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ABSTRACT 

INDENTATION RESPONSE OF POLYMER FILMS AND AIRCRAFT WIRING 
WITH POLYMER INSULA nON 

Kaushik Bindiganavile N agendran 

22ndl November, 2005 

The airline regulatory communities are interested in methods that can assess 

degradation in the polymer insulation of aging aircraft wiring. This study investigates the 

response of bulk polymer films and aircraft wiring under indentation; changes in the 

behavior of the material may provide an indication of degradation. For this study, 

indentation tests are performed using a dynamic mechanical analyzer (DMA), which 

provides excellent force and displacement sensitivity and can test materials at a wide 

range of temperatures. Each indentation test consists of two test phases: loading and 

relaxation. During loading, the indenter is displaced into the material at a constant rate. 

During relaxation, the indenter is maintained at the final position of the loading phase for 

a period of time. The force is moniton:d throughout the test, increasing during the loading 

phase and decreasing during the relaxation phase. Pristine and aged specimens were 

considered to assess the changes occurring in the force resplOnse of the material in 

question. Tests were performed on bulk polymer films and a limited number of wire 

samples. The findings were as expectl~d, with the wires and the polymer film specimens 

stiffening with aging. The findings frlOm the study will be used to assist in the ongoing 

development of methods to assess wire degradation in a field environment. 
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I. INTRODUCTION 

Background Information 

An important mandate for the Federal Aviation Administration (FAA) is to ensure 

the safety of electrical systems in aging aircraft. One particular area of concern is the 

integrity of aircraft wiring. Electrical systems are critical to the safe operation of transport 

category airplanes, and wiring is used to distribute power and communication signals 

throughout the systems. Many transport category airplanes contain over 100 miles of 

wiring. Electrical wire consists of a conductor usually copper or coated copper that is 

encased in a protective layer of insulation. Each wire is routed throughout an airplane in a 

series of bundles with clamps and connectors .. Safe routing practices include measures to 

prevent wires from wear, abrasion, contamination and contact with other components; to 

gently bend and tum wires during installation to prevent cracking of the insulation; and 

physically separate wires from systems whose signals may interfere with one another. 

When the protective layer of insulation on a wire is compromised, the potential exists for 

a hazardous electrical system malfunction caused by a short circuit or an arc. The failure 

of aircraft wiring in this manner has been identified as a causal factor in several aircraft 

accidents. As the average aircraft has aged, aging wire has increased the potential for this 

type of activity to occur.(Leob 1999) 

The operating environment for miles of aircraft wiring rmming in an aircraft is not 

very congenial, as the wires can undergo degradation due to temperature, moisture, 
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chemicals, abrasion and cuts. The operating environments of aircraft wiring for two 

sample aircraft locations are shown in Figure 1. A report by the FAA states that on site 

inspections of aircraft have noted deterioration of wiring components (insulation 

cracking) as well as contamination of wire bundles with metal shavings, excessive dust, 

and various fluids. Given the critical nature of the wiring in aircraft, it is important to be 

able to reliably assess when specific wires have degraded to the point where replacement 

is necessary. (FAA 1998) 

Figure 1. Operating environment of wires inside the air craft (Brinson, Bradshaw et al. 

2(04). 

Non-destructive test equipment exists that can be used to assess aircraft wiring 

with various types of insulation and shielding. For example, one type of instrument called 

an ultrasonic detector can identify a fault (discontinuity in the insulation) location within 

several centimeters and compare the examined wire performance to new wiring 

specifications. The information gained from this test can then be compared to a database 

of other aircraft as part of the management of the health of the wiring circuits, assessing 

risk due to wiring faults and planning fOir various maintenance and management 

decisions. The equipment can also identify certain cost centers (the points in an aircraft 
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which add to the maintenance costs), providing one aspect in the measure of Total 

Ownership Cost for the aircraft.(Teal and Saterlee 2000) 

The commercial air fleet continues to get older, with the average age of 

commercial air fleet now exceeding 12 years. Furthermore, 2500 aircraft have exceeded 

their design service objective (DSO)" with some exceeding 35 years of age. Forecasts 

indicate that both average age and the number of years beyond DSO will continue to 

increase over the next several decades (Teal imd Saterlee 2000)" One problem for aging 

aircraft is that current inspections methods for examining the condition of aircraft wiring 

are typically only 25% effective (generally successful in regions where the wire can be 

easily examined). This has placed special emphasis on wire testing, improved testing 

methods and new wire system designs to ensure cost effective maintenance and improved 

safety. These facts have resulted in the FAA beginning to issue guidance for electrical 

systems as part of their aging aircraft program. In the past, extending the safe and useful 

life of the aircraft has focused only on aircraft structure (Teal and Saterlee 2000). 

Other methods of monitoring aging wire focus on applying electrical sensmg 

techniques that are, sensitive to the condition of the conductor, but not very sensitive to 

the condition of the insulation. Some methods are electrical reflectometry, measuring 

electrical signal intensity between points. 

As such, the development of tec1miques to quantify and monitor aging wire 

insulation is highly warranted. The ultrasonic probe method has certain limitations. The 

probe is not small. The geometry of the probe and the space limitations in the wire testing 

process limit the use of the probe. One approach currently in development measures wire 

insulation stiffness by ultrasonic guided waves. Initial laboratory tests were performed on 
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a simple model consisting of a solid cylinder and a solid cylinder with a polymer coating. 

Experimental measurements demonstrate that the lowest order extensional mode could be 

sensitive to stiffness changes in the wire insulation (Anastasi and Madaras 2005). To test 

this theory, conventional 12, 16 and 20 gage wire samples (typically found in aircraft) 

were heat damaged in an oven. The heat damage introduced material changes in the wire 

insulation that made the originally flexible insulation brittle and darker in color. 

Extensional mode phase velocity increased for the samples that were exposed to heat for 

a longer duration. Although the heat damage conditions may be more extreme than those 

encountered in environmental aging, indications are that this technique has the potential 

to detect and quantify degradation in wire insulation (Anastasi and Madaras 2005). 

Another approach, considered in previous and ongoing research work at 

Northwestern University, has been to employ impedance spectroscopy techniques to 

examine electrical properties of wiring insulation. In this technique, the impedance 

analyzer inputs low alternating voltage to the system (aqueous cell with the wire or film 

specimens) under study and measures the resulting alternating current. For films, this is 

much like a traditional capacitor arrangement and the resulting real and imaginary 

impedance provides information about its dielectric response in frequency space. Wires 

were also tested using this method. While impedance spectroscopy is a promising method 

for such assessment, implementation in the field remains problematic and would require 

further development and device design. Another approach is to use changes in the 

mechanical behavior of the polymer insulation as a measure of degradation. One such 

technique is to assess changes in the elongation at break (EAB) when compared to the 

baseline (pristine) material. In this test, a piece of insulation material is cut from a wire 
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and loaded in tension until failure. The elongation at failure (EAB) of the specimen is 

noted. A reduction in this value with aging (likely due to several damage mechanisms 

including temperature exposure, chemical exposure, mechanical effects, etc.) is presumed 

to indicate an analogous reduction in the quality of the insulating material. Unfortunately, 

such a test is clearly destructive to the wire considered and would necessitate a wire 

repair in regions where employed (Delmy 2004) 

Another approach is to use measurements obtained from a non-destructive 

indentation test to assess the mechanical behavior of the polymer insulation of the wire. 

In previous research work, Analog Interfaces (AI) has developed the Indenter Polymer 

Aging Monitor (IP AM3) for this purpose. A piece of wire is inserted into the device and 

a probe is used to indent the insulation. The force is increased linearly until the maximum 

force is reached (typically 2 pounds):: at that point, the penetration depth is maintained 

and the observed load decreases in the fashion of a classic relaxation curve. A plot of 

load versus penetration depth provides a stiffuess measurement while the constant 

penetration depth data provides data describing relaxation behavior (presumably due to 

viscoelastic effects). Analog Interfaces has demonstrated a good correlation between the 

modulus measurements and elongation at break for a number of materials (Denny 2004). 

Purpose of Thesis 

The purpose of this thesis is to study the relationship between insulation 

degradation and indentation. The indentation studies used a dynamic mechanical analyzer 

(DMA) to obtain precise load-displacement data during indentation of PVC films and 

wires with PVC insulation under indentation. Both pristine and aged films and wires are 

tested. The change in the response of aged films and wires is compared to that of pristine 
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films and wires; it is demonstrated that the change in stiffness is related to degradation in 

the polymer material. 

6 



II. EXPERIMENT ALDET AILS 

In this section, experimental details are presented. This includes the material of 

the wire and film specimens. This section also provides the details of the indenters and 

the experimental set up used during testing. 

Specimen details 

The PVC films are 0.008" (0.20 mm) and 0.019" (0.48 mm) thick and were 

obtained from McMaster-Carr". PVC film samples were thermally aged at 105°C and 

125°C (lab air environment) in two separate constant temperature ovens at Northwestern 

University. Samples were removed at aging times of 2 days, 5 days, 1 week, 2 weeks and 

3 weeks and subsequently tested. The 20 gage PVC wires used for the tests were 

thermally aged at 125 degrees for 2,4,6, 8, 12, 14 and 16 weeks; these were provided in 

the aged condition by Analog interfaces. The PVC wire specification was given as 

MIL-DTL-16878I1C. (Denny 2004) Optical microscopic images of the wires showed a 

change in color of the insulation with aging times; these are shown in Figure 2 for the 

wire and Figure 3 and Figure 4 for the films . 

•• Both films described as "Clear PVC, Type I." The 0.008" and 0.019" films have McMaster-Carr item 
numbers 8562K9 and 87875K17, respectively. 
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o 2 4 6 8 10 12 14 16 weeks 

Figure 2. Optical microscopy images of the aged wire. 

2 5 7 14 21 days 

0.019" 

0.008" 

Figure 3. PVC film specimens of two thicknesses aged at lOSoC 
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2 5 7 14 21 days 

0.019" 

0.008" 

Figure 4. PVC film specimens of two thicknesses aged at 1250 C 

Indenter and support fIXtures 

In order to use the DMA for wire and film indentation, indentation fixtures for the DMA 

were fabricated. One fixture is a spherical indenter made at the University of Louisville. 

This fixture begins with a Yz"diameter precision ground stainless steel rod, machined to 

match the profile of the fixtures provided by T A instruments in the location where they 

attach to the DMA. A hole is made in the end of the rod using a drill that is 

0.373"diameter. A precision stainless steel ball (0.375" diameter) is press fit into the hole 

leaving approximately 40-50% of the ball exposed. Another indenter fixture has a 

spherical tip identical to that used for the IPAM 3. This tip was provided by Analog 

Interfaces; a custom mounting rod was made at the University of Louisville that matched 

the profile of the fixtures provided by T A instruments. This fixture can be used to test 

polymer films and sheets by resting them on the standard flat faced DMA fixture as 
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shown in Figure 5. A Yz" rod with a V groove was also made to mount in the lower 

DMA attachment point to support wire specimens. This can be used to test wire using the 

spherical indenter as shown in Figure 6. 

