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EXECUTIVE SUMMARY 

The Electric Power Research Institute (EPRI) originally developed the Indenter in the 1980s for 
use in utility nuclear power plants.  The Indenter is a nondestructive test method that monitors 
the aging of wire and cable insulation by measuring changes in compressive modulus.  As wire 
ages, significant changes in this mechanical property precede changes to the electrical insulation 
capability.  Aging wires cause embrittlement and cracking, which may result in significant 
electrical malfunctions and dangerous conditions such as electrical arcing.   
 
The objective of this research is to demonstrate to the reader that data obtained by testing aircraft 
wire insulation with the Indenter Polymer Aging Monitor (Indenter) can be correlated with the 
aging of the wire insulation or cables.  Activities included in this research study were:  
modification of the Indenter design to enhance its capabilities to test small wires, standardized 
test procedures for using the modified Indenter, accelerated thermal aging of various insulation 
test specimens, and the evaluation of the effects of accelerated aging on the insulation systems by 
comparing Indenter Modulus, Elongation-at-Break (EAB), and Wire Insulation Deterioration 
Analysis System (WIDAS) tests. 
 
Changes in mechanical properties are typically evaluated by EAB testing.  However, EAB 
testing is destructive and requires relatively large specimens, making it undesirable for analyzing 
installed cables. As an alternative to EAB tests, Indenter tests that measure compressive modulus 
provide a systematic indication of material aging.  Thus, Indenter data obtained during testing 
that also obtained EAB (or other) data at the same level of aging can be combined in a graph to 
predict remaining cable life.  New Indenter data obtained from wires installed in aircraft can be 
compared to the graph to estimate the wire life. Six type of common aircraft wires, Polyvinyl 
Chloride (PVC), PVC/glass/nylon (PVC G-N), XL-ETFE (Cross-linked Tefzel), Composite TKT 
(Teflon -Kapton -Teflon ), Polyimide (Kapton ) #20 AWG Instrument cable, and Polyimide 
(Kapton ) #10 AWG Power cable, were subjected to testing. Wire specimens were subjected to 
accelerated thermal aging in ovens prior to performing any EAB, Indenter, or WIDAS tests.  The 
thermal aging program was based on two factors, maximum aging time of 12 weeks and an aging 
temperature that was 20°C higher than the maximum temperature rating of each wire type.  
 
This research study illustrates that after testing of the various aged wire specimens with the 
indenter, the accuracy of the data obtained by Indenter is not dependent on the experience of the 
person performing the test, and it is suitable for testing small wires installed in aircraft. Results 
from the indenter correlate well with EAB and WIDAS test results, but the type of material of 
the different insulation specimens has an important role on this correlation.  The general shape 
(convex/concave) of the curves fitted to the data plots for Indenter modulus and relaxation values 
are typically the same, and the application of relaxation data to material aging as a 
recommendation must be evaluated further.  Finally, data for some aged materials fell within the 
assumed accuracy of the Indenter and showed no trends.  These were materials for which there is 
no comparison data available from other testing methods.  Since the amount of aging 
degradation, resulting from the aging protocol is unknown, it cannot be determined if the 
Indenter results indicate that the material actually was not aged significantly or if the Indenter 
measurements are not suitable for that type of material. 
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1.  INTRODUCTION. 

The objective of this research was to demonstrate that modulus readings obtained by testing 
aircraft wire with the Indenter Polymer Aging Monitor could be correlated to the aging of wire or 
cables.  Additional research was done to improve the consistency of the indenting method and 
data and assemble age-related information from other sources.  
 
Specific activities included were as follows: 
 
• Design modification of the Indenter to enhance its capabilities to test small wires 

• Development of a standardized test procedure for using the modified Indenter 

• Accelerated thermal aging of various insulation systems currently used in aircraft 

• Evaluation of the effects of accelerated aging on the insulation systems by performing 
Indenter modulus, elongation-at-break (EAB), and wire insulation deterioration analysis 
system (WIDAS) tests. 

The accelerated thermal-aging exposures and EAB tests were performed at the Engineering 
Research and Development facility of the Boeing Company in Everett, WA.  The WIDAS tests 
were performed at Lectromechanical Design Company in Dulles, Virginia.  The Indenter tests 
were performed at Analog Interfaces, Inc. 
  
The Indenter Polymer Aging Monitor (Indenter) was originally developed in the 1980s for use in 
utility nuclear power plants.  The development was funded by the Electric Power Research 
Institute (EPRI) as part of a research program to produce a nondestructive test method that could 
monitor and evaluate the aging of insulation materials of electrical cables.  The Indenter 
measures the changes in compressive modulus of the insulation materials.  When low-voltage 
cable ages, significant changes in this mechanical property precede changes in electrical 
insulation capability.   
 
Changes in mechanical properties of insulation and materials typically have been evaluated by 
means of EAB testing.  However, EAB testing is destructive and requires relatively large 
specimens, making it undesirable for analyzing installed cables.  As an alternative to EAB tests, 
EPRI performed tests to evaluate compression, relaxation, creep, and recovery properties.  The 
research showed that the change in force divided by change in position of a probe pressing at a 
constant velocity against the insulation of a cable provided a systematic indication of material 
aging.  For materials that harden as they age, the measured compressive modulus also increases.  
Thus, Indenter data obtained during testing that also obtained EAB (or other) data at the same 
level of aging can be combined in a graph to predict remaining cable life.  New Indenter data 
obtained from wires installed in aircraft can be compared to the graph to estimate the wire life.  
 

 1-1/1-2



2.  SELECTION OF TEST MATERIALS AND THERMAL-AGING EXPOSURES. 

2.1  TEST MATERIALS. 

This research included tests of six types of insulation materials.  A variety of wire types and 
constructions were selected because they are commonly used on the aircraft industry.  The final 
list of cable types was developed after extensive input from industry experts.  All wires were size 
#20 AWG except for the power cable that was #10 AWG.  The total thickness of the various 
insulation systems was approximately the same.  The following is a description of the wires: 
 
• Polyvinyl Chloride (PVC) MIL-DTL-16878/1C 

The conductor is covered with extruded PVC insulation 8 to 11.5 mils thick. 
 
