average stress method, the maximum stress method and fracture mechanics method has been discussed in great details in reference (1). For the case of a nominal thickness of the adhesive in the PVC structure being around 10 mils (0.25 mm), to model it with 3-D element combined with a large scintillator structure will result in a FEA model of formidable size. 
As an alternative, two widely used approaches are considered in this study.  One is to extract the nodal force by assuming the interface between the vertical and horizontal plane will move together with a connected node __ merged node. The second approach is to model the adhesive layer as three spring elements as suggested by Tahmasebi (2) and Zhu & Keyward (3) : Two springs are accounted for the in-plane shear stiffness of adhesive and one is for the normal stiffness of adhesive. This can be accomplished by using a spring element (#14) in ANSYS. 
The nodal force, in both methods is extracted and divided by its element area to calculate the average shear and normal stress around that location. Finally, by using a Mohr’s circle, a maximum shear stress (principle shear stress) can be obtained as
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and compared with the average stress data taken from a test coupon  with the same geometry and material. It is a similar approach as that described by in reference 1. 
As described in detail in Reference 1, the stresses that develop in an adhesive joint is dependent upon the geometry of the joint itself.  Standard ASTM tests of double shear peel strength, and cleavage can only provide information on the comparative strength of different adhesive.  Physical tests that most closely mimic the actual adhesive joint in service can provide the best correlation with structural analysis and estimate expected performance.  Therefore, in order to correlate the stresses determined in the structural analysis to the actual strength of the various adhesives being considered a double shear test was performed using 3mm thick PVC and an adhesive area of 0.776” square which mimics the area modeled in the FEA model.  
3. Detailed description of FEA model of Assembled Planes

Several finite element models have been developed to understand the PVC structure. An initial FEA model was a simple 2-D model to calculate the stress due to 19 psi hydrostatic pressure for the vertical extrusion as shown in section 4 above. Subsequently, a more complex model has been developed to understand the structure as whole assembly in terms of the stress and its stability. The structure has 15 x 15 m cross section with 1674 layers PVC extrusion as described above. The vertical and horizontal extrusions are alternated by 90 degree. For such geometry, the best approach is to use the shell element (STIF 63 in ANSYS) to efficiently model the structure. It has similar characteristic of the beam element.  To reduce the size of the problem and to accommodate the computer limitations as well as the computational time, only a “slice of the structure” in the mid of the structure is modeled with a symmetry boundary condition imposed on the both side to reflect other portion of the structure. The mesh size of shell element is around 0.5”~0.7” for the structure with its full height being ~600”. The model is  approximately 260,000 nodes (6 degree of freedom_DOF per node) with total 1.5 million DOF for a 31 planes block without counting the spring elements used for the adhesive layers. The boundary condition is considered to be a free for the top and fixed for the bottom as a worst case. The hydrostatic load of 19 psi is applied linearly along the vertical extrusion and zero pressure for the horizontal extrusion. The density of PVC has been modified to reflect the weight of the liquid. This  baseline model as well as its boundary condition has been modified many times to study the structure implications under the different scenarios as described  more details in the references.
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Fig 1 A FEA model with the shell element

4. Adhesive Stresses

The adhesive stresses were also examined in order to understand the strength requirement for the adhesive.  The initial analysis examined 32 planes filled with scintillator.  Figures 12 and 13 below show the distribution of the adhesive stresses from the bottom to the top of the detector and Figure 2-4 shows the location of the shear stresses in the FEA model.  The maximum adhesive shear stresses occur at the bottom of the detector and are approximately 165psi but then taper off to approximately 140psi throughout the remainder of the plane.  
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Fig 2 Adhesive stress for several conditions
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Fig 3 Shear stress at different interface for 31 planes block with

(4.5 mm/3mm for vertical only)
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Figure 4
Location of Shear Stresses shown in Figure 2-3
An examination of the adhesive stresses has shown that there are three components contributing to them.  The first component is very small and is due to the weight of the horizontal extrusions being transferred to the horizontal extrusions.  The second component is due to the stress from the PVC deformation due to swelling.  The third component is due to the differential strain between the vertical and horizontal extrusions from the weight of the extrusions and scintillator.  
Since the maximum adhesive stresses occur at the bottom of the detector an analysis was performed to simulate failure of the adhesive on the bottom two horizontal extrusions.  In the case where the bottom two horizontal extrusions have no adhesion to the vertical extrusions the buckling safety factor drops to approximately 1.5 from 5.1 when there is a full bond.  If only the very bottom horizontal extrusion is not bonded the buckling safety factor drops to 4.0.  The PVC stresses increase slightly too approximately 900psi and the adhesive stresses throughout the detector remain virtually unchanged.  See DocDB-400 for additional details.  
5. Adhesive Strength

The selection of an adhesive has been dominated by concern about vapor and volatiles as large plane of PVC extrusions 53ft square are bonded together.  As a result of these concerns epoxies have been focused on as the adhesive of choice, however, solvent adhesives have been examined as well because of the need for a high strength shear bond.  