Figure 5. Film indentation using spherical indenter. 

Figure 6. Wire indentation configurations 
using spherical indenter (left), using cylindrical indenter (right) 

10 



Dynamic Mechanical Analyzer 

Dynamic mechanical testing involves the application of an oscillatory strain to a 

sample. This can be related as: 

e(t) = eosinmt (1) 

The resulting sinusoidal stress is measured and correlated against the input strain; which 

will have the following form. 

aCt) = ao sine ml - 8) (2) 

where <5 is the phase angle between stress and strain. If the sample behaves as an ideal 

elastic solid, then the resulting stress is proportional to the strain amplitude (Hooke's law) 

and the stress and strain signals are in phase (<5 = 0). If the sample behaves as an ideal 

fluid, then the stress is proportional to the strain rate (Newton's law). In this case, the 

stress signal is out of phase with the strain, leading it by 90° (<5 = 90°). For viscoelastic 

materials, the phase angle <5 between stress and strain occurs between the elastic and the 

viscous extremes (0 < <5 < 90°). In this case, stress signal generated by a viscoelastic 

material can be separated into two components: an elastic stress (in phase with strain) and 

a viscous stress (90° out of phase with strain). The elastic stress is a measure of the 

degree to which the material behaves as an elastic solid. The viscous stress is a measure 

of the degree to which the material behaves as an ideal (Newtonian) fluid. By separating 

the stress into these components, both the viscous and elastic properties of the sample are 

simultaneously measured. 

The RSA III, shown in Figure 7, tests the dynamic mechanical properties by using 

a servo drive linear actuator to mechanically impose an oscillatory deformation, (strain) 

upon the material. The sample is coupled between the actuator and the transducer, which 
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measures the resultant force generated by sample deformation. Strain displacement 

amplitudes are set and the actual sample deformation is determined by the measured 

actuator and transducer displacement (TA Instruments 2003). The RSA III also comes 

with the Orchestrator 7.0 software package to control the system via the control 

computer. The software is used to run the tests, control the test conditions and collect 

output data. 

Front 
- Panel 

Figure 7. RSA III Dynamic Mechanical Analyzer. 

The RSA III can also subject the sample to a specified thermal environment. In 

this case, a forced air convection oven is used to enclose the sample. Two resistive heater 

guns are used to control the sample test temperature. An optional liquid nitrogen 

controller (not installed at University of Louisville) also allows low temperature sample 
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testing; by injecting cold N2 gas into the oven. To monitor actual oven temperature, three 

platinum resistance thermometers (PRT) are installed in the oven. Two PRTs are 

associated with each heater gun while a third measures the sample temperature. The 

direction of the third sample PRT can be changed to monitor the temperature at different 

points in the work space. The temperature loops (which use two of the three PRTs) which 

measure the actual temperature can be independently selected. The temperature controller 

monitors PRT resistance to determine the actual internal oven temperature. This is 

compared to the commanded temperature, resulting in adjustment to heater guns until the 

desired value is reached. Although tests can be performed at elevated temperatures, all 

tests reported in this thesis are at room temperature. As such, testing in this thesis was 

always conducted with the oven removed as in Figure 7. 

Multiple Extension Mode 

Multiple extension mode offers four zones in which a variety of separate 

extensional test types can be performed. The extension modes can be based on the 

displacement rate, Hencky strain (related to the specimen geometry), imposed creep force 

or a compressive rim shear (squeeze flow). Positive and negative entries to any of these 

inputs move the grips in the tensile and compressive directions respectively. Each test can 

consist of 4 separate control regions (zones). 

Each zone can have its own extension mode and zone time. The zone time 

determines the duration of occurrence of the test type in each zone while the extension 

value specifies the appropriate deformation value. The "End Test" mode halts the series 

of extensional mode testing. In this example, the extension mode is set to Rate (mm/s) 
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(Figure 8). In this case, the specimen length will be increased at the rate of 0.01 mmls for 

10 s (total change in length of 0.1 mm). All tests in this thesis were accomplished vis. rate 

loading. 

Multiple htensi!>n Mode fest Ill. 
T elfC)efature ...... 11:35.0. I'C) M-soDJrc Min-20.o.·C 

Points Per Zone !300 II M_35O Min-20 

ZooeNumber 2 3 4 

Zone Time """ ................. {; orhnul!lo. 

E~lension Value {See Mode 101 Units] .r;;rio.~0.1----

EKlemion Mode " .......... " .............. " .. Rate (mmlsi r::-----:!]-.. /End Test 

.-~·OO$: Delay.Off RateGain:Off 

Ok 

Figure 8. Multiple extension mode input dialog box on Orchestrator 7.0. 

Specimen Placement 

Both film and wire specimens are tested in this thesis. For wire specimens, the 

support fixture with the V groove is mounted on the lower stage and the chosen 

(spherical or cylindrical) indenter is mounted on the upper stage. The upper indenter is 

lowered until it barely makes contact with the V groove fixture. This is the zero position. 

The transducer stage is then moved up and the wire specimen is placed in the V groove. 

The indenter is then moved close to the wire such that it makes contact with a very small 

load as shown in Figure 6. The specimen is then ready for testing. 

For film testing, the flat-faced 25 mm diameter support fixture is mounted on the 

lower stage. The spherical indenter is mounted to the upper stage. The upper fixture is 

then lowered to make contact with the lower fixture to establish the zero position. The 

upper indenter is then moved up and the film sample is placed on the lower fixture. The 
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upper indenter is moved to make contact with the film with a very small load as shown in 

Figure 5. 

If the wire or film is not initially flat, it will exhibit an initial soft stiffness until 

full contact is achieved. On application of a small initial load the upper indenter makes 

solid contact with the specimen and the lower fixture. This eliminates the initial contact 

problems and helps resolve any issues of specimens in a non-flat condition. 

Test Procedure 

The wire and the film specimens are tested using load/time values similar to those 

used by Analog Interfaces with the IPAM 3. A typical test begins with a load segment, 

during which the indenter is displaced into the specimen at a constant rate while force is 

measured. The load segment ends after 2 seconds. The indenter position is then 

maintained constant for the remainder of the test. This is called the relaxation segment; 

during which the force on the indenter decreases (presumably as the insulation of the wire 

deforms in a viscoelastic / viscoplastic manner) as shown in Figure 9. 
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Wire Indentation - Load I Hold History 
Schematic ofTypicaJ Test 
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Figure 9. Schematic ofa typical load-hold indentation test with the load (blue) 
and indenter displacement (red) shown vs. time (displacement values vary for actual 

tests) 

The goal of the test is to achieve a load of 2 lbs at the end of the load segment. 

However the tests cannot be performed in this manner, as the DMA operates in either 

force control (desired for the load segment) or displacement control (desired for the 

relaxation segment) but not bothtt. To overcome this constraint, trial tests are done to 

find the displacement value which corresponds to a force of 2 lbs. This displacement 

value is then used in the load segment (adjusted to an appropriate ratelzone time). 

The tests are then conducted on the wire/film specimens. The loading phase has 

only one zone lasting for 2 seconds. Data is collected at 300 points in each zone. The 

relaxation phase has 3 zones, the [" zone lasting for one second, the 2nd zone lasting for 

tt In the future, this issue could be resolved by programming the DMA to run a series of tests. The first test 
for the loading phase using force control and the fallowing tests for the re laxation using displacement 
control. 
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10 seconds, the 3rd lasting for 49 seconds (total of 60 seconds relaxation). The I st zone 

corresponds to the initial phase of relaxation in which a great deal of change occurs over 

a short period; as such sampling rate is high. The sampling rate is reduced in the 2nd and 

3rd zones as the relaxation change with time is less dramatic. Five trials are conducted on 

the same specimen at 5 different locations to test the repeatability of the test. 

uUip!e blension Mode Te51 lIlJIJ 
T empefaturL .. 12€l re] M~ o·c Min=20.O'C 

Poirh Per Zone !3Oo- [J M<'lx=350 Min,,20 

ZooeNumber 2 3 <I 

Zone Time . ., . .,"'.......... (s or h:m:$J f2 ~" .. - f49-~ .. ""-""""-
EldensionVaIue [See Mode for UrMtsl 1.0.095 ro:o--'--- 't:::=------ 100 

El?temionMode·· .... · .. .,.,.,·· .. ·., .. · .. IAate(mm/s] --:.:1 fAaie(mm/~-:!] IRatelrr:;;V;] .:J rRate(mm/l]--.. :J 
Optiom: Delay.Off R<'lteGainOff 

Ok End of T!!$I Save As Cancel 

Figure 10. Input values for the typical test using Multiple extension mode. 
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III. ANALYSIS 

In the analysis section the data obtained from the tests are analyzed. The data is extracted 

and is treated to get the required parameters. An excel sheet is used to plot the required 

curves and tabulate the parameters. 

Indentation Data Analysis 

Once the test is completed, the resulting data (load, displacement, time) must be 

analyzed to assess the properties of the wire or film. The indentation analysis approach is 

common for both wires and films. The data is first exported from the Orchestrator 7.0 

software to a text file. 

An Excel spreadsheet then analyzes the test data and determines appropriate curve 

fits whose constants describe the test findings. The spreadsheet used to analyze the data 

was written by Dr. Roger D. Bradshaw. This template reduces the large data set obtained 

by the DMA to a small number of parameters that accurately describe the obtained load

displacement-time data set. The long term goal is to use these parameters to determine 

fundamental material properties (Y oung' s modulus, creep compliance, etc) based on 

classical contact mechanics models or finite element studies. (Johnson 1985),(Balta 

Calleja and Fakirov 2000) This text file consists of the time of a particular measurement 

(tD as well as the force (Fi) and displacement (3D at that moment as shown in Figure 11 

(the stress and strain data is not used in this study). Since the specimens are much less 
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stiff than the steel fixtures, it is assumed that all of the reported displacement is due to 

specimen deformation . 

• RSA111-RH01; IA Orcheslrator [[Pg2J:1 O_lridUHAD11] 
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Figure 11. Screen capture of Orchestrator 7.0 window after test. 

