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1. Introduction

This document summarizes Finite Element Analysis (FEA) and stress/strain studies of ultra high molecular weight polyethylene (UHMW-PE), done at Fermilab.   UHMW-PE was used for the QUIET Phase-I vacuum window, and is being considered for use in QUIET Phase-II.   The UHMW-PE is called “Tivar 1000” purchased from Quadrant Engineering.

UHMW-PE is an exceedingly strong plastic, but it exhibits creep over time.  Not much is known about the long-term creep behavior.  Therefore, we perform our own stress/strain measurements. 

The QUIET Phase-II vacuum window would be 42” in unsupported diameter.  The window needs to be as thin as possible, to minimize thermal emission from the window itself, while maintaining a reasonable mechanical strength safety factor.  The baseline thickness, as stated in the QUIET-II proposal, is 0.5”.

The goal of the document is to:

· Summarize the FEA results of the peak stresses in the window.

· Summarize the stress/strain measurements.

· Recommend a minimum window thickness that satisfies a reasonable

safety criteria.

· Recommend a schedule for window replacement.

2.  Definitions

Stress is a (complicated) tensor, used for describing the internal forces acting on any given surface within the window.   Stress has units of force per unit area (e.g. psi).  For this discussion, we only need to consider three stress components:  membrane stress (M), bending stress (B), and shear stress (S).   

Consider the surface A at the center of the window (figure 1).   The membrane stress component M describes the net force normal to surface A.   In our case,  the membrane stress describes the tendency for the vacuum window to stretch.  M dominates over other components.   

Due to finite thickness of the window, there can be an asymmetry in the 

forces acting on the top and bottom of the surface A.  In our case, the upper surface of the window is compressed relative to the bottom surface.  This is called the bending stress component B.

Sheer stress S is the force density parallel to the surface A.  It is negligible at the window center.  It is greatest at the window edge.

In the limit of an infinitely thin window, the bending stress component vanishes.   In the limit of an infinitely thick window, the membrane stress vanishes. 

The safety condition is  |M|/Mm + |B|/Mb + |S|/Ms = 1/SF.  Mm, Mb, and Ms are the maximum membrane, bending, and shear stresses.  Beyond these stresses, the material begins to yield without stopping.  SF is the safety factor, chosen by judgment and other considerations such as failure consequence analysis.  For now, we use SF = 1.5. 

Mm, MB, and MS are given by our direct measurements.
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Figure 1
3. Summary of FEA Results

We summarize the stress at the window center for various diameter and

thickness.  The window center contains the peak stress.  The FEA uses the

manufacturer’s data of the Young’s modulus for TIVAR 1000( UHMW-PE.  Window deflections and other details can be found in the reference.

Note that the maximum stress for the proposed 0.5” thick Phase II window is more than the Q-band Phase-I window, but LESS than the W-band Phase-I window. Therefore, we have experience that the proposed window will work safely.

Table 1 Stress for the Diameter=18”(center)

	Thickness (inches)
	total stress (psi)
	Membrane Stress (psi)
	Sm/St (%)
	 Bending

Stress (psi)
	Sb/St(%)

	0.25
	1656.00
	1200
	72
	456
	28

	0.375
	1502.00
	821
	55
	681
	45

	0.5
	1459.00
	558
	38
	901
	62

	0.625
	1339.00
	345
	26
	994
	74


Table 2 Stress for the Diameter=22.5”(center)

	Thickness

(inches)
	total stress

(psi)
	Membrane

Stress (psi)
	Sm/St (%)
	Bending

Stress

(psi)
	Sb/St(%)

	0.25

	1823.00
	1445
	79
	378
	21

	0.375

	1566.00
	1026
	66
	540
	34

	0.5
	1492.00
	763
	51
	729
	49

	0.625
	1459.00
	558
	38
	901
	62


Table 3 Stress for the Diameter=42”(center)

	Thickness

(inches)
	total stress 

(psi)
	Membrane

Stress (psi)
	Sm/St (%)
	 Bending Stress (psi)
	Sb/St(%)

	0.25
	2546.00
	2310
	91
	236
	9

	0.375
	2029.00
	1711
	84
	318
	16

	0.5

	1767.00
	1367
	77
	400
	23

	0.625
	1620.00
	1135
	70
	485
	30


4. Stress and Yield Tests

We fabricated small samples of TIVAR 1000 and subjected them to membrane and bending stresses similar to ones seen by QUIET windows.  The simulated stresses were 1600 psi (membrane) and 1800 psi (bending).   The samples were kept under stress for various amounts of time, and up to 3 months.  Figure 2 shows the setups.   Afterwards, the samples were stretched to destruction, in order to measure the yield.  Details are found in the reference.  
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Bending Stress:
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Figure 2: Bending Stress

Setup (top) and Membrane Stress Setup (right).
Figure 3 (below) shows a typical stress-vs-strain curve as we destroy the sample.  The breaking stress is the force divided by the area at breaking point.  However, this is not really relevant.  The yield stress, which is more relevant, is the point where the Young’s modulus (slope) changes very abruptly.

In figure 3, the yield point is at 375 lbs.  
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Table 4 summarizes the measured yield stresses of these samples. 

	Days Under 1600 psi of Membrane Stress
	Measured Stress

(psi) at Yield
	Measured Stress (psi) at Breaking

	1
	3078
	7917 

	4
	-
	5111

	16 
	8264
	9300

	48 
	8455
	9827

	96 
	4396
	9051

	
	
	

	Days under 1800 psi

Of Bending Stress 
	Measured Stress 

(psi) at Yield
	Measured Stress (psi) at Breaking

	1
	3114
	7300

	4
	3208
	7444

	16
	3079
	8653
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Figure 4: Summary of all data

5 Summary

Based on FEA, and the demonstrated operation of the Phase-I W-band window, we can be assured that the nominal 0.5” Phase-II window will work safely.

Based on a small sample of 8 UHMW-PE pieces, we find that the yield stress exceeds 3000 psi.  The samples that have been aged under 1800 psi of bending stress, consistently yield at around 3000 psi. 

However, there is some evidence that the samples that have been held under 1600 psi of membrane stress, experiences work-hardening.  There is no clear trend seen for these samples. 

We currently have 1 sample, which has been under membrane-stress for 3 months.   We will destroy this sample after 6 months. 

6 References

See the following link for more detail.

http://home.fnal.gov/~hogann/QUIET/window_ana/
1. FEA Calculations done by Ang Lee, PPD, Mechanical Department, Fermilab.

A Structure Analysis for a 22.5 inch vacuum window.doc

A Structure Analysis for a 42 inch vacuum window.doc

A Structure Analysis for vacuum window used in quite experiment.doc

2. Material testing done by Dave Butler, PPD, Technical Centers, Fermilab.

TensionTest.doc
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