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Abstract


We present data on integral CTE for a number of epoxies and substrates .

We also have now data on shear strength between copper clad G10 and various epoxies. However these data  are difficult to  interpret without an FEA analysis of the shear samples because of concerns about stress concentration in the samples.

In the same vein,  shear stresses on the surface of wires embedded in epoxy can be non-uniform,  and depend critically on modulus and creep of the epoxy.


Finally,  a case may be made for re-visiting holding wires by solder only.

Introduction

Under our assumption  the signal wires for Liquid Argon Time Projection Chambers (LArTPC’s) to be used at the lbne experiment and preparatory studies will be connected to PC-type boards by soldering and in addition be anchored by epoxy to resist the stringing tension.  We found previously that soldering creeps and relaxes the wire tension over the long term;  epoxies do not seem to creep.
When cooling down such an assembly from room temperature (RT) to liquid Argon temperature (87 K) the G10 substrate tends to shrink less than the epoxy. The resulting shear stress can lead to epoxy delamination from the substrate  and subsequent wire holding failure.

The shear stress may also exceed the shear strength of the epoxy and allow wire slippage. 
First some CTE Data

We have measured the integral sample shrinkage from room temperature to liquid nitrogen temperature.  The samples were gas-cooled, while their length was indicated  by a Mitutoyo Digimatic gage.  The samples were connected to the gauge by a set of quartz tubes.
	Material
	publ. RT
	Integral
	(dL/L) / dT
	RT CTE

	
	CTE [K^-1]
	dL/L corr.
	avg. [K^-1]
	 / Avge CTE

	
	
	
	
	

	Quartz (null experiment)
	5.90E-07
	-2.05E-04
	9.30E-07
	0.63

	Quartz (null experiment)
	
	-2.14E-04
	9.73E-07
	

	Epolite FH-5313-A,3234 Shell Epicure
	9.35E-05
	-9.41E-03
	4.28E-05
	2.19

	Masterbond 1260
	
	-1.06E-02
	4.83E-05
	

	Masterbond 30 LTE , white
	1.20E-05
	-6.78E-03
	3.08E-05
	0.39

	Scotchweld 2216 gray
	8.10E-05
	-1.06E-02
	4.80E-05
	1.69

	Scotchweld 2216 gray
	8.10E-05
	-1.02E-02
	4.65E-05
	1.74

	Scotchweld 2216 gray
	8.10E-05
	-9.90E-03
	4.50E-05
	1.80

	Scotchweld 2216 translucent
	1.02E-04
	-1.44E-02
	6.52E-05
	1.56

	Scotchweld 2216 translucent
	1.02E-04
	-1.18E-02
	5.37E-05
	1.90

	Solarite EP-212-HTC &
	
	-5.32E-03
	2.42E-05
	

	Stycast , Swenson
	3.10E-05
	-4.10E-03
	1.86E-05
	1.66

	Stycast 2850FT&Hard. Cat9
	3.10E-05
	-4.24E-03
	1.93E-05
	1.61

	Stycast 2850FT&Hard. Cat9
	3.10E-05
	-4.24E-03
	1.93E-05
	1.61

	
	
	
	
	

	G10, published
	1.00E-05
	-2.20E-03
	
	

	FR4 1/16" thick from Bo
	1.00E-05
	-2.54E-03
	1.15E-05
	0.87

	G10, long.
	1.00E-05
	-2.93E-03
	1.33E-05
	0.75

	G10, transv.
	1.00E-05
	-3.34E-03
	1.52E-05
	0.66

	ITEC 1/8" thick from Bo
	1.00E-05
	-2.68E-03
	1.22E-05
	0.82

	Pulltrusion , yellow, from Bo
	1.00E-05
	-2.30E-03
	1.04E-05
	0.96

	Rogers 4000, yellow, from Bo
	1.00E-05
	-2.61E-03
	1.19E-05
	0.84


The epoxy CTE numbers should be compared those of the substrate, G10/ FR4.   The substrate typically shrinks less than the epoxies, having an average CTE of  10 to 15 ppm/K.
The epoxies range from  19  ppm (Stycast, a filled epoxy) to 60 ppm for the translucent Scotchweld 2216,  which is unfilled.