The test data is pasted into the Excel analysis spreadsheet. The spreadsheet 

identifies the moment when the force begins to increase; at this moment, the time (t*) and 

current displacement (6*) value is noted. The spreadsheet then creates a modified 

displacement vector 6j , which is simply the displacement since the moment when the 

force began to increase (6 j = 6j - 6*). The spreadsheet also identifies the maximum load 

(Fmax) and the time at which it occurs (C). All data for times t* ::; t::; C belong to the load 

segment (increasing displacement), while all data subsequent to that (t > f) is part of the 

relaxation (or hold) segment (constant displacement). In the load segment, the load versus 

displacement is studied and fit two ways. In the first, a linear relationship between the 
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25% and 75% load values is used; this is similar to what Analog Interfaces had done 

previouslyH. In the second, a parabolic relationship is used; this typically fits all data 

very well. A typical result is shown in Figure 12. 
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Figure 12. Load versus defonnation data and fit for unaged PVC wire 

The relaxation data is obtained at constant displacement. As such, it is considered 

as load versus time elapsed since the displacement was held constant (t-C). Typical 

viscoelastic functions such as exponential (Prony) series and stretched exponential 

(Kohlrausch) series were considered to represent this data; however, these did not 

perfonn adequately unless many elements were used. Instead, the data was represented 

using a 3rd order polynomial in the force vs. log time since hold (t-C) domain. This 

H It should be noted that Analog Interfaces refers to this quantity as a "modulus" with units of lbs/inch. In 
order to avoid confusion with the Young's modulus derived during subsequent modeling efforts, the values 
associated with the load-displacement data are referred to as stiffnesses rather than moduli. 
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approach captures the data quite well; of course, other functions could also be used. A 

typical result is shown in Figure 13. 
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Figure 13. Load versus deformation data and fit for unaged PVC wire 

As mentioned above, the spreadsheet approximates the data by several 

appropriate curve fits. This simplifies future analysis by reducing the amount of 

information needed to characterize a given test while also leading to various parameters 

that may be useful in future analysis efforts. A description of the fits is discussed below; 

this section is largely similar to an I:::arlier FAA report of which the author was a co-

author. (Bradshaw, Nagendran et al. 2005) 

First, the load portion of the data is considered. The specimen stiffness K is 

obtained in accordance with the approach previously used by Analog Interfaces; this is 

defined by the equation: 
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K = F75% - F 25% 

875% - 825% 

(3) 

where F 25% and F75% are the force data values equal to approximately 25% and 75% of 

the maximum load (Fmax), and ()25% and () 75% are the corresponding displacement values 

at those same moments. Thus, the stiffness K is the slope of the line connecting the force-

displacement values at 25% and 75% of the maximum load; it has units oflb/in. The line 

connecting these two force-displacement points is given by: 

F(8)=A+K8 (4) 

where A is the intercept of the line (predicted force at () = 0) and is given by: 

(5) 

The values of K and A are obtained by the spreadsheet. 

While the two point fit described above provides a single stiffness measure, the 

line described by that slope does not typically represent the full force-displacement data 

set. Instead, this data generally looks parabolic in nature. In order to better represent the 

shape of the force-displacement curve, the spreadsheet also obtains the optimal 

parameters a and b that represent the data in accordance with the function: 

(6) 

This enforces the condition that F = 01 at S = O. These two values are also reported by the 

spreadsheet and typically provide a curve that is representative of most data sets. The fit 

is achieved by a linear least squares approach. 

The relaxation portion of the test generally has a smooth decline in force when 

plotted against log time since the displacement hold (t - C). Comparing these results 

across different tests is complicated by the fact the maximum obtained force in each test 

varies slightly; as such, so do the relaxation curves (they appear to be shifted vertically 
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from one another). In order to compensate for this, the spreadsheet also plots the 

normalized relaxation response, dividing the force throughout the relaxation portion by 

the maximum force F max for the same test. This provides a way to easily compare the 

results from multiple tests on a single specimen; the results are generally quite similar for 

all tests. 

In order to represent the data by a small number of parameters, a 3rd order 

polynomial is obtained that best fits the data of the form:§§ 

(7) 

where ~ is a measure of the log time since the hold defined as: 

r; = log(t - t - ) - 2 (8) 

The subtraction of 2 in the above equation sets r; equal to 0 at 0.01 seconds after the 

maximum force is reached. This is generally the first data point after the maximum force 

is attained; this function sets the force at that time equal to Fmax. Note that it is not 

possible to evaluate this function at C (since the log of 0 is negative infinity); for values 

of t between C and C + 0.01, the force is assumed to be constant and equal to Fmax. As 

mentioned above, it is preferable to plot this function normalized by the maximum force 

F max; in this case, the relaxation data is represented by: 

(9) 

§§ The 3rd order polynomial was chosen after more standard approaches (including a Prony series with a 
small number of terms and a Kohlrausch serks with a small number of terms) failed to adequately capture 
the shape of the curve. Of course, using a Prony series with a larger number of terms (perhaps 5-10 
relaxation times) would be sufficient. However, this leads to more coefficients to track as well as added 
complexity in finding the fit in Excel. The polynomial approach leads to excellent agreement with only 3 
coefficients to be determined. This fit can be subsequently studied using more standard VE approaches if 
desired. 
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The spreadsheet detennines the optimal values of a, ~ and y to fit a given set of test data. 

The coefficients for each of these fits are listed in a section of the spreadsheet; a typical 

example for both the load and relaxation fits is shown in Table 1. 

Solution For Load Portion 
Stiffness - 25% - 75% Load (Ib I in) 
Intercept For 25% - 75% Load Stiffness Line (Ibs) 

Parabolic Fit - Stiffness - Liinear Term (Ib I in) 
Parabolic Fit - Stiffness - P;arabolic Term (Ib I in2) 

Solution For Hold Portion 

196.04 
-0.22731 

93.16 

9500 

Cubic Fit - Relaxation - Linear Term (Ib Ilog(s» -0.029243 
Cubic Fit - Relaxation - Parabolic Term (Ib Ilog(s)2) -0.172617 

Cubic Fit - Relaxation - Cubic Term (Ib Ilog(s)3) 0.0268277 

Table 1. Fit coefficients for unaged PVC wire. 

The spreadsheet is setup to analyze a set of data from 5 trials (the typical number 

of tests for a specimen). The analysis is perfonned for each trial on its individual tab in 

Excel. A summary tab presents the results for all tests together as both a table of values 

for the optimal parameters as well as a series of plots with data from all 5 tests. An 

example for PVC wire is shown in Figure 14 (force) and Figure 15 (relaxation). The 

coefficient of variation (CV) for the parameters is also presented; this is defined as the 

standard deviation of the value in question across the 5 tests divided by the average value 

(it is a unitless quantity and is reporte:d as a percentage value). In general, this quantity is 

only infonnative for the stiffness K. The other values are for one constant as part of a fit 

involving multiple constants; as such" the CV is fairly high even though the obtained fits 

may be quite similar. As such, other CV values are provided for completeness but should 

be used with caution. The tables corresponding to the data shown above are provided in 

Table 2 below. 
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Figure 14. Parabolic curve fits of the load portion data for 5 tests on for unaged 20 gage 
PVC wire 

-II) 
~ 
" <G 
0 
...J 

2.20 

2.00 

1.80 

1.60 

1.40 

1.20 

1.00 

0.01 

Wire Indentation - Hold Portion 
load vs. Time Since Hold 

0.1 1 10 

Time Since Hold (s) 

--Trial 1 
. _ ... . . Trial 2 
- - - - Trial 3 
- - - - - Trial 4 
- - - - . Trial 5 

.~ 

100 

Figure 15. Relaxation data fits fro 5 tests on an unaged 20 gage PVC wire. 
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Parameter Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average CV 
K (Ibstin) 375.7 425.5 465.4 399.6 432.3 419.7 8.1% 
A. (lbs) -0.57628 -0.74040 -1.08244 -0.82694 -0.98882 -0.84298 23.8% 
a (Ibstin) 39.83 30.10 -30.50 18.28 -18.67 7.81 394.8% 

b (lbstin2
) 43705 48211 54278 41887 48867 47390 10.2% 

a (1110g(s)) 0.022838 0.029183 0.020246 0.021459 0.022912 0.023328 14.8% 

J3 (1110g(s)2) -0.057265 -0.062764 -0.052940 -0.059412 -0.058440 -0.058164 6.1% 

Iy (1110Jl{s)3) 0.0064918 0.0073285 0.0058697 0.0069507 0.0071664 0.0067614 8.7% 

Table 2. Fit parameters for 5 tests on unaged PVC wire. 
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IV. RESULTS 

The results obtained from the analysis are presented in this section. The changes 

occurring in the wire and the film specimens are discussed. The change in stiffness with 

aging time is shown by the family of curves generated. 

Wire Indentation Analysis 

Indentation tests were performed on the aged wires shown in Figure 2 earlier. The 

data was analyzed using the analysis spread sheet previously described. The goal of this 

study was to assess the effect of aging time on the wire insulation material. The stiffness 

of the wire insulation material increased with aging time, with wire insulation becoming 

fairly brittle after 10 weeks of aging. Results for one trial at each aging time are shown in 

Figure 16. To better illustrate the general trend of increase in stiffness with aging times, 

the data is plotted again in Figure 19 with every other week (2nd, 6th, 10th and 14th weeks) 

eliminated. 
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Figure 16. Curve fits of the load portion data for the indentation of20 gage PVC wire 
aged at 125°C for the period of time indicated. 
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Figure 17. Curve fits of the load portion data for the indentation of 20 gage PVC wire 
aged at 125°C for the period of time indicated (a subset of aging time data shown). 
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The stiffness of the aging wires is plotted against aging time. The stiffness value 

for the 10th week aged wire deviates, from the trend for reasons that are unclear. As such 

the data corresponding to the 10th week of ageing has been eliminated in the regression fit 

for the stiffness values shown in Figure 18. It is clear that the trend of increasing stiffness 

with aging time is established. 
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Figure 18. Stiffness K obtained from the indentation of20 gage pve wire aged at 125°e 
for the period of time indicated (each result represents an average of 5 tests) 

Normalized relaxation data is shown in 

Figure 19. (again, only the curves for 0,4, 8, 12, 16 weeks are shown for clarity). 

This data shows an unusual result, with the force at the end of the 60 second hold 

decreasing with increasing aging time for the 0, 4 and 8 week aging time specimens. 