Several adhesives were considered for the NoVA structure and standard ASTM tests (shear/peel/cleavage) were performed in order to understand their relative strengths.  The initial tests were conducted using specially fabricated fixtures for insuring a consistent glue line thickness and consistency between test samples.  The fixtures are shown in the figures below.
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Cleavage Sample in Test Fixture
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Cleavage Test Sample in Fixture for Gluing
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Double Shear Test Samples in Gluing Fixture
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Dimensions of Double Shear Test Specimen

The cleavage and peel test specimen are mainly used for a relative comparison between adhesives.  The double shear test though can be directly related to the strength of the bond joint.  The initial specimens were fabricated using ¼” thick material and the dimensions shown in the Figure above.  The results are shown in the chart below:
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The R designation indicates adhesives that had the mating surfaces roughened using a 60 grit emery paper.

Two adhesives have achieved the shear strength that is needed.  The first is 3M 2216 epoxy with the surface roughed up.  There is considerable experience with this epoxy within the collaboration because this is the same epoxy that was used during Minos to glue modules (~8m x 1m) together.  The ES&H concerns of this epoxy are well understood and it is believed that it is possible to provide the needed ventilation.  For example, during Minos production 8m x 1.5m surface areas were covered with 2216 and it was determined from actual measurements of the volatiles that no additional ventilation was needed and that normal building ventilation was adequate.  3M 2216 is currently the baseline adhesive for the detector.  In addition, Devcon Plastic welder has significantly higher shear strength and ductility than 2216, however, there are many concerns about the volatiles that are emitted by this adhesive.  The Devcon product utilizes solvents that are potential hazards and would require significant effort to provide localized high volume ventilation.
6. Adhesive Choice

Devcon Plastic Welder and 3M 2216 both achieve the strength that is required.  Devcon does not need to have the roughened while 2216 does in order to achieve the high shear strength that is needed.  A comparison of the mechanical properties of both of these products is shown in the table below:

	Property
	3M 2216
	Devcon Plastic Welder

	Color
	Translucent
	Off-white

	Weight
	9.6 lbs/gallon
	8.14 lbs/gallon

	Viscosity 
	11,000 – 15,000 cps
	52,000 cps

	Mix ratio by volume
	1:1
	1:1

	Work Life at 72 F
	90 minutes
	12 minutes

	Full Cure
	30 days
	1 day

	NFPA Rating
	Health 2; Flammability 0: Reactivity 1
	Health 2: Flammability 3; Reactivity 2

	
	
	

	
	
	


The Devcon adhesive has a very short working time which is on the same order as the production rate for putting down extrusions (~9 minutes).  Devcon has indicated that it may be possible to increase this working life by a few minutes, however, the relatively short working life of the Devcon product leaves very little room for error during production.  
The ES&H threat of the two products varies significantly.  A review of the MSDS sheets shows the following requirements.

Devcon requires the use  of a powered air purifying respriator until the concentrations during the work are known.  Once known, a half-face respriator with organic vapor cartridges may be used.  Adequate ventilation may also be used once the concentrations are known and below the PEL.  Devcon also becomes unstable when heated, exposed to direct sunlight, inert gas blanketing, and ultraviolet radiation.  Hazardous polymerization may occur under these circumstances.  Components within the product can be absorbed directly through the skin and can cause liver damage.  Waste must be disposed of as hazardous waste.  Explosive limits are 2.1% - 12.5%
2216 requires adequate ventilation.  Experience during Minos indicates that normal building ventilation is adequate.  The product is not flammable, and no hazardous polymerization will occur and it is less reactive.  

Both products can cause lung and skin irritation and require the use of PPE such as goggles, gloves, and lab coat.  

A quote has been obtained for 2216 of ~$150/gallon and a verbal quote for the Devcon of $60/gallon has been given.  2216 also requires the purchase of a $125k sanding machine that will be used to roughen the surface of the extrusions.  This will most likely be a relatively automated process as the extrusions exit the extruding machine, however, there will be some added cost for labor as well.  

It is difficult to make a fair comparison between the adhesives based on cost because it is impossible at this time to know the cost of additional ventilation that may be needed for the Devcon without doing extensive testing.  The 2216 is more expensive per gallon and does have an additional cost of surface roughening.  The Devcon product however does have a very short work life that does not make it practical for the current expected production rate.  Also, because of the high viscosity it is expected that the Devcon product would not easily be applied with a roll coater.  For these reasons 2216 is currently chosen as the baseline adhesive.

7. Conclusions

The current calculations show average adhesive stresses at the bottom of the detector in the range of 125-165psi.  To achieve a safety factor of 5.0 adhesive bond strength of approximately 750psi is needed.  So far testing has shown found only one adhesive that meets this criterion, 3M 2216.  The required strength was achieved using 3M 2216 by roughing up the surface of the PVC.  Also, all of the calculations to date have been based on 100% adhesive coverage of the PVC surface and further calculations and testing is needed to understand the maximum stresses that occur if less than 100% coverage is achieved.  
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