• PVC/glass/nylon MIL-W-5086/2C 

The conductor is covered with extruded PVC insulation that is covered by glass fiber 
braid, which is covered by extruded 6-mils-thick clear nylon.  The combined thickness of 
the PVC and braid is 18 mils.  The PVC insulation thickness is assumed to be 8 to 
11.5 mils. 
 

• XL-ETFE (Cross-linked Tefzel) MIL-W-22759/42B 
The conductor is covered with two extrusions. The first extrusion is 3 mils (min.) of 
cross-linked modified ethylene-tetrafluoroethylene copolymer (ETFE).  The second 
extrusion is 4 mils (min.) of cross-linked modified ETFE.  The total combined insulation 
system must be 8 mils (min.) thick.   

 
• Composite TKT (Teflon -Kapton -Teflon ) MIL-DTL-22759/90A 

The conductor is covered with two wrapped tapes; the overlap for each wrapping is 
50% (min).  The first wrap over the conductor consists of 0.5 mil of fluorocarbon 
polymer (FP), modified polytetrafluoroethylene (PTFE), over 1 mil of polyimide covered 
by 0.5 mil of FP.  The second wrap consists of 2 mil of FP.  The nominal thickness of the 
entire insulation system is 7.4 mils. 

 
• Polyimide (Kapton ) #20 AWG Instrument cable MIL-W-81381/12C  

The conductor is covered with two wrapped tapes; the overlap for each wrapping is 
50% (min).  The first wrap over the conductor consists of 2 mil of polyimide film covered 
by 0.5-mil fluorinated ethylene propylene (FEP) fluorocarbon resin.  The second wrap 
consists of 0.1-mil FEP fluorocarbon resin over 1 mil of polyimide film that is covered by 
0.1 mil of FEP fluorocarbon resin.  The second wrap is then coated with 0.5 mil of 
aromatic polyimide resin.  Approximate thickness of the entire insulation system is 
8 mils.  
 

• Polyimide (Kapton ) #10 AWG Power cable MIL-DTL-22759/86A 
The conductor is covered with two wrapped tapes; the overlap for each wrapping is 
50% (min).  The first wrap over the conductor consists of 0.5-mil FP over 1 mil of 
polyimide over 0.5-mil FP.  The second wrap consists of PTFE (unsintered).  Nominal 
wall thickness of the entire insulation system is 9.5 mils. 
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2.2  WIRE NAMING TERMINOLOGY. 

The wires used in this research were referred to differently in various documents and by the 
various personnel involved as the research developed.  Thus, for the purposes of testing 
tabulation, the following wire descriptions have been used: PVC, PVC G-N, XL-ETFE, 
Composite TKT, Polyimide INST, and Polyimide Power.  All the wire test specimens and the 
storage bags containing the test specimens were labeled using these descriptions.  
 
The term polyimide power cable can be misleading since the primary insulation is Kapton .  The 
inclusion of the other materials actually results in the total insulation system being identical to 
that described as Composite TKT.  The original intent was to include a power cable whose total 
insulation system was identical to the Kapton  that was used on the instrument wire (#20 AWG).  
However, as the aging part of the research began, it was determined that such a wire was not 
readily available.  Thus, another type of power cable was substituted.  Analog Interfaces, Inc. did 
not become aware that the substituted insulation system was identical to the Composite TKT 
insulation system until much later in the research.  Therefore, the original nomenclature  of 
Polyimide Power was retained. 
 
2.3  ACCELERATED THERMAL-AGING EXPOSURES. 

Table 2-1 shows the aging temperature, weeks of aging, and sampling rate for the six wire types. 
 

TABLE 2-1.  THERMAL-AGING TEMPERATURES, DURATIONS, AND 
SAMPLING RATES  

Insulation System 
Aging 
Temp. 

Weeks 
of Aging Sampling Rate 

PVC 125°C 8 Remove 10 samples every two 
weeks 

PVC/glass/nylon 125°C 8 Remove 10 samples every two 
weeks 

XL-ETFE  
(Cross-linked Tefzel ) 

220°C 12 Remove 10 samples every three 
weeks 

Composite 
(Teflon -Kapton -Teflon ) 

280°C 12 Remove 10 samples every three 
weeks 

Polyimide (Kapton ) 
(instrument wire) 

220°C 12 Remove 10 samples every three 
weeks 

Polyimide (Kapton ) 
(#10 AWG power) 

220°C 12 Remove 10 samples every three 
weeks 

 
The original intent of the thermal-aging program was to age all specimens in a consistent manner 
such that they all were at a defined end-of-life status at the conclusion of the accelerated aging 
exposure.  However, the requirements for aging ovens and durations exceeded the scope of 
resources available.  Consequently, the revised version of the aging program was based on the 
following two factors:  (1) a maximum aging time of 12 weeks and (2) an aging temperature that 
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was 20°C higher than the maximum temperature rating of each wire type. Each organic material 
ages at a rate that is dependent on the activation energy (eV) specific to that material.  However, 
there is a very general rule of thumb which states that the thermal life of a material decreases by 
one-half for 10°C increase in temperature.  Thus, if a theoretical material normally reached its 
end of life in 10,000 hours when operated at 105°C, then a 10°C increase would reduce the total 
operating life by one-half to 5000 hours.  For example, the rating for the simple PVC wire was 
105°C; therefore, 20°C was added to that value to obtain an aging temperature of 125°C.  This 
method does not produce a known endpoint at the conclusion of the aging exposure, but it does 
ensure that some measurable aging occurs by the end of the 8- or 12-week aging period.  In this 
report, aging levels are referred to by the letter A followed by the number of weeks that the 
specimen was aged, i.e., A0 (unaged), A2, A3, A4, A6, A8, A9, and A12. 
 