However, the specimens aged 10 weeks and longer at 125°e exhibited much less 

relaxation behavior, with the force at the end of the hold being 90-95% of the value at the 

beginning of the indentation hold. 
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Figure 19. Cubic curve fits of the normalized hold (relaxation) data for the indentation of 
20 gage PVC wire aged at 125°C for the period of time indicated (subset of aging data 

shown) 

o weeks 2 weeks 4 weeks 6 weeks 8 weeks 
K (Ibslin) 419.7 647.9 712 .5 632 .3 833.5 
).. (lbs) -0.84298 -100051 -1.56834 -1.29442 -1.41048 
a (Ibstin) 7.81 -36.60 -123.34 -108.49 -146.67 

b (lbstin2) 47390 110768 111146 103184 166691 
a (1110g(s» 0.023328 0.069400 0.069412 0.073240 0.067354 

~ (1110g(s)2) -0058164 -0.101568 -0.101048 -0.103029 -0.091743 

Iy (1110g(s)3) 0.0067614 0.0124675 0.0123668 0.0126365 0.0104640 

10 weeks 12 weeks 14 weeks 16 weeks 
K (Ibstin) 1662.1 950.9 1251.4 1264.4 
).. (Ibs) -0.57551 -1.03220 -1.51667 -1.65890 
a (Ibstin) 357.58 -83.50 -229.94 -261 .79 
b (lbstin2) 665679 252864 380153 347431 
a (1110g(s)) 0.005250 0.001834 0.004054 0.003517 

~ (1110g(sl"l -0008800 -0005573 -0.007748 -0.007485 

y (1110Q(s)3) 0.0000757 0.0002019 0.0001044 0.0004194 

Table 3. Fit parameters for 20 gage PVC wire aged at 125°C for the period 
indicated (values are an average of 5 tests). 
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The color of the wire changed drastically for the 10th week and beyond (see 

Figure 2). There was a dramatic change in stiffness also. Analog Interfaces was contacted 

to detennine if any changes in the aging temperature / condition may have occurred 

between 8 and 10 weeks that could be responsible for this finding. It turns out that the 

wire was aged for the first 8 weeks by The Boeing Company (Commercial Aircraft, 

Renton, W A) and the remaining 8 weeks were done at the FAA Technical Center. 

However, during the first 30 minutes in the ovens at the FAA Technical Center, the oven 

experienced a temperature overshoot, rising to 180-185°C over that period (Analog 

Interfaces 2004). Subsequent aging occurred at 125°C without incident. It is reasonable 

to conclude that this temperature anomaly is likely responsible for the unusual change in 

relaxation behavior between 8 and 10 weeks of aging; in reality, the specimens at 10+ 

weeks probably experienced degradation comparable to much longer aging times. 

PVC film aged at 1050 C 

The PVC films aged at 105° C are tested as mentioned in the earlier sections. The 

loads vs. displacement plots were generated and the trend of increasing stiffness with 

aging times is clearly visible; this is shown in Figure 20 and Figure 21. The stiffness 

changes in a relatively smooth manner after aging at 105°C, approximately doubling in 3 

weeks; this is true for both the 0.008" and 0.019" thick films; this is shown in Figure 22 

and Figure 23 for 0.008" and 0.019" films respectively. We expect that the value ofK is 

proportional to the inverse of the thickness. As such we should find a ratio ofthe stiffness 

between the two films which is the ratio of thickness 0.019"/0.008" which is equal to 
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2.375 . The stiffness of the 0.019" thick film is almost double the stiffness of the 0.008" 

thick film. 
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Figure 20. Parabolic curve fits of the load portion data for the indentation of 0.008" PVC 
film aged at 105°C for the period of time indicated 
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Figure 21. Parabolic curve fits of the load portion data for the indentation of 0.019" pve 
film aged at 105°e for the period of time indicated. 
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Figure 22. Stiffness K obtained from the indentation of 0.008" pve film aged at 105°e 
for the period of time indicated (average of 5 tests, error bars shown). 
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Figure 23. Stiffness K obtained from the indentation of 0.019" PVC film aged at 105°C 
for the period of time indicated (average of 5 tests, error bars shown). 

The normalized relaxation plots for a single test at each aging time are shown for 

the 0.008" and 0.019" films in Figure 24 and Figure 25, respectively. Aging at 105°C 

leads to a gradual change in the relaxation response of the material, with the force at the 

end of the 60 second increasing with aging. The various fit constants (average from 5 

tests) are provided for the 0.008" and 0.019" films in Table 4 and Table 5, respectively. 

The changes observed in the films after aging at 1 05°C are likely due to a loss of 

plasticizer in the PVC film. It could also be related to changes / degradation in the PVC 

polymer chains but this is believed to be a smaller effect at the temperature studied. 
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Figure 24. Cubic curve fits of the normalized hold (relaxation) data for !be indentation of 
0.008" PVC film aged at 105°C for the period of time indicated. 
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Figure 25. Cubic curve fits of the normalized hold (relaxation) data for the indentation of 
0.019" PVC film aged at 1 05°C for the period of time indicated. 
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o days 2 days 5 days 1 week 2 weeks 3 weeks 
K (Ibs/in) 2066.5 2225.3 2665.7 2776.5 3792.2 3668.9 
A. (Ibs) -0.50898 -0.08415 -0.02850 -0.14043 -0.08960 -0.08474 
a (Ibslin) 521.21 1702.69 2492.89 1868.87 3157.07 3093.77 

b (lbs/in2) 1045901 591373 158812 1153593 965712 753168 
a (1/10g(s» 0.013748 0.013911 0.005174 0.004793 0.003042 0.004627 

13 (1/10g(s)2) -0.020944 -0.019887 -0.006499 -0.005586 -0.002786 -0.004472 

Y (1/10g(s)3) 0.0010315 0.0009705 -0.0031986 -0.0028860 -0.0028653 -0.0025662 

Table 4. FIt parameters for 0.008" PVC film aged at 10Soe for the penod mdicated 
(values are an average of S tests). 

o days 2 days 5 days 1 week 2 weeks 3 weeks 
K (Ibs/in) 1263.9 1245.2 1466.4 1632.5 2179.9 2915.7 
A. (Ibs) -0.62931 -0.18806 -0.19323 -0.27219 -0.05948 -0.28369 
a (Ibs/in) 160.80 764.66 882.92 834.51 1845.27 1733.92 
b (lbs/in2) 435029 249734 357751 495075 359547 1121297 
a (1/10g(s» 0.024138 0.027750 0.012464 0.009081 0.007540 0.004834 

13 (1/10g(s)2) -0.036482 -0.039262 -0.015627 -0.011345 -0.007462 -0.004621 

Y (1/log(s)3) 0.0026320 0.0027391 -0.0038940 -0.0042751 -0.0043867 -0.0032451 

Table S. Fit parameters for 0.019" PVC film aged at lOSoe for the penod mdicated 
(values are an average of S tests). 

PVC film Samples aged at 1250 C 

PVC film samples with two different thicknesses (0.008" and 0.019") were also 

aged at 12Soe for up to 3 weeks. The collection of curves presented below is identical in 

style to those at 10Soe presented in the previous section. The individual load-

displacement curves (parabolic fit of the data in accordance with Eq. 6) for various aging 

times are shown for the 0.008" and 0.019" films in Figure 26 and Figure 27, respectively. 

It is immediately evident that these curves are quite strange: they do not occur in the 

anticipated order (increasing stiffness with increasing aging); several contain negative 

force prediction reports (physically unrealistic); and most have a maximum force value 

well below the experimental value of approximately 2 lbs. 
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Figure 26. Parabolic curve fits of the load portion data for the indentation of 0.008" PVC 
film aged at 125°C for the period of time indicated. 
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Figure 27. Parabolic curve fits ofthe load portion data for the indentation of 0.019" PVC 
film aged at 125°C for the period of time indicated. 
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The reason for the unusual curves above is that the load data is very poorly fit by 

a parabola. To demonstrate this, the experimental data used to generate the preceding 

plots are shown for the 0.008" and 0.019" films in Figure 28 and Figure 29, respectively. 

The response is fairly soft until a certain displacement is reached (varies from test to 

test); after that, the response is very stiff. This shape cannot be well captured by a 

parabolic fit equation; as such, the associated coefficients (a, b) should not be used to 

approximate the experimental data. This behavior was obtained for almost all specimens 

aged at 125°e. The reason for the initially soft response is unclear. One possible 

explanation is that slight curvature of the specimen leads to partial contact for the early 

part of the test followed by a very stiff response once the specimen achieves full contact 

with the spherical indenter and the flat support fixture supporting it. It is evident that tests 

on specimens with this behavior require either a more complicated fit equation or the data 

should be worked with directly (i.e. do not use a curve fit to represent the data). 
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Figure 28. Load portion data for 1 indentation test on 0.008" PVC film aged at 125°C for 
the period of time indicated 
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Figure 29. Load portion data for 1 indentation test on 0.019" PVC film aged at 125°C for 
the period of time indicated. 
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Unlike the parabolic fit (Figure 26 and Figure 27), the stiffness values (K) lead to 

a good representation of the data in most cases. This is because the specimens generally 

reached the section with a much stiffer response before O.S lbs is achieved (the first point 

of the K calculation, see Eq. 3). As such, the slope of the stiffness response line can be 

well calculated using the values from 0.5 - 1.S lbs (2S% - 7S%). The average stiffness K 

for the S tests at a given aging time is shown for the 0.008" and 0.46 films in Figure 30 

and Figure 31, respectively. As discussed previously, the stiffness of the thin film is 

roughly double that of the thick film (as expected). Unlike aging at lOSoe, however, the 

stiffness behavior changes dramatically after aging at 12Soe for even the shortest aging 

time and remains approximately constant thereafter; it is likely that plasticizers are 

eliminated from the material very quickly at this temperature. The values of K also have a 

great deal of variation; this is likely due to a combination of the very stiff response and 

variations in the response at O.S lbs (i.e. whether the measurement at that moment is on 

the soft portion of the stiff portion or the load-displacement curve). 
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Figure 30. Stiffuess K obtained from the indentation of 0.008" PVC film aged at 125°C 
for the period of time indicated (average of 5 tests, error bars shown). 
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Figure 31. Stiffuess K obtained from the indentation of 0.019" PVC film aged at 125°C 
for the period of time indicated (average of 5 tests, error bars shown). 
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The normalized relaxation plots for a single test at each aging time are shown for 

the 0.008" and 0.46 films in Figure 32 and Figure 33, respectively. There is virtually no 

relaxation after aging at 125C for 2 days. Given the lack of changes with additional aging 

(i.e. K is fairly constant in Figure 30 after the first week of aging), this is further evidence 

that the changes are likely due to plasticizer loss rather than PVC polymer chain damage; 

if the latter was occurring, ongoing (degradatory) changes with aging would be expected. 