Note that the last column gives an idea about the CTE variation over the temperature range covered her.   Values near 1 would indicate a constant CTE;   Values above 1 indicate a strong temperature dependence near room temperature with a shallower dependence when cold.   Values below 1 indicate the reverse, a small temperature dependence when warm and a steeper one when cold.  It is seen in the G10/FR4 substrates and, curiously, in the Masterbond 30 LTE, which is heavily filled, and has high density.

Shear Strength Data on Solder (a Reminder)

In October 2010 we posted results from holding wire by solder alone (and other data).  We find that solder creeps over time (at least while warm).  Here is an excerpt of that note:
“ The following graph shows the ultimate wire tension (when the creep has stopped)  and the creep distance (sum over both ends),  as an average over between 10 and 50 wires.  The  standard deviation is the variation between wires in the group:
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We see a clear increase in ultimate tension with wire length.

When we calculate the ultimate shear stress we find it to be independent of the pad length, about 170 psi:
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We find that solder allows the wires to retract (by creep) over a period of a few weeks. When the shear stress on the wire surface is reduced to 170 psi, the creep stops and the wire tension holds steady for 2 years or more.   This maximum solder shear stress means that a 6 mil wire under tension of 1 #f needs solder pads that are at least 7 mm long; the same wire under a 2 #f tension needs solder pads that are at least 14 mm long.

Out of the 1243 wires we found only one that pulled out and lost all tension.  For now we blame it on poor solder adhesion, but more tests will be needed “

We will add this data point for solder to the following epoxy data. 

Epoxy Shear Strength Data

We now have Instron type data on lap shear samples.
The samples were typically made from 1/8” thick G10, 1” wide, with a ¾ ” overlap.

Most were glued on their copper clad side, since we are most interested in shear adhesion to the Cu-Be wire, which should behave mostly like copper, being 98% copper.

Here are the data:

	
	Average
	StD of

	Material
	Shear strength
	Shear strength

	
	[psi]
	[psi]

	
	
	

	Scotchweld 2216 gray, FR4 for comparison
	2088
	427

	
	
	

	Scotchweld 2216 gray, Copper
	2178
	256

	
	
	

	Scotchweld 2216 translucent, copper
	3426
	73

	
	
	

	Epolite FH-5313-A,3234 Shell Epicure, copper
	291
	47

	
	
	

	Masterbond 1260, copper
	
	

	
	
	

	Masterbond 30 LTE , white, copper
	605
	249

	
	
	

	Stycast 2850FT&Hard. Cat9
	64
	13

	
	
	

	Solder (66% tin, 34% lead)
	170
	20


Shear Stress  Measurement Issues
A quick inspection of the table shows that the shear strength correlates poorly with the strength of the epoxies.   However, clearly the softer epoxies (2216 translucent, 2216 gray) reach very high shear strength, while the hard ones (especially Stycast blue) do very poorly.  In fact, half the Stycast samples broke during packaging.
Our shear samples were about 1” wide, with  about a ¾ inch overlap, made from copper-clad G10, 1/8 “ thick.
We need to understand stress distribution in the samples before we can understand the results.
Ideal Samples
Let us start with the idealized case, where the substrates are infinitely stiff, and all deformation (pure shear) is in the glue joint:
[image: image3.jpg]Displacement
Y

Tension
Force
4§ Tension in the Upper G10 Substrate. Tension in the Lower G10 Substrate

Displacement (within the glue region) Displacement (within the glue region)
in the Upper G10 Substrate. in the Lower G10 Substrate

Note:
We assume that the substrates
donot stretch

Very hard G10 Substrate Very Hard G10 Substrate

Very sdft and thick

Glue Layer





Realistic Samples
It is quite difficult to make samples that provide constant shear stress over the whole area of a sample glue joint.  This stems from the role of the substrate compliance and the glue modulus and thickness:

If the shear motion of the  glue joint is not large compared to the substrate stretch under test, then there is significant stress concentration at the two ends of the overlap. 
Clearly the stress concentration is more peaked for brittle glues and less so for glues of low shear modulus or those that exhibit some creep.
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The shear stress is now peaking at both ends of the overlap region, and is small in between the peaks.