Given the length of the test wires and available space in the ovens, personnel found it necessary 
to droop the test wires over a rod, rather than to hang a straight specimen in air.  This method is 
accepted in industry practice, and sometimes a weight is hung from each end of the wire.  
However, no weights were used in this program. 
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3.  ELONGATION-AT-BREAK TESTING. 

The original test plan anticipated that EAB testing could be performed on three of the six wire 
types, namely, PVC, PVC G-N, and XL-ETFE.  The wrapped nature of polyimide insulation and 
the complexity of the Composite TKT insulation precludes obtaining meaningful data from EAB 
testing of these materials.  However, it was subsequently determined that EAB testing on PVC 
G-N was not feasible as well.  All EAB testing was performed by Boeing, the original data 
provided by Boeing is presented in appendix C.  (Boeing refers to EAB as elongation at rupture.) 
 
3.1  ELONGATION-AT-BREAK METHODOLOGY. 

EAB testing consists of removing the metallic conductor so that only the insulation remains.  The 
insulation piece is then placed between two clamp jaws and stretched at a constant speed until 
the insulation breaks.  A variety of data is recorded, such as, the breaking force of the specimen, 
the distance between benchmarks at rupture, and cross-sectional area (columns C, F, and L2 on 
test data table in appendix C).  The data is used to calculate EAB (%) and show the percent that 
the material stretches before breaking decreases as the material ages. 
 
Boeing calculated EAB values using two different methods (columns 9 and 10 in appendix C): 
 
• Elongation at rupture by Instron (%) (method typically used in the cable industry)  
• Elongation per BSS 7324 by scale (%) (Boeing standard test method) 
 
Both calculations use the same raw data taken from the test samples. 
 
3.2  NUMBER OF DATA POINTS. 

Since only one EAB test can be done on a given sample, with ten samples at each aging level, 
the Boeing data consists of a maximum of ten values for each aging level.  In some cases, due to 
testing problems, less than ten data points are available. 
 
3.3  ELONGATION-AT-BREAK TEST RESULTS. 

The EAB data from appendix C, shown in figures 3-1 and 3-2, have been plotted with curve fits 
and a vertical bar for 0.95 confidence levels.  Figure 3-1 shows what appears to be an anomaly in 
the data at the 6-week aging level.  The 0.95 confidence level shows data variation of around 
+6% Figure 3-2 shows a good curve fit to the data.  The 0.95 confidence level shows data 
variation to be small.  A 95% confidence interval for an unknown quantity such as average value 
may be characterized as follows:  If one repeatedly calculates such intervals from many 
independent random samples, 95% of the intervals would, in the long run, correctly bracket the 
true average value.  More commonly, but less precisely, a two-sided confidence interval can be 
described as follows: there is a 95% confidence that the interval lower limit to upper limit 
contains the unknown true value of the average. 
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FIGURE 3-1.  ELONGATION-AT-BREAK VERSUS AGING LEVELS FOR PVC 
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FIGURE 3-2.  ELONGATION-AT-BREAK VERSUS AGING LEVELS FOR XL-ETFE 
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4.  INDENTER TESTING PROCEDURES. 

This section describes how the test samples were prepared and labeled, the Indenter tests were 
taken, the data was reviewed, test exclusion decisions were made, and the data was formatted 
into a spreadsheet for statistical analysis. 
 
4.1  PREPARATION OF WIRE SAMPLES. 

The aged wire samples were received from Boeing in six large plastic bags, each contained the 
wires for one of the six types of wires in the test program.  Within the large outer bag were 
separate bags containing specimens from each aging level. Each wire was labeled by attaching a 
tag with the following information: 
 
• Wire type—Used the designations listed in section 2.2 
 
• Aging level—For PVC and PVC G-N, the aging level designations were A0, A2, A4, A6, 

and A8.  For the other four wire types the aging level designations were A0, A3, A6, A9, 
and A12. 

 
• Sample Number—A sample number from 1 to 10 was randomly assigned to each aged 

wire sample furnished by Boeing.  Boeing had not labeled each sample, therefore, 
specific pieces of wire could not be correlated with their EAB test results. 

 
Although it was not originally intended to make correlations among the various wire samples 
from the same aging level, it was decided to label them for future reference. Thus, all the 
modulus and relaxation values taken are identified with a specific wire number. 
 
The labeling method is illustrated in figure 4-1; that is, PVC A0 #2 indicates that this is a PVC 
type wire, unaged, and is wire #2 out of the 10 wires furnished by Boeing.  This method of 
labeling was also applied to other test specimens received from Lectromec Design Company, 
even though Lectromec had already attached their own labels using a Lectromec identification 
system, as shown in figure 4-2. 
 

 
 

FIGURE 4-1.  WIRE SAMPLE LABEL 
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FIGURE 4-2.  EXAMPLE OF LECTROMEC TEST, SAMPLE LABELING (X+2)104A3 
WITH ANALOG INTERFACES LABEL ADDED 

 
4.2  LENGTH OF TEST SPECIMENS. 

Each test specimen prepared by Boeing for accelerated thermal aging was approximately 24 
inches in length.  Some of the specimens received for Indenter modulus testing were shorter 
because part of the aged specimens were removed for either EAB or WIDAS testing.  Table 4-1 
shows the specimen lengths. 
 

TABLE 4-1.  SPECIMEN LENGTHS FOR ALL TESTS 

Wire Type 

Length 
During 

Thermal 
Aging 

Length 
for 

Indenter 
Tests Comment 

PVC 24 inches 16 inches 8 inches used for Boeing EAB test 
PVC G-N 24 inches 16 inches 8 inches used for Boeing EAB test 
XL-ETFE 24 inches 24 inches - - - 
COMPOSITE TKT 24 inches 24 inches - - - 
POLYIMIDE INST 24 inches 6 inches 18 inches used for Lectromec WIDAS test 
POLYIMIDE POWER 24 inches 6 inches 18 inches used for Lectromec WIDAS test 
 
4.3  TESTING PROCEDURE. 

The testing procedure (see appendix B) was performed by three testers.  Each specimen 
subjected to Indenter testing was tested independently at different times by all three testers.  Each 
tester began with the unaged samples (A0) and then proceeded through the other four aging 
levels. 
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Ten wire samples from each aging level were available for Indenter testing; however, only five 
samples of each kind were tested.  The reasons for this were: 
 
• First, since all the wire samples initially came from the same spool and all were exposed 

to the same conditions during accelerated thermal aging, any location on any of the ten 
wires was considered equally representative of the aging characteristic of the wire.  Thus, 
testing ten locations on five wires should be equivalent to testing five locations on ten 
wires.  