The various fit constants (average from 5 tests) are provided for the 0.008" and 

0.019" films in Table 6 and Table 7, respectively. The coefficients of the parabolic fit 

equation (a, b) for aged specimens at 125°C are grayed out to indicate that the associated 

values lead to very poor fits of the associated test data. 
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Figure 32. Cubic curve fits of the normalized hold (relaxation) data for the indentation of 
0.008" PVC film aged at 125°C for the period of time indicated. 
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Figure 33. Cubic curve fits of the normalized hold (relaxation) data for the indentation of 
0.019" PVC film aged at 125°C for the period of time indicated. 

o days 2 days 5 days 1 week 2 weeks 3 weeks 
K (Ibslin) 2066.5 6298.5 4516.4 6986.4 6112.7 7260.5 
A. (lbs) -0.50898 -87.99133 -12.66830 -82.48127 -31.68001 -78.30393 
a (Ibs/in) 521.21 ;.98:17 «<-398.10 -125.34. -265.89 -119.01 
b (lbslin2) 1045901 ,11850 ' 244142 17577 85S69 19210 
a (1/10g(s)) 0.013748 -0.000396 0.000117 -0.000528 -0.000241 -0.000562 

~ (1/10g(S)2) -0.020944 -0.000162 -0.000529 -0.000010 -0.000166 0.000039 

Iy (1IIOg(S)3) 0.0010315 -0.0001192 -0.0000164 -0.0001094 -0.0000570 -0.0001231 

Table 6. Fit parameters for 0.008" PVC film aged at 125°C for the period indicated 
(values are an average of 5 tests; gray values lead to poor fits oftest data. 

o days 2 days 5 days 1 week 2 weeks 3 weeks 
K (Ibs/in) 1263.9 4175.2 1460.1 5465.0 4120.2 2522.9 
A. (Ibs) -0.62931 -15.16399 -4.15707 -1.05285 -17.20622 -21.45254 
a (Ibs/in) 160.80 -574.22. -270.'43 ;1?6.55 ~292.19 -192.34 
b (lbs/in2) 435029 2809ia" .159350 7439431 137535 48809 
a (1IIog(s)) 0.024138 -0.000142 -0.000281 0.000338 -0.000224 -0.000198 

~ (1IIog(S)2) -0.036482 0.000207 -0.000092 -0.000432 -0.000068 -0.000167 

Iy (1/10g(S)3) 0.0026320 -0.0001117 -0.0001918 -0.0000256 -0.0000589 -0.0001061 

Table 7. Fit parameters for 0.019"PVC film aged at 125°C for the period indicated 
(values are an average of 5 tests; gray values lead to poor fits oftest data) 
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DMA Stiffness issues 

Early in this research project, notable differences in were observed between the 

stiffness obtained for various specimens using the DMA and the anticipated values for 

the specimen. It was determined that the discrepancy was likely due to inappropriate 

treatment of the transducer stiffness of the DMA. When the DMA has a specimen under 

load, both the specimen and the transducer in the DMA (which measures the load) 

deflect. The DMA software is supposed to separate the deformation of the transducer 

from the results so that the reported deflection is only that taking place in the specimen. 

This was apparently not the case using the software as received, however. 

A great deal of time was spent consulting the manufacturer (T A Instruments) to 

resolve this problem. To confirm the problem, calibration tests were done using a 

rectangular steel shim (0.500 in wide x 0.030 in thick) under 3 point bending (0.984 in 

span); this shim is provided with the 3 point bending fixture for calibration purposes. The 

theoretical stiffness was computed using the beam bending equation for the deflection of 

a simply supported beam with a point load at the center. 

PL3 PL3 P 
Y = 48E1 = 4Ewt 3 = K 

(10: 

where L, wand t are the span, width and thickness of the beam, respectively, and E is the 

modulus of elasticity (assumed to be 29 Msi). The measured stiffness value K was 500 

lblin compared to the theoretical value of 1680 lb/in (a difference of70 percent). Clearly 

there was a problem with the results. 

To correct this issue, TA Instruments incorporated changes to the Orchestrator 

software in version 7.0. However, certain test modes in the DMA continued to observe 

stiffness values that were clearly inconsistent with the known stiffness. TA Instruments 
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provided a firmware update for the RSA3 in September, 2005 to resolve the remaining 

issues. This firmware update is only to be used for transient tests as the stiffness issue 

described here is already correctly treated in dynamic tests. 

To validate the results obtained by the DMA, a series of tests were performed by 

the author and Rajeswara Reddy Resapu on the steel shim specimen and the measured 

stiffness values were compared with the theoretical values. An example of force versus 

theoretical and measured displacements is as shown in Figure 34. The slope of the 

theoretical and measured cases is the beam stiffness K in Eq. (10); clearly the values are 

quite similar (following an initial soft stiffness as the shim specimen became fully 

engaged). The measured stiffness between 2 and 6 lbs is 1707 lblin while the theoretical 

stiffness is 1680 lb/in; this difference of 1.52 percent is clearly within the error limits of 

the experiment. These values are quite different than the 500 lb/in finding achieved with 

the DMA in the original configuration (also shown in Figure 34). As such, it is 

demonstrated that the RSA3 with Orchestrator 7.0 and appropriate firmware update is 

accurately measuring the stiffness of the test specimen. 
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Figure 34. Force versus displacement for a steel shim in 3 point bending using two test 
approaches (with firmware, without firmware) compared to theoretical prediction. 

During the relaxation phase of the indentation tests, the test protocol calls for the 

displacement to be maintained constant. Again early in the research project, it was noted 

that the displacement did not remain constant at the commanded value but instead 

changed slightly with time. Essentially, the total machine displacement (the combined 

deformation from the transducer stiffness and the specimen stiffness) was being held 

constant. Thus, as specimen relaxed, the DMA moved the indenter to keep this 

deformation sum at a constant value. This issue was also resolved by installing the new 

Orchestration 7.0 software and firmware update provided by T A Instruments. The 

displacement was maintained constant at the commanded value during the relaxation 

phase following the firmware installation. 
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v. CONCLUSION 

Pristine and aged PVC wire and film specimens were indented to study the force 

and relaxation response. Data obtained by the DMA was analyzed using an Excel sheet 

that was written to determine the associated parameters. The load phase response and the 

relaxation phase response are considered separately. A table of parameters was generated 

for every trial. The summary of all the tests are plotted on a single graph to establish the 

findings for a given specimen. These were then compared to consider the effect of aging 

on the material response. 

The results presented above gIVe a clear indication that the stiffness of the 

polymer insulation of aircraft wire and polymer films change with aging for the 

specimens considered. Furthermore, the temperature at which the specimens were aged 

also affected the stiffness; specifically the stiffness increases with an increase in 

temperature and aging time. Based upon previous work, the stiffness increase can be 

further correlated to the degradation in polymers and wire insulation material. This 

concept, and the associated family of curves generated to analyze test data, can be used as 

a measure of degradation. The ultimate goal of such a method is to provide an approach 

that can be used to assess the state of degradation of aircraft wire in the field. While 

further testing and development are necessary to achieve this goal, the results of this 

thesis are promising in this regard. 

47 



While performing tests using the DMA, certain issues related to inherent stiffuess 

of the instrument had to be resolved. The stiffuess values obtained from the DMA 

included the system stiffness, which had to be separated out to accurately characterize the 

material response. A system firmware was installed to overcome this issue. Tests were 

conducted later and compared to the theoretical stiffuess values. 
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APPENDIX 

Contained within this appendix is full documentation of each specimen test. The 

curves are generated for the individual aging time (which is a collection of five trials on 

one single specimen). The curves for the aged wires as well as the films (of two different 

thicknesses and at two different temperatures) are shown. The tables corresponding to the 

curves giving the various parameters (K, a, P) etc for the five trials, the average and the 

CV are also shown next to the set of curves. 

For each temperature and aging time, two load-displacement plots are provided: 

1) the actual test data and 2) the parabolic curve fits obtained in accordance with Eq. 6. 

For the 105°C data, these will be virtually identical. However, for 125°C data there will 

be clear differences as the data is not well fit by a parabola (indeed, higher order 

polynomials do not do a good job in general for this data). In these cases, the stiffness K 

is in fairly good agreement with the data as it is calculated using data from approximately 

0.50 and 1.50 lbs; these points usually lie on a reasonably straight section of the load

displacement curve. The relaxation data is presented in separate sections. In this case, the 

cubic fit of the data is shown. 
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Figure 60. Normalized relaxation fits for 20 gage PVC wire aged for 14 weeks at 125°C 
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Figure 61. Nonnalized relaxation fits for 20 gage PVC wire aged for 16 weeks at 125°C 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (Ibs/in) 375.7 425.5 465.4 399.6 432.3 419.7 
A (lbs) -0.57628 -0.74040 -1.08244 -0.82694 -0.98882 -0.84298 
a (Ibslin) 39.83 30.10 -30.50 18.28 -18.67 7.81 

b (lbs/in2) 43705 48211 54278 41887 48867 47390 

a. (Ib/log{s)) 0.022838 0.029183 0.020246 0.021459 0.022912 0.023328 

P (lb/log{S)2) -0.057265 -0.062764 -0.052940 -0.059412 -0.058440 -0.058164 

lyJlb/log(S)3) 0.0064918 0.0073285 0.0058697 0.0069507 0.0071664 0.0067614 

Table 8. Data fit coefficients for Ullaged 20 gage PVC wire 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (Ibs/in) 648.0 646.7 667.8 631.5 645.4 647.9 
A (lbs) -1.02069 -1.13964 -1.11868 -0.84324 -0.88029 -1.00051 
a (Ibslin) -42.60 -66.35 -52.48 4.77 -26.33 -36.60 

b (lbs/in2) 111568 105097' 109716 108467 118990 110768 

a. (Ib/log{s)) 0.070995 0.060174 0.071584 0.071479 0.072767 0.069400 

P (lb/log{S)2) -0.103106 -0.093905 -0.104659 -0.102620 -0.103552 -0.101568 

Iy (lbllog(s)3) 0.0127829 0.01134~;1 0.0130596 0.0124210 0.0127290 0.0124675 

Table 9. Data fit coefficients for 20 gage PVC wire aged for 2 weeks at 125°C 
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Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (Ibs/in) 720.8 706.2 750.6 678.2 706.7 712.5 
"-Jibs) -0.93900 -1.5673'1 -1.90333 -1.64517 -1.78691 -1.56834 
a (Ibslin) 19.42 -155.49 -188.40 -145.67 -146.56 -123.34 
bJlbs/in2) 124712 115457 113558 101168 100834 111146 
a (Ib/log(s» 0.067941 0.0699713 0.067833 0.071058 0.070254 0.069412 

~ (lb/log(S)2) -0.098827 -0.099972 -0.098806 -0.104977 -0.102660 -0.101048 

I'Y (lb/log(S)3) 0.0118559 0.0122449 0.0118081 0.0131742 0.0127510 0.0123668 

Table 10. Data fit coefficients for 20 gage PVC wire aged for 4 weeks at 125°C 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (lbs/in) 562.0 789.4 742.6 605.1 462.5 632.3 
"-Jibs) -1.09161 -1.74924 -1.76415 -1.09375 -0.77337 -1.29442 
a (Ibslin) -58.79 -224.10 -157.87 -58.06 -43.62 -108.49 
b (lbslin2) 83942 145111 113866 98236 74766 103184 
a (Ib/log(s» 0.070686 0.076607 0.067055 0.078552 0.073302 0.073240 