This comes from the ability of the substrate to elongate locally.

It is hard  to provide conditions that avoid this stress concentration.  One would need an extremely thick substrate even if its modulus is higher than that of the glue.  Note aside:  the shear modulus of G10 is that of the epoxy binder; the fibers are in layers that do not resist shear motion.  Hence the shear modulus of the epoxy under test is likely to be similar to that of the substrate.

We can estimate the required substrate thickness as follows;

Take a glue joint of thickness t;

A substrate of thickness T;

An overlap length of length L;

And assume an equal shear modulus for substrate and epoxy.

The condition for even shear stress would be:

t / L   larger than   T / LT
which requires
T larger than L^2/t

Let’s use numbers:

T=0.1 mm

L = 10 mm

Requiring that T larger than (10^2) / 0.1=1000 mm, 
Which is clearly unreasonable.
This is only a very rough guess to illustrate the problem.  
We will need to make a (2-dimensional) FEA calculation to get a better idea of the amount of stress concentration for the various epoxies.  I have cylindrical samples that can be used to measure the epoxy modulus as an input.  I do not know how to measure the shear modulus, but I believe it is directly related to the elastic modulus, by a 45 degree rotation in the sample.

Shear Stress  on the Wire 
Even if we manage to make a proper shear strength measurement which avoids stress concentration, we face a similar  problem with the shear stress on the wire surface.

When making a wire plane,  typically the wire is tensioned by a winding machine and, possibly,  also anchored by soldering, before the epoxy is applied.  While the epoxy cures, the wire is under uniform stress.  After cure,  the wires outside the chamber area are cut, and the tension outside the epoxy is released:
[image: image5.jpg]Tension
Force Tension in the Wire

Aﬁhezr Stress
on' e Wire

Away Side
(No tension

Chamber Side after wires

(under Tension) are cut)

Epoxy Mound

One can compare_the wire sirain to the strain of the epoxy mound,
allowing for the cross section ratlo.
Epoxy at RT has a modulus around 500 ksi, whie Be-Cu has a modulus of 18,500 ksl

Ata crosssection ratio of 30, the strains In epoxy and Be-Cu become the same.
Fora 150 micron wre, this means an epoxy annulus of 0.9 mm diameter.

Wire in Epoxy




Similar to the issue with shear samples,  the “free “ end of the wire transfers its tension to the epoxy over a short distance, often  shorter than the length of the epoxy mound.

One can compare  the wire strain to the strain of the epoxy mound,

allowing for  the cross section ratio.

Epoxy at RT has a modulus around 500 ksi, while Be-Cu has a modulus of  18,500 ksi.

At a cross section ratio of 30, the strains in epoxy and Be-Cu become the same.

For a 150 micron wire, this means an  epoxy annulus of 0.5 mm radius.

Apart from elastic deformation and creep, this puts a very concentrated shear stress just where the wire end used to exit the epoxy.

Again, we will need an FEA calculation to get an idea of these concentrations.

It is not clear  if this concentration evens out by limited wire slippage or if it remains in place.

Conclusion

We have now data on integral CTE and on shear strength of various candidate epoxies  (and on tin solder) for holding the wires for a LAr  TPC.

We know from tests that several of these candidates can hold wires without losing tension.

However, we need a quantitative  understanding of shear stresses both in tests and in wire holding geometries.

Without a clear understanding it will be difficult to evaluate candidate epoxies (and solder alone) for optimum chamber design. 