 
• Second, testing all ten samples would double the length of testing time without any 

foreseen benefit.  Statistical analysis of the data was performed, which showed that 
obtaining 50 data points for each aging level (five wires tested times ten tests per wire) 
times three testers for a total of 150 data points would be enough data points for a good 
statistical analysis. 

 
The Indenter software permits up to ten individual tests in one test session.  For this research, a 
test session was defined as ten tests along the length of wire being tested. 
 
4.4  TEST EQUIPMENT AND METHODOLOGY. 

4.4.1  Hardware. 

Figure 4-3 shows the entire Indenter system ready to perform modulus testing.  The system 
consists of the following: 
 
1. Cable clamp assembly (CCA) in which the wire is inserted for testing 
2. Data acquisition hardware 
3. Interface box 
4. Cable connecting the interface box to the data acquisition system 
 
 

4

3 

2 

1

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 4-3.  SYSTEM SETUP FOR INDENTER TESTING 
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The test equipment setup used for this research was not the new portable system that was 
developed as part of the overall research because the new hardware and software was not 
completed when the accelerated aging tests were finished.  However, the CCA assembly that was 
used contains the identical internal mechanism that is present on the new system.  Thus, the data 
taken in this test will be the same as if it was taken with the new portable version.  
 
4.4.2  Software. 

The software used for this research was the current Indenter system software, which was also 
used as the host or office personal computer (PC) software for the new portable system.  
Examples of the various software testing screens are presented in section 4.4.3. 
 
4.4.3  Methodology. 

The tester removes the first five samples for each aging level from the storage bag and inputs the 
information into the computer, consisting of material type, aging level, sample number, and 
tester name (PVC, A3, #1, Dave). 
 
Starting with the sample labeled 1, the tester prepares the wire for testing by pulling back on a 
trigger on the CCA to open the jaw clamp, inserting the wire, and then releasing the trigger 
(which holds the wire firmly in place).  The tester presses the SCAN button on the interface box, 
and the probe starts moving toward the wire.  When it contacts the wire, data measurements of 
force and displacement (probe movement) are taken at 100 samples per second.  When the force 
reads 2 pounds, it stops moving. 

 
During a standard modulus test, the probe immediately retracts when the force reads 2 pounds.  
In this research, however, a second variable called the relaxation value was also being 
determined (force data is recorded while the probe is held at the deformation achieved when the 
force value initially reached 2 pounds).  Obtaining relaxation data takes about 7 seconds and then 
the probe retracts.  The computer screen displays the modulus and relaxation values just 
obtained, and the system is automatically set to take the next data point. 
 
The tester opens the clamp jaw and moves the wire to a new location, which is randomly selected 
and not marked in any way.  The tester rotates the wire so that all testing is not done on the same 
side and moves the wire a distance so that all ten tests can be made along the whole length of the 
wire.  When the ten tests have been completed, the test session is done.  Figures 4-4 to 4-7 show 
the test methodology steps. 
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FIGURE 4-4.  REMOVING WIRE SAMPLES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FIGURE 4-5.  PERFORMING A TEST ON POLYIMIDE POWER WIRE 
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FIGURE 4-6.  CABLE CLAMP ASSEMBLY, TOP VIEW 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FIGURE 4-7.  CABLE CLAMP ASSEMBLY, SIDE VIEW 

 
4.4.4  Testers. 

Three testers performed indenter modulus testing.  One tester had 15 years of experience with the 
Indenter.  The other two testers had no experience.  While one of the testers had some technical 
education, the other did not.  The three testers were specially chosen to perform the Indenter tests 
to determine if the test results were dependent on the experience of the user. 
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4.5  VISUAL REVIEW OF DATA. 

The test session data were reviewed on the computer screen to determine if any test anomalies 
had occurred.  Some data was excluded because it would affect the results without representing 
true material changes.  Other data was excluded based on experience reviewing Indenter results.  
The excluded data is documented and summarized in appendix D.  The following is an overview 
of the displayed data and the decision process used to exclude data points.  
 
Figures 4-8 and 4-9 show the graphical display of data in the Indenter software.  All ten tests in 
the test session are displayed, as well as the test session date and time and all the individual 
modulus and relaxation values.  These figures also show the average of the individual modulus 
and relaxation values for that test session.  This average number normally would be used in field 
testing to characterize a given wire.  For the analysis of this research, all of the individual test 
points were used rather than the average value because all data points on all wire samples from 
the same wire type at a given aging level are equally representative of the condition of the 
material and are equally important in a statistical analysis.  The data is displayed in two different 
formats: 
 
• Force (or deformation) versus time (see figure 4-8) 
• Cross plot of force versus deformation (see figure 4-9) 
 

 
FIGURE 4-8.  RELAXATION VALUE DATA SOURCE 
(Force vs time – overlay of 10 tests – good repeatability) 
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FIGURE 4-9.  MODULUS VALUE DATA SOURCE 
(Cross plot – force vs deformation – overlay of 10 tests – good repeatability) 

 
The software also provided the ability to overlay all ten traces on the same plot.  Thus, it was 
easy to review the data quickly for anomalies using the following two-step process: 
 