~ (lb/log(S)2) -0.102124 -0.105864 -0.095357 -0.108317 -0.103484 -0.103029 

I'Y (lb/log(S)3) 0.0123759 0.01309Ei7 0.0116450 0.0133240 0.0127408 0.0126365 

Table 11. Data fit coefficients for 20 gage PVC wire aged for 6 weeks at 125°C 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (Ibslin) 816.5 775.4 809.3 888.7 877.8 833.5 
"- (Ibs) -1.55973 -1.358H -1.41410 -1.30756 -1.41283 -1.41048 
a (Ibslin) -178.05 -134.05· -152.48 -128.62 -140.16 -146.67 
b (lbs/in2) 157183 149006 160678 190329 176261 166691 

a (Ib/log(s» 0.068575 0.071129 0.064782 0.068829 0.063453 0.067354 

~ (lb/log(S)2) -0.091590 -0.096073 -0.090349 -0.091937 -0.088765 -0.091743 

lyjlb/log(S)3) 0.0101457 0.01119S6 0.0100793 0.0109048 0.0099944 0.0104640 

Table 12. Data fit coefficients for 20 gage PVC wire aged for 8 weeks at 125°C 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (Ibs/in) 1633.5 1672.8 1490.3 1752.5 1761.1 1662.1 
"- (lbs) -0.62250 -0.446313 -0.57804 -0.67064 -0.56000 -0.57551 
a (Ibslin) 250.57 608.63 311.38 202.04 415.30 357.58 
b (lbs/in2) 669107 5529081 540387 824487 741505 665679 
a (Ib/log(s» 0.004385 0.006351 0.006822 0.002630 0.006061 0.005250 

[3 (lb/log(S)2) -0.006797 -0.01132:0 -0.010373 -0.005762 -0.009750 -0.008800 
'Y (lb/lOg(S)3) -0.0002928 0.00045~15 0.0003250 -0.0005267 0.0004194 0.0000757 

Table 13. Data fit coefficients for 20 gage PVC wire aged for 10 weeks at 125°C 
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Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (Ibs/in) 795.9 915.3 973.6 829.6 1239.9 950.9 
A. (lbs) -0.57384 -1.00054 -0.93329 -0.75392 -1.89939 -1.03220 
a (Ibs/in) 67.10 -98.37 -115.13 -23.96 -247.14 -83.50 
b (lbsfin2) 213610 247673 294441 218988 289610 252864 

a (Ib/log(s)) 0.004153 0.0014210 0.000939 0.001641 0.001017 0.001834 

~ (lb/log(S)2) -0.007997 -0.004794 -0.004957 -0.005133 -0.004983 -0.005573 

Iy (lbflog(S)3) 0.0010181 -0.00021 ~~9 -0.0000493 0.0001437 0.0001170 0.0002019 

Table 14. Data fit coefficients for 20 gage PVC wire aged for 12 weeks at 125°C 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (Ibsfin) 1709.4 1315.6 808.2 1105.2 1318.5 1251.4 
A. (Ibs) -1.36182 -1.19340 -1.18813 -1.82011 -2.01990 -1.51667 
a (Ibs/in) -246.82 -208.37 -113.49 -237.14 -343.89 -229.94 

b (lbsfin2) 676241 465379 166178 243846 349122 380153 

a (Ib/log(s)) 0.003062 0.004701 0.004683 0.004604 0.003221 0.004054 

~ (lb/log(S)2) -0.006093 -0.009014 -0.008180 -0.008526 -0.006927 -0.007748 

Iy (lb/log(S}3) -0.0001968 0.00015i'3 0.0004759 0.0002236 -0.0001379 0.0001044 

Table 15. Data fit coefficients for 20 gage PVC wire aged for 14 weeks at 125°C 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (Ibs/in) 1536.4 1472.0 1025.3 1059.2 1228.8 1264.4 
A. (Ibs) -1.68252 -1.7085·1 -1.42696 -1.49836 -1.97816 -1.65890 
a (Ibs/in) -251.39 -293.27 -210.74 -252.84 -300.70 -261.79 

b (lbs/in2) 461594 445650 258301 278323 293289 347431 

a (Ib/log(s)) 0.002609 0.003708 0.001937 0.005309 0.004021 0.003517 

~ (lb/log(S)2) -0.005727 -0.007272 -0.005797 -0.009690 -0.008940 -0.007485 

I'Y (lb/log(S)3) 0.0000699 0.00041i'7 -0.0000619 0.0010663 0.0006049 0.0004194 

Table 16. Data fit coefficients for 20 gage PVC wire aged for 16 weeks at 125°C 

Un aged O.OOS" and 0.019" PVC Film 
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Figure 62. Load-displact:ment data for unaged 0.008" PVC film 
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Figure 63. Load-displacement fits for unaged 0.008" PVC film 
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Figure 64. Nonnalized relaxation fits for unaged 0.008" PVC film 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (Ibstin) 2106.6 2150.0 2066.5 2046.8 2125.6 2099.1 
A. (Ibs) -0.43538 -0.49580 -0.50898 -0.51249 -0.60839 -0.51221 
a (Ibstin) 674.93 565.01 521.21 478.34 355.93 519.09 

b (lbstin2) 1031929 1127521 1045901 1063204 1164673 1086646 

a (Ibtlog(s» 0.014822 0.014171 0.013748 0.013222 0.013853 0.013963 

J3 (lbtlog(S)2) -0.021196 -0.02015~' -0.020944 -0.020357 -0.020330 -0.020596 

y (lbtlog(S)3) 0.0010835 0.00094H 0.0010315 0.0009518 0.0009791 0.0009987 

Table 17. Data fit coefficients for unaged 0.008" PVC film. 
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Figure 65. Load-displacement data for unaged 0.019" PVC film. 
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Figure 66. Load-displacement fits for unaged 0.019" PVC film 
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Figure 67. Nonnalized relaxation fits for 0.019" PVC film unaged 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (lbs/in) 1323.6 1263.9 1250.9 1287.4 1290.5 1283.3 
A. (lbs) -0.46723 -0.62931 -0.62302 -0.71713 -0.59513 -0.60636 
a (Ibs/in) 404.05 160.80 156.95 100.89 207.87 206.11 
b (lbs/in2) 401954 435029 430841 451290 441440 432111 
a (lbllog{s)) 0.024052 0.024138 0.025048 0.025232 0.024252 0.024545 

~ (lbllog{s)2) -0.035431 -0.036482 -0.037320 -0.037200 -0.036065 -0.036499 

Iy (lbllog(s)3) 0.0024491 0.0026320 0.0027588 0.0027241 0.0025156 0.0026159 

Table 18. Data fit coefficients for unaged 0.019" PVC film. 

0.008" PVC Film Aged At 105°C 
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Figure 69. Load-displacement fits for O.OOS" PVC film aged for 2 days at lOS°e. 
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Figure 70. Normalized relaxation fits for 0.008" PVC film aged for 2 days at 105°C. 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (Ibslin) 2212.9 2244.8 2243.6 2213.0 2212.3 2225.3 
A (lbs) -0.04076 -0.07098 -0.06604 -0.16384 -0.07912 -0.08415 
a (Ibslin) 1834.17 1771.99 1784.70 1399.79 1722.84 1702.69 

b Clbslin2) 500335 550608 552732 790529 562663 591373 

a (Ib/log(s)) 0.014616 0.013112 0.013990 0.014015 0.013821 0.013911 

P (lb/log(S)2) -0.020310 -0.019528 -0.019462 -0.020158 -0.019979 -0.019887 

Y (lb/log(S)3) 0.0010727 0.0009117 0.0008244 0.0010184 0.0010254 0.0009705 

Table 19. Data fit coefficients for 0.008" PVC film aged for 2 days at 105°C 
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Figure 71. Load-displacement fits for 0.008" pve film aged for 5 days at lO5°e. 
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Figure 72. Load-displacement data for 0.008" PVC film aged for 5 days at 105°C 
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Figure 73. Normalized relaxation fits for 0.008" PVC film aged for 5 days at 105°C 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (Ibs/in) 2244.8 3506.1 2662.9 2477.2 2437.5 2665.7 
A,Jlbs) -0.07098 0.13111 0.01324 -0.08765 -0.12823 -0.02850 
a (Ibs/in) 1771.99 4501.96 2590.91 1908.64 1690.93 2492.89 
bJlbs/in2) 550608 -1443625 186169 680871 820037 158812 

a (Ib/log(s» -0.023540 0.010409 0.014263 0.012433 0.012303 0.005174 

~ (lb/log(S)2) 0.038477 -0.014887 -0.019633 -0.018263 -0.018190 -0.006499 

Iy (lb/log(S)3) -0.0200910 0.0006528 0.0012990 0.0010741 0.0010721 -0.0031986 

Table 20. Data fit coefficients for 0.008" PVC film aged for 5 days at 105°C 
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Figure 74. Load-displacement fits for 0.008" pve film aged for 1 week at lO5°e. 
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Figure 75. Load-displacement fits for 0.008" pve film aged for 1 week at lO5°e. 
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Figure 76. Normalized relaxation fits for 0.008" PVC film aged for 1 week at 105°e. 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (Ibs/in) 2867.8 2844.8 2666.5 2791.7 2711.5 2776.5 
A. (Ibs) -0.11494 -0.14036 -0.13642 -0.14673 -0.16369 -0.14043 
a (Ibs/in) 2064.83 1944.13 1776.99 1824.41 1733.99 1868.87 
b (lbs/in2) 1071674 1181946 1118532 1210840 1184972 1153593 

a (Ib/log(s» -0.019282 0.011118 0.011218 0.010542 0.010367 0.004793 

~ (lb/log(S)2) 0.032444 -0.014796 -0.015591 -0.015087 -0.014898 -0.005586 

.rJIb/log(S)3) -0.0165984 0.0004203 0.0007133 0.0005111 0.0005238 -0.0028860 

Table 21. Data fit coefficients for 0.008" PVC film aged for 1 week at 105°C 
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Figure 77. Load-displacement fits for 0.008" PVC film aged for 2 weeks at 105°C. 
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Figure 78. Load-displacement fits for 0.008" PVC film aged for 2 weeks at 105°C. 
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Film Indentation - Hold Portion 
Load vs. Time Since Hold 
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Figure 79. Normalized relaxation fits for 0.008" PVC film aged for 2 weeks at 105°C. 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (Ibsfin) 4745.6 3664.0 3261.7 3488.9 3800.8 3792.2 
Iv (Ibs) 0.01669 -0.14569 -0.24071 -0.05325 -0.02504 -0.08960 
a (Ibs/in) 4878.45 2629.27 1750.96 2976.25 3550.43 3157.07 

b{lbs/in2) -195522 1614595 2011083 923517 474886 965712 

a (Ib/log(s» -0.016984 0.007589 0.008204 0.008291 0.008111 0.003042 

13 (lb/log(S)2) 0.029443 -0.010123 -0.011348 -0.011113 -0.010789 -0.002786 

Iy (lb/log(S)3) -0.0139389 -0.0001267 -0.0000357 -0.0001203 -0.0001050 -0.0028653 

Table 22. Data fit coefficients for 0.008" PVC film aged for 2 weeks at 105°C 
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Figure 80. Load-displacement fits for 0.008" PVC film aged for 3 weeks at 105°C. 
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Figure 81. Load-displacement fits for 0.008" PVC film aged for 3 weeks at 105°e. 
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Figure 82. Normalized relaxation fits for 0.008" PVC film aged for 3 weeks at 105°C. 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (Ibslin) 4727.3 3231.8 3076.2 2934.2 4374.9 3668.9 
A (Ibs) 0.10456 -0.10445 -0.15008 -0.12451 -0.14922 -0.08474 
a (Ibslin) 5848.71 2423.55 2065.50 2065.77 3065.29 3093.77 

b (lbs/in2) -2350856 1179357 1394975 1205911 2336454 753168 

a (lblJog(s» -0.014074 0.009455 0.010639 0.011288 0.005828 0.004627 

~ (lb/log(S)2) 0.026349 -0.012918 -0.013765 -0.014834 -0.007192 -0.004472 

Y (lb/log(S)3) -0.0133910 0.0001815 0.0003060 0.0004983 -0.0004260 -0.0025662 

Table 23. Data fit coefficients for 0.008" PVC film aged for 3 weeks at 105°C 
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Figure 83. Load-displacement data for 0.019" PVC film aged for 2 days at 105°e. 
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Figure 84. Load-displacement fits for 0.019" PVC film aged for 2 days at 105°e. 
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Film Indentation - Hold Portion 
Load vs. Time Since Hold 
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Figure 85. Nonnalized relaxation fits for 0.019" PVC film aged for 2 days at 105°C. 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (Ibs/in) 1299.9 1307.8 1276.7 1137.7 1204.2 1245.2 
t.. (lbs) -0.19105 -0.17271 -0.19318 -0.18536 -0.19799 -0.18806 
a (Ibs/in) 793.59 846.05 780.58 683.31 719.78 764.66 
b (lbs/in2) 271226 251022 258949 224734 242739 249734 

a (Ib/log(s» 0.026623 0.025439 0.026096 0.030928 0.029665 0.027750 

P (lb/log(S)2) -0.037082 -0.036416 -0.037168 -0.043884 -0.041760 -0.039262 

Y (lb/log(S)3) 0.0024087 0.0022792 0.0024391 0.0033804 0.0031883 0.0027391 

Table 24. Data fit coefficients for 0.019" PVC film aged for 2 days at 105°C 
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Figure 86. Load-displacement fits for 0.019" PVC film aged for 5 days at 105°e. 
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Figure 87. Load-displacement fits for 0.019" PVC film aged for S days at lOsoe. 
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Figure 88. Normalized relaxation fits for 0.019" PVC film aged for 5 days at 105°C. 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (Ibslin) 1476.5 1493.5 1421.6 1480.2 1460.0 1466.4 
A (Ibs) -0.26123 -0.14161 -0.19758 -0.14756 -0.21817 -0.19323 
a (Ibs/in) 771.68 1018.19 827.92 984.08 812.74 882.92 

b Clbs/in2) 397728 311792 362717 324817 391698 357751 

a (Ib/log{s» -0.029427 0.023398 0.024165 0.021444 0.022736 0.012464 

P (lb/log{S)2) 0.050862 -0.032434 -0.033840 -0.030677 -0.032044 -0.015627 

Iy (lb/logCS)3) -0.0278557 0.0020635 0.0024273 0.0018577 0.0020372 -0.0038940 

Table 25. Data fit coefficients for 0.019" PVC film aged for 5 days at 105°C 
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Figure 89. Load-displacement fits for 0.019" PVC film aged for 1 week at 105°C 
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Figure 90. Load-displacement fits for 0.019" PVC film aged for 1 week at 105°C 
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Figure 91. Nonnalized relaxation fits for 0.019" PVC film aged for 1 week at 105°C. 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (Jbsfin) 1744.7 1601.6 1634.1 1585.4 1596.8 1632.5 
').. (Ibs) -0.09533 -0.33183 -0.26970 -0.41063 -0.25348 -0.27219 
a (Jbsfin) 1322.12 665.89 834.53 503.89 846.09 834.51 
b (Jbs/in2) 335705 564758 499863 611083 463967 495075 
a (Jb/log(s» -0_030299 0.018727 0.017609 0.020340 0.019030 0.009081 

~ (Jb/Jog(S)2) 0.051564 -0.026898 -0.025724 -0.028138 -0.027526 -0.011345 

Iy (Ib/Jog(S)3) -0.0267834 0.0012727 0.0011189 0.0015862 0.0014303 -0.0042751 

Table 26. Data fit coefficients for 0.019" PVC film aged for 1 week at 105°C 
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Figure 92. Load-displacement fits for 0.019" PVC film aged for 2 weeks at lO5°e. 
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Figure 93. Load-displacement fits for 0.019" PVC film aged for 2 weeks at lO5°C. 
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Figure 94. Normalized relaxation fits for 0.019" PVC film aged for 2 weeks at lO5°e. 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (Ibslin) 2121.8 2065.2 2645.6 1778.2 2288.6 2179.9 
A.Jlbs) 0.00535 -0.05942 -0.09348 -0.11867 -0.03117 -0.05948 
a (Ibs/in) 2058.71 1720.76 2083.81 1297.71 2065.36 1845.27 

b (lbs/in2) 103031 354496 672215 381320 286675 359547 

a (Ib/log(s» -0.028031 0.017540 0.014064 0.017894 0.016234 0.007540 

13 (lb/log(S)2) 0.049312 -0.023020 -0.018192 -0.024453 -0.020956 -0.007462 

Iy (lb/log(S)3) -0.0253789 0.0010494 0.0007112 0.0008872 0.0007975 -0.0043867 

Table 27. Data fit coefficients for 0.019" PVC film aged for 2 weeks at lO5°e 
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Figure 95. Load-displacement data for 0.019" PVC film aged for 3 weeks at 105°C . 
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Figure 96. Load-displacement data for 0.019" PVC film aged for 3 weeks at 105°C 

90 



1.20 

l-
it/) 

1.00 It/) 
I Q) 

E 
c 

0.80 ::l -"C 
ns 
0 0.60 ..J 

E 
~ 0.40 0 z 

0.20 

0.00 
0.01 

l ____ 

Film Indentation - Hold Portion 
Load vs. Time Since Hold 

------~------~~- ---~-

---------

~~----------------

, 'I ! I I I! I! i 

0.1 1 10 

Time Since Hold (5) 
~~-----------------~------------ -------

Figure 97. Normalized relaxation fits for 0.019" PVC film aged for 3 weeks at 1 05°C. 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (Ibs/in) 4383.5 2991.9 2856.2 2249.1 2097.9 2915.7 
A (Jbs) -0.02832 -0.63838 -0.18196 -0.32624 -0.24352 -0.28369 
a (Jbs/in) 4096.79 542.29 1830.11 1019.07 1181.32 1733.92 
b (Ibs/in2) 554136 2120748 1185279 1002860 743462 1121297 

a (Jb/Jog(s» -0.018946 0.008147 0.007679 0.012880 0.014412 0.004834 

~ (Jb/Jog(S)2) 0.032048 -0.009907 -0.009708 -0.016679 -0.018858 -0.004621 

Iy (Ib/Jog(S)3) -0.0146466 -0.0007204 -0.0007887 -0.0001402 0.0000707 -0.0032451 

Table 28. Data fit coefficients for 0.019" PVC film aged for 3 weeks at 105°C 
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Figure 98. Load-displacement data for 0.008" PVC film aged for 2 days at 12Soe 
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Figure 99. Load-displacement data for 0.008" PVC film aged for 2 days at 12soe 
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Figure 100. Normalized relaxation fits for 0.206 mm PVC film aged for 2 days at 125°e. 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (Ibs/in) 7163.2 7455.7 4814.4 5370.1 6688.9 6298.5 
').. (Ibs) -98.75904 -102.50540 -69.18995 -77.54381 -91.95845 -87.99133 
a (Ibs/in) -94.15 -123.83 -82.52 -94.53 -95.84 -98.17 

b (lbslin2) 11480 15029 9850 10929 11960 11850 

a. (Ib/log(s» -0.000369 -0.000760 0.001055 -0.001544 -0.000363 -0.000396 

f3 (lb/log(S)2) -0.000379 0.000260 -0.001194 0.000635 -0.000130 -0.000162 

I'Y (lb/log(S)3) -0.0000699 -0.0001928 0.0000379 -0.0002376 -0.0001336 -0.0001192 

Table 29. Data fit coefficients for 0.008" PVC film aged for 2 days at 125°C 

93 



i 

2.50 

2.00 -t---

-en 
.c 

Film Indentation - Load Portion 
Load vs. Deflection Curve 

t I 
i 

·································1 

I 
---I 

:::. 1 50 -'C . 

I I , . 
- '1-,-----------

r " 

I 
--I ro 

o 
..J 

I; I 
/' ' 

1.00 
(. , 

--------~_i-.- " ------- -1 

l' i 
t ' 
t ; 
I . 0.50 +----- i /~ 

=--TriaTTl I 
""". Trial 2 I I 
- - - - Trial 3 . 
- , - , - Trial 4 
- , , - , Trial 5 I 

_I ~ ,=-=--- ::..:. -;:. ',;;; .;:..::;:';:"':;::; ;:..:.:;;:,;:.£' - ,_.

o . 00 -l--~~s.::::::::\:.=,::i::...=c::..:..;:,..:.._'__+___'_--l---'--'--+__'_---'-.......L--'--+__'_---'----'----~ 

0.0000 0.0010 0.0020 0.0030 0.0040 0.0050 
Deformation (inches) 

Figure 101. Load-displacement fits for 0.008" PVC film aged for 5 days at 125°C 
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Figure 102. Load-displacement fits for 0.008" PVC film aged for 5 days at 125°C 
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Figure 103. Normalized relaxation fits for 0.206 mm PVC film aged for 5 days at 125°C 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (Ibs/in) 960.6 6744.5 7272.1 2176.7 5428.1 4516.4 
A (lbs) -2.95138 -17.56399 -18.93898 -8.72132 -15.16583 -12.66830 
a (Ibs/in) -134.74 -637.89 -626.54 -210.88 -380.42 -398.10 

b (lbslin2) 93008 380446 379249 107224 260786 244142 

a (Ib/log(s» 0.000241 0.000432 0.000202 -0.000303 0.000010 0.000117 

~ (lb/log(S)2) -0.000981 -0.000614 -0.000501 -0.000118 -0.000429 -0.000529 

y (lb/lOg(S)3) 0.0000390 0.0000030 -0.0000119 -0.0000827 -0.0000296 -0.0000164 

Table 30. Data fit coefficients for 0.008" PVC film aged for 5 days at 125°C 
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Figure 104. Load-displacement fits for 0.008" PVC film aged for 1 week at 125°C 
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Figure 105. Load-displacement fits for 0.008" PVC film aged for 1 week at 125°C 

96 



~-~. ---------

1.20 

-til 
1.00 til 

(1) 

E 
c 

0.80 ::l -'0 
I ~ 0.60 . ....I 

E ... 0.40 0 z 
0.20 

0.00 

Film Indentation· Hold Portion 
Load vs. Time Since Hold 

I 

'1-~frial1ll~ 
+ 
__________________ ~i ..... ~ ·Trial2 

- - - - Trial 3 
I -. - . - Trial 4 .. 1 I 
~ .• - ~ TrialJ_ ! 