1. Force versus Time.  This display showed the data on which the relaxation value is 

calculated; the graph should be a smooth, non-linear curve.  Figure 4-8 clearly shows the 
decay of the force after the max force is reached.  Each test was quickly reviewed in this 
format, after which the overlay feature was used to examine all ten tests for similarity.  
Figure 4-8 shows a good alignment of the ten tests.  In contrast, figure 4-10 shows a test 
where the curve is not typical.  Figure 4-11 shows the overlay of ten plots that includes 
the test in figure 4-10 and demonstrates how the one abnormal test stands out in this 
overlay mode.  The reason that more relaxation values were excluded than modulus 
values is that in most cases it was obvious (that is, not a judgment call) that something 
was wrong with a given relaxation test (figure 4-10).  Looking at the data, it appears that 
a tester released the pressure on the wire by pulling on the trigger before the full test was 
concluded.  When questioned on this, the initial tester was not aware that anything was 
done incorrectly.  In one instance, where it was observed (during data analysis) that a 
large number of relaxation values were being excluded, the tester was asked to rerun the 
tests (after a discussion of the possible problem), and the number of rejected tests was 
greatly reduced.  The testing manual will address this problem and show illustrations of a 
rejected test.  The testing instructions would explain what the operator should be looking 
for to determine when a test has been successfully completed.  Finally, if necessary, an 
inclusion of some sort of software alarm could be initiated to flag when a test has been 
completed.  For modulus readings, individual tests rarely stood out as being outside the 
grouping of the other, leading to a fewer number of modulus readings being excluded. 
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2. Force versus Deformation.  This display showed the data that is used to obtain the 
modulus reading, which is the slope of a straight line drawn between the point shown as 
modulus high and modulus low.  Figure 4-9 shows this cross plot and is also an example 
of a good overlay.  In contrast, figure 4-12 shows an example of one modulus test that is 
significantly outside the rest of the traces; thus, it was excluded from further analysis.  
Figure 4-13 shows an example of where the spread among the ten tests is rather wide but 
no one test appears to be invalid.  Thus, all ten tests were used. 

 

 
 

FIGURE 4-10.  EXAMPLE OF EXCLUDED RELAXATION TEST 
 

 
 

FIGURE 4-11.  ONE EXCLUDED TEST REVEALED IN OVERLAY MODE 
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FIGURE 4-12.  QUESTIONABLE MODULUS TEST—TEST 1 

 
 

 
FIGURE 4-13.  EXAMPLE OF SPREAD OF TEST DATA OVER TEN TESTS 
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4.6  PREPARATION OF DATA FOR STATISTICAL ANALYSIS. 

The Indenter software program automatically saves all test information in a database.  The 
information in the database can be accessed via a utility included in the program that generates a 
.cvs file (a comma delimited file that directly imports into Excel) for each test session.  A lot of 
information is included in each file that was not used directly in the data processing.  The data 
fields that were used consisted of test session date, test session time, the modulus values for the 
ten tests made on the wire, the relaxation values for the ten tests made on the wire, tester name, 
and test description. 
 
The data obtained during the Indenter tests was transferred from the Indenter software to a 
spreadsheet.  Each row in the spreadsheet corresponds to one Indenter test.  All of the tests in the 
test session have the same date and time stamp that corresponds to the time at which the test 
session was saved.  No distinction is made between test sessions; that is, all of the data points 
with aging level 0 are considered as independent points.  
 
4.7  AUDITING OF DATA USED FOR STATISTICAL ANALYSIS. 

Even though the modulus and relaxation values were obtained directly from the .cvs file without 
having to be copied by hand, some information still needed to be manually entered into the 
spreadsheet and some cutting and pasting of data that was needed.  Thus, it was important to 
have independent verification that these steps were done properly.  
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5.  INDENTER TESTING RESULTS AND DISCUSSIONS. 

A statistical analysis of all Indenter modulus data was performed by Oberjohn Associates.  Since 
there were five wire samples for each aging level and ten Indenter tests were made by each tester 
on each sample, the analysis presented the combined information from 150 data points per aging 
level for each wire type.  A variety of plotting techniques was investigated to select one that 
presented the data in the most meaningful format to help answer the following three questions: 
 
1. Is there a correlation between aging and modulus readings? 
2. Does the relaxation value provide useful information? 
3. How does test data from different testers compare? 
 
For each wire type, four plots were constructed:  
 
1. Average modulus values and 0.95 confidence level data for each individual tester  

2. Combined average modulus data of three testers with a curve fit of the data and 0.95 
confidence levels shown 

3. Same plot as 1. except for relaxation data instead of modulus 

4. Same plot as 2. except for relaxation data instead of modulus 
 
5.1  PVC DATA. 

This material was included as the reference wire type because it is a material on which a body of 
test data already exists from testing in the nuclear industry, and it has a simple construction, 
representing a single insulation layer.  By including PVC, it will demonstrate if Indenter testing 
of this material on small wire diameters shows the same type of correlation as shown on the 
larger wire diameters for which data exists. 
 
Figures 5-1 through 5-4 show the results for PVC.  Figures 5-1 and 5-2 show the Indenter 
modulus values changed significantly as the material aged.  Eight weeks of aging produced an 
increase of about 78% in the Modulus value, and there was good correlation between levels of 
aging and increase in modulus.  Figures 5-3 and 5-4 show a 33% variation in relaxation values as 
the material ages.  The general shape (convex/concave) of the relaxation curve is the same as the 
modulus curve; the significance of the shape is not known. 
 
The shape of figure 5-1 (PVC modulus) is similar to PVC plots obtained in other aging or 
Indenter tests.  They exhibit the same characteristic concave-up shape, and the modulus values 
increase in a well-behaved pattern as the amount of aging time increases.  A listing of other 
reports related to the Indenter and Indenter research is presented in appendix G. 
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FIGURE 5-1.  PVC MODULUS AVERAGES 

 
 

Separate plot for each of three testers 
tervals 

 
FIGURE 5-2.  PVC MODULUS INDIVIDUAL TESTERS 
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Combined data from three individual testers 
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FIGURE 5-3.  PVC RELAXATION AVERAGES 

 

 
FIGURE 5-4.  PVC RELAXATION INDIVIDUAL TESTERS 
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5.2  PVC G-N DATA. 

The PVC G-N insulation system consists of a clear nylon outer insulation covering a fiberglass 
weave that is in turn covering a PVC coating on the conductor.  Figures 5-5 through 5-8 show 
the results for PVC G-N.  Figures 5-5 and 5-6 show the modulus values changed moderately as 
the material aged.  Eight weeks of aging produced a change of approximately 13% in the 
modulus value, and there was a moderate correlation between levels of aging and increase in 
modulus.  There was a small increase in modulus up to the 6-week aging level, but after that the 
modulus decreases slightly, which was not expected.  Figures 5-7 and 5-8 show a 4% variation in 
relaxation values as the material ages.  The general shape (convex/concave) of the relaxation 
curve is opposite to that of the modulus curve, and this material is the only one of the six tested 
whose curve shapes were different from each other.  The significance of the shape is not known.  
Since neither the modulus nor relaxation data changed significantly during the 8-week aging 
period, no conclusion was reached as to whether or not this behavior reflected the actual 
condition of the wire or just difficulty in obtaining meaningful data for this insulation system. 
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Combined data from three individual testers 
Quadratic curve fit of data—solid line 
Vertical bars denote 0.95 confidence intervals 

 
FIGURE 5-5.  PVC G-N MODULUS AVERAGES 
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FIGURE 5-6.  PVC G-N MODULUS INDIVIDUAL TESTERS 
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FIGURE 5-7.  PVC G-N RELAXATION AVERAGES 
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5.3  XL-ETFE DATA

Vertical bars denote 0.95 confidence intervals 
 

. 

The XL-ETFE insulation system consists of an outer FP wrap over a FP/Polyimide/FP wrap over 
the conductor.  Figures 5-9 through 5-12 show the results for XL-ETFE.  Figures 5-9 and 5-10 
show the modulus values changed only slightly as the material aged.  Twelve weeks of aging 
produced a change of approximately 4% in the modulus value, and there was essentially no 
correlation between levels of aging and increase in modulus.  The 4% change is less than the 
assumed accuracy of the Indenter.*  Figures 5-11 and 5-12 show an 18% variation in relaxation 
values as the material ages, but essentially all the change occurred within the first 3 weeks of 
aging.  The general shape (convex/concave) of the relaxation curve is the same as the modulus 
curve, but the significance of the shape is not known.  Since the percentage changes in the 
modulus and relaxation data were small and there were no identifiable trends in the curves, no 
meaningful conclusion was reached concerning this insulation system. 
 
 

                                                
*

 
  The assumed accuracy of the Indenter is ±10% of the reading obtained for either modulus or relaxation.  
Experience indicates that this value is very conservative; however, a detailed study has not been performed to 
determine an actual value. 
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FIGURE 5-9.  XL-ETFE MODULUS AVERAGES 
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FIGURE 5-12.  XL-ETFE RELAXATION INDIVIDUAL TESTERS 
 

Combined data from three individual testers 
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FIGURE 5-11.  XL-ETFE RELAXATION AVERAGES 
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5.4  COMPOSITE TKT DATA. 

The Composite TKT insulation system consists of three layers over the conductor:  
Teflon /Kapton /Teflon .  Figures 5-13 through 5-16 show the results for Composite TKT.  
Figures 5-13 and 5-14 show the modulus values changed slightly as the material aged.  Twelve 
weeks of aging produced a change of approximately 7% in the modulus value, and there was 
essentially no correlation between levels of aging and increase in modulus.  The 7% change is 
approximately the same as the assumed accuracy of the Indenter.  Figures 5-15 and 5-16 show a 
5% variation in relaxation values as the material ages, but essentially all the change occurred 
after 9 weeks of aging.  The general shape (convex/concave) of the relaxation curve is the same 
as the modulus curve, but the significance of the shape is not known.  Since the percentage 
changes in the modulus and relaxation data were both small and there were no identifiable trends 
in the curves, no meaningful conclusion was reached concerning this insulation system. 
 
 

Quadratic curve fit of data—solid line 
Vertical bars denote 0.95 confidence intervals 

 
FIGURE 5-13.  COMPOSITE TKT MODULUS AVERAGES 
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FIGURE 5-14.  COMPOSITE TKT MODULUS INDIVIDUAL TESTERS 
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FIGURE 5-15.  COMPOSITE TKT RELAXATION AVERAGES 
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FIGURE 5-16.  COM AL TESTERS 

5.5  POLY

POSITE TKT RELAXATION INDIVIDU
 

IMIDE INSULATION DATA. 

This polyimide insulation system consists solely of aromatic polyimide.  Figures 5-17 through 
5-20 show the results for Polyimide INST.  Figures 5-17 and 5-18 show that the modulus values 
changed slightly as the material aged.  Twelve weeks of aging produced a change of 
approximately 8% in the modulus value, and there appears to be good correlation between levels 
of aging and increase in modulus.  The 8% change is approximately the same as the assumed 
accuracy of the Indenter.  Figures 5-19 and 5-20 show a 9% variation in relaxation values as the 
material ages, and there appears to be a reasonable correlation between levels of aging and 
increase in relaxation.  The general shape (convex/concave) of the relaxation curve is the same as 
the modulus curve, but the significance of the shape is not known.  Although the percentage 
changes in the modulus and relaxation data were both small, there were identifiable trends in the 
curves for both values.  Thus, it appears that the Indenter can monitor aging in this insulation 
system. 
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FIGURE 5-17.  POLYIMIDE INST MODULUS AVERAGES 

Separate plot for each of three testers 
Vertical bars denote 0.95 confidence intervals 

 
FIGURE 5-18.  POLYIMIDE INST MODULUS INDIVIDUAL TESTERS 
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FIGURE 5-17.  POLYIMIDE INST MODULUS AVERAGES 

Separate plot for each of three testers 
Vertical bars denote 0.95 confidence intervals 

 
FIGURE 5-18.  POLYIMIDE INST MODULUS INDIVIDUAL TESTERS 
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FIGURE 5-19 RAGES 
 

 
FIGURE 5-20.  POL AL TESTERS 
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5.6  POLYIMIDE POWER DATA. 