--~-~-.---- .. -~-------I 

I 
+-----------~----.--------~-~-.----~ 

~~ .-----.-------~------ ..... -.~~-------~ .. 

I i 
-+-_'---L.....!-..L.L....l..LLf------L-----L---L-J---L.L.J....Y-_--'--'--.l.-L..LC...J.-Lf--_-"---'--L--'--L...LLLj I 

0.01 0.1 1 10 100
1 

I 
Time Since Hold (5) 

Figure 106. Nonnalized relaxation fits for 0.008" PVC film aged for 1 week at 125°C 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (Ibs/in) 6509.0 8549.5 7509.9 4995.5 7368.3 6986.4 
A (Ibs) -76.79870 -101.32556 -88.61424 -58.70874 -86.95911 -82.48127 
a (Ibslin) -111.18 -122.34 -130.91 -127.96 -134.33 -125.34 

b (lbs/in2) 15904 17201 18170 18009 18599 17577 

a (Ib/log(s» -0.000121 -0.000387 -0.000314 -0.001538 -0.000278 -0.000528 

P (lb/log(S)2) -0.000505 -0.000025 -0.000054 0.000495 0.000037 -0.000010 

y (lb/log(S)3) -0.0000281 -0.0001084 -0.0001060 -0.0001883 -0.0001159 -0.0001094 

Table 31. Data fit coefficients for 0.008" PVC film aged for 1 week at 125°C 
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Figure 107. Load-displacement fits for 0.008" PVC film aged for 2 weeks at 125°C 
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Figure 108. Load-displacement fits for 0.008" PVC film aged for 2 weeks at 125°C 
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Figure 109. Normalized relaxation fits for 0.008" PVC film aged for 2 weeks at 125°C 
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Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (Ibs/in) 1327.8 8186.2 7350.3 6102.6 7596.5 6112.7 
A (Ibs) -6.98994 -42.47001 -38.24843 -31.56415 -39.12750 -31.68001 
a (Ibs/in) -192.17 -295.93 -282.54 -266.85 -291.96 -265.89 

b (lbslin2) 64225 93664 91340 85797 93320 85669 

ex (Ib/log(s» -0.000055 -0.000091 -0.000648 0.000123 -0.000533 -0.000241 

~ (lb/log(S)2) -0.000007 -0.000389 -0.000112 -0.000420 0.000098 -0.000166 

Y (lb/log(S)3) -0.0000941 -0.0000031 -0.0000540 -0.0000197 -0.0001139 -0.0000570 

Table 32. Data fit coefficients for 0.008" PVC film aged for 2 weeks at 125°C 
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Figure 110. Load-displacement fits for 0.008" PVC film aged for 3 weeks at 125°C 
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Figure Ill. Load-displacement fits for 0.008" PVC film aged for 3 weeks at 125°C 
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Figure 112. Normalized relaxation fits for 0.008" PVC film aged for 3 weeks at 125°C 
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Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (Ibstin) 6068.4 7332.1 7888.7 7386.5 7626.6 7260.5 
A (Ibs) -72.19677 -82.10095 -81.44279 -77.10664 -78.67250 -78.30393 
a (Ibsfin) -101.62 -120.82 -127.85 -114.53 -130.22 -119.01 

b (Ibstin2) 15277 18053 21195 19812 21712 19210 

a (Ib/log(s)) -0.000273 -0.000487 -0.000590 -0.000389 -0.001069 -0.000562 

~ (lb/log(S)2) -0.000142 0.000116 0.000094 -0.000123 0.000252 0.000039 

I'Y (lb/log(S)3) -0.0000806 -0.0001358 -0.0001334 -0.0001169 -0.0001488 -0.0001231 

Table 33. Data fit coefficients for 0.008" PVC film aged for 3 weeks at 125°C 
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Figure 113. Load-displacement data for 0.019" PVC film aged for 2 days at 125°C 
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Figure 114. Load-displacement data for 0.019" PVC film aged for 2 days at 125°C 
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Figure 115. Normalized relaxation fits for 0.019" PVC film aged for 2 days at 125°C 
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Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (Ibs/in) 5377.1 5655.0 779.5 6366.1 2698.5 4175.2 
').. (lbs) -22.00856 -23.16196 -6.56736 -13.11336 -10.96869 -15.16399 
a (Ibs/in) -610.58 -542.58 -104.41 -1260.53 -353.00 -574.22 
bJlbslin2) 220375 196699 22436 825204 140175 280978 

ex (Ib/log(s» -0.000417 -0.000810 0.000043 0.001077 -0.000604 -0.000142 

J3 (lb/log(S)2) 0.000616 0.000832 -0.000262 -0.000415 0.000264 0.000207 

I'Y (lb/log(S)3) -0.0001817 -0.0002039 -0.0000263 -0.0000102 -0.0001367 -0.0001117 

Table 34. Data fit coefficients for 0.019" PVC film aged for 2 days at 125°C 
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Figure 116. Load-displacement data for 0.019" PVC film aged for 5 days at 125°C 

104 



1---- Film Indentation - Load Portion 
1 Load vs. Deflection Curve 

I 1.60 T· .. ·Fp:=a=ra=b=~I=i~ .. -:::(B:"'"·~·=~t-=F=."it)=· =t ........................................... -_ ..... . 

i 1 40 F(8) = a 8 + b i 
I . 

i _ 1.20 +----
t/) 
.c 
:::. 1.00 
'C 

~ ~ 0.80 ..... ~------
...J 

0.0000 0.0010 0.0020 0.0030 0.0040 0.0050 0.0060 
Deformation (inches) 

Figure 117. Load-displacement data for 0.019" PVC film aged for 5 days at 125°C 
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Figure 118. Normalized relaxation fits for 0.019" PVC film aged for 5 days at 125°C 
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Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (Ibs/in) 2269.0 716.2 912.1 1134.1 2269.0 1460.1 
A. (Ibs) -5.83135 -2.28632 -2.96412 -3.87221 -5.83135 -4.15707 
a (Ibslin) -398.36 -163.82 -179.47 -212.17 -398.36 -270.43 
bJlbs/in2) 253559 84037 98634 106958 253559 159350 

a (Ib/log(s» -0.000586 -0.000215 -0.000053 0.000032 -0.000586 -0.000281 

~ (lb/log(S)2) 0.000160 -0.000353 -0.000131 -0.000297 0.000160 -0.000092 

y (lb/log(S)3) -0.0001876 -0.0002403 -0.0002026 -0.0001407 -0.0001876 -0.0001918 

Table 35. Data fit coefficients for 0.019" PVC film aged for 5 days at 125°C 
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Figure 119. Load-displacement data for 0.019" PVC film aged for 1 week at 125°C 
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Figure 120. Load-displacement data for 0.019" PVC film aged for 1 week at 125°C. 
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Figure 121. Normalized relaxation fits for 0.019" PVC film aged for 1 week at 125°C. 
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Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (Ibstin) 6410.7 5000.9 5385.3 5140.5 5387.5 5465.0 
A (Ibs) -2.88374 -0.70759 -0.55357 -0.45987 -0.65948 -1.05285 
a (Ibstin) -2301.12 159.47 948.18 1280.33 545.88 126.55 

b (lbstin2) 6589893 7467849 7952408 7130248 8056756 7439431 

a (Ib/log(s)) -0.000417 0.000320 0.000700 -0.000102 0.001187 0.000338 

P (lb/log(S)2) 0.000334 -0.000251 -0.000702 -0.000421 -0.001118 -0.000432 

I"Y (Ib/lOg(S)3) -0.0000931 -0.0000951 -0.0000130 -0.0000218 0.0000949 -0.0000256 

Table 36. Data fit coefficients for 0.019" PVC film aged for 1 week at 125°C 
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Figure 122. Load-displacement data for 0.019" PVC film aged for 2 weeks at 125°C. 
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Figure 123. Load-displacement data for 0.019" PVC film aged for 2 weeks at 125°C 
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Figure 124. Normalized relaxation fits for 0.019" PVC film aged for 2 weeks at 125°C 
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Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (Ibs/in) 1327.8 7651.6 3562.4 3555.4 4503.8 4120.2 
A (Ibs) -6.98994 -39.56422 -11.94624 -11.96391 -15.56682 -17.20622 
a (Ibslin) -192.17 -283.59 -346.77 -325.68 -312.77 -292.19 
b (lbs/in2) 64225 90495 185131 176687 171139 137535 

a (Ib/log{s» -0.000055 -0.000192 -0.000925 -0.000048 0.000100 -0.000224 

B (lb/log{S)2) -0.000007 -0.000275 0.000624 -0.000293 -0.000388 -0.000068 

Iy (lb/log(S)3) -0.0000941 -0.0000418 -0.0001814 0.0000056 0.0000169 -0.0000589 

Table 37. Data fit coefficients for 0.019" PVC film aged for 2 weeks at 125°C 
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Figure 125. Load-displacement data for 0.019" PVC film aged for 3 weeks at 125°C 
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Figure 126. Load-displacement data for 0.019" PVC film aged for 3 weeks at 125°C ._._-------
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Figure 127. Nonnalized relaxation fits for 0.019" PVC film aged for 3 weeks at 125°C 
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Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average 
k (Ibs/in) 2189.1 2094.0 2896.2 2343.6 3091.4 2522.9 
A. (Ibs) -14.79304 -20.88829 -41.60248 -14.78010 -15.19877 -21.45254 
a (Ibs/in) -181.37 -127.73 -81.23 -234.21 -337.14 -192.34 
b (lbs/in2) 45563 21981 10099 59615 106785 48809 

a (Ibllog(s» -0.000138 -0.000406 -0.000251 -0.001143 0.000947 -0.000198 

P (lbllog(s)2) -0.000461 -0.000061 0.000040 0.000403 -0.000758 -0.000167 

Iy (lb/log(S)3) -0.0000579 -0.0001301 -0.0001328 -0.0002123 0.0000027 -0.0001061 

Table 38. Data fit coefficients for 0.019" PVC film aged for 3 weeks at 125°C 
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