This polyimide insulation system (MIL-DTL-22759/86A) is a composite construction of PTFE 
followed by aromatic polyimide, followed by another layer of PTFE.  Figures 5-21 through 5-24 
show the results for Polyimide Power.  Figures 5-21 and 5-22 show the modulus values changed 
very slightly as the material aged.  Twelve weeks of aging produced a change of approximately 
4% in the modulus value, and there was only a slight correlation between levels of aging and 
increase in modulus.  The 4% change is less than the assumed accuracy of the Indenter.  
Figures 5-23 and 5-24 show a 2% variation in relaxation values as the material aged.  The 
general shape (convex/concave) of the relaxation curve is the same as the modulus curve, but the 
significance of the shape is not known.  Since the percentage changes in the modulus and 
relaxation data were both very small and there were no identifiable trends in the curves, no 
meaningful conclusion was reached concerning this insulation system.  Although the name given 
to this insulation system for this research indicates that it is similar to Polyimide INST, the 
construction is actually what is used in the Composite TKT, and the general Indenter results were 
like those obtained for Composite TKT. 
 

Combined data from three individual testers 
Quadratic curve fit of data—solid line 
Vertical bars denote 0.95 confidence intervals 

 
FIGURE 5-21.  POLYIMIDE POWER MODULUS AVERAGES 
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Combined data from three individual testers 
Quadratic curve fit of data—solid line 
Vertical bars denote 0.95 confidence intervals  

 
FIGURE 5-23.  POLYIMIDE POWER RELAXATION AVERAGES 

Separate plot for each of three testers 
Vertical bars denote 0.95 confidence intervals 

FIGURE 5-22.  POLYIMIDE POWER MODULUS INDIVIDUAL TESTERS 
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5.7  VARIATION IN DATA AMONG TESTERS

IGURE 5-24.  POLYIMIDE POWER RELAXATION INDIVIDUAL TESTERS

. 

Table 5-1 shows the percent variation in modulus and relaxation values that the 0.95 confidence 
level represents.  The small range of values from 1 to 7 indicates that the experience of the user 
is not a factor in obtaining data.  
 

TABLE 5-1.  PERCENT VARIATION FROM AVERAGE AFTER 8 WEEKS OF AGING 
(For 0.95 Confidence Interval) 

 
Modulus Relaxation 

Wire Type Avg Max Min ±% Avg Max Min ±% 
PVC 870 885 855 1.7 25.9 26.1 25.8 0.6 
PVC G-N 411 421 402 2.3 26.9 27.2 26.6 1.1 
XL-ETFE 733 745 720 1.7 96 99 93 3.1 
Composite TKT 730 753 708 3.1 62.1 63.5 60.7 2.3 
Polyimide INST 942 964 920 2.3 194 200 187 3.4 
Polyimide Power 7.9 59.0 56.7 2.0 1115 1139 1091 2.2 5
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Example:  For PVC, the longest aging level was 8 weeks.  The longest aging level was used 
since it would typically show the greatest variation.  The average modulus reading for each of 
the three testers was 870.  The 0.95 confidence interval for that aging level showed a maximum 
modulus reading of 885 and a minimum of 855 for a difference of 30.  Dividing this difference 
by the average number (870) gives a total percent variation from the maximum to minimum of 
3.4 % or a ± difference from the average of 1.7%. 
 
5.8  CHANGE IN MODULUS AND RELAXATION VALUES. 

Tables 5-2 and 5-3 show the change in the modulus and relaxation values caused by the 
accelerated thermal aging exposures from the six wire types.  High and low values are not 
necessarily the values associated with the highest and lowest aging levels because some values 
decreased at the higher aging levels.  
 

TABLE 5-2.  CHANGE OF MODULUS VALUES OVER FIVE AGING LEVELS 

Modulus Values 
Wire Type f % Change High Low Dif
PVC 870 490 380 77 
PVC G-N 428 380 48 13 
XL-ETFE 746 720 26 4 
Composite TKT 780 730 50 7 
Polyimide INST 940 870 70 8 
Polyimide Power 1115 1072 43 4 

 
TABLE 5-3.  CHANGE OF RELAXATION VALUES OVER FIVE AGING LEVELS 

alues Relaxation V
Wire Type High Low Diff % Change 
PVC 26.0 19.5 6.5 33 

26.  2 9 .0 4 
9  15 18 

Composite TKT 5 626  3 5 
Polyimide INST 4 17 1  19 8 6 9
Polyimide Power .1 7. 158 5 0 .1 2 

PVC G-N 9 5. 1
XL-ETFE 7 82
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6.  WIRE INSULATION DETERIORATION ANALYSIS SYSTEM TESTING. 

The original test plan anticipated using EAB testing to measure the effects of accelerated thermal 
aging, but it was determined that the wrapped nature of polyimide insulation precludes obtaining 
meaningful data from EAB testing.  Therefore, the test plan was modified to incorporate WIDAS 
testing on Polyimide INST and Polyimide Power wires to examine how the results of this 

ethod correlated to Indenter data.  The WIDAS process is a sampling test that determines the 
 appendix F for more details).  

Wire insulation was defined as failed when cracks developed to the point that significant 

m
amount of deterioration that has occurred in wire insulation (see

electrical leakage current occurred.   
 
6.1  WIRE INSULATION DETERIORATION ANALYSIS SYSTEM TEST PROCEDURE. 

The hydrolysis test measured the life of the insulation under predetermined strain when in 
contac ferent 
thermal aging levels were wrapped around a mandrel whose diameter is eight to ten times the 
wire diameter, the length of wire wrap being 1 foot  were then submerged in 
distilled water and the temperature was r to  E ca s to check the 
insulation integrity were conducted at 2500 oot  sq (rm or 10 seconds.  
A specimen was considered to have failed when the leakage current from the proof tests 
exceeded 2 mA f tests were cond  at  of 0, 5, 17.5, 30 hours and followed 
by a test every 12 hours.  The specimens were not energized during the ag , except during the 
proof tests, thus  by voltag ss. 
 
6.2  WIRE INSULATION DETERIORATION ANALYSIS SYSTEM TEST RESULTS

t with water at an elevated temperature.  Each of the ten specimens from the five dif

.  The specimens
aised 
 Vac r

95°C. 
 mean

lectri
uare 

l proof test
s) applied f

.  The proo ucted a time
ing

 creating no aging e stre

. 

able 6-1 is a comparative summary of the duration of thermal-aging exposures and average 
time
 

TABLE 6-1.  THERMAL-AGING TIME VE E TO FAILURE 

Specimen Thermal Ag me A e t rs) 

T
 to failure during the WIDAS tests.  

RSUS WIDAS TIM

ing Ti WID S Tim o Failure (h
yimide eks 
yimide Inst eks 
yimide Inst ks 
yimide Inst ks 
yimide Inst eks 

Pol  Inst 0 We 34.70 
Pol  3 We 31.08 
Pol  6 Wee 31.08 
Pol 9 Wee 29.85 
Pol 12 We 26.18 
   
Polyimide Power 0 Weeks 478.67 
Polyimide Power 3 Weeks 234.67 
Polyimide Power 6 Weeks 280.00 
Polyimide Power 9 Weeks 212.00 
Polyimide Power 12 Weeks 246.67 
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The ata WIDAS test data was plotted in the same format as the Indenter test d  presented in 
sections 5.1 through 5.6, including curve fitting and a vertical bar for 0.95 confidence levels.  

 denote 0.95 confidence intervals 

 
Figure 6-2 ow good g urve-fitted 
data exhibit was not expected to occur; that is, ad l thermal aging should 
have not increase the number of hours to failure in the WIDAS test.  The 0.95 confidence level 
showed data variation to be quite high.  Although the generic name for this insulation system is 
polyimide, its construction is significantly different from that for Polyimide INST.  Thus, its 
WIDAS beh cessarily ilar.   

 

Figures 6-1 and 6-2 compare the thermal aging level to the average number of hours to failure in 
the WIDAS test for the Polyimide INST and Polyimide Power, respectively. 
 
Figure 6-1 shows a good correlation with aging even though the change in the values for average 
hour fail time is small.  However, the 0.95 confidence level showed the data variation to be quite 
high. 
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FIGURE 6-1.  POLYIMIDE INST—WIDAS LIFE VERSUS AGING LEVELS 
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FIGURE 6-2.  POLYIMIDE POWER—WIDAS LIFE VERSUS AGING LEVELS 

 
The results from the WIDAS test were used to estimate the amount of accelerated thermal aging 
that would have been necessary to produce an end-of-life condition.  The estimate is based on a 
simple linear regression of the data.  The results shown in figures 6-3 and 6-4, project the 
following aging requirements: 
 
• End-of-life for Polyim ven aging 
• End-of-life for Polyim

ide INST is 56 weeks of o
ide Power is 24 weeks of oven aging 

 

Solid line is data, dashed is projection 

 
FIGURE 6-3.  POLYIMIDE INST—WIDAS PROJECTED LIFE 
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Solid line is data, dashed is projection 

 
 

FIGURE 6-4.  POLYIMIDE POWER—WIDAS PROJECTED LIFE 
 

he longest aging level done in the accelerated thermal aging exposures was 12 weeks.  Based 

s aged to 21% [12/56] of its lifetime  
 The Polyimide Power was aged to 50% [12/24] of its lifetime 

 

T
on the theoretical projections to end-of-life, the actual aging performed produced the following 
conditions: 
 
• The Polyimide INST wa
•
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7.  COMPARISON OF EAB, INDENTER, AND WIDAS TEST RESULTS. 

Table 7-1 shows the materials and test methods for which comparative data was produced. 
 

TABLE 7-1.  COMPARISON OF MATERIALS AND TEST METHODS 

 Material EAB Tests Indenter Tests WIDAS Tests 
PVC X X  
PVC G-N  X  
XL-ETFE X X  
Composite TKT  X  
Polyimide INST  X X 
Polyimide Power  X X 

 
Ideally, there would be an independent testing procedure done for all of the six wire types for 

is study for comparison with the Indenter modulus values.  However, no independent test 
method was a
th

vailable for PVC G-N or Composite TKT. 
 
7.1  ELONGATION-AT-BREAK VERSUS INDENTER RESULTS. 

Figure 7-1 compares the EAB values with the Indenter values for PVC as aging time increased, 
nd figure 7-2 shows a cross plot of modulus versus EAB values.  These plots show that there is 

exception of the EAB data 
the 6 o curves on figure 7-1 are 
 reverse direction because modulus values increased while EAB values decreased with aging.  
he results confirm the ability of the Indenter to track the change occurring in PVC as it aged.  
ven though the EAB data at 6 weeks aging was not consistent with the known behavior of PVC, 

the Indenter data accurately determined that the material had aged more since the measurements 
taken at 4 weeks of aging.  
 
Figure 7-3 compares the EAB values with the Indenter values for XL-ETFE as aging time 
increased, and figure 7-4 shows a cross plot of modulus versus EAB values.  These plots show 
that there is some correlation between XL-ETFE modulus readings and EAB, but the correlation 
was not as good as it was for PVC.  The correlation results were affected by the decrease in 
modulus values from the 9-week to the 12-week aging level.  The most obvious reason for the 
lack of good correlation is that the Indenter values did not change much throughout the entire 
aging sequence.  The variation of modulus values is only about 4% of the total modulus value at 
any point of aging; thus, there was no real change above what is assumed to be the accuracy 
range of the Indenter. 
 
 
 

a
good correlation between PVC modulus readings and EAB, with the 
at -week aging value, which is believed to be an anomaly.  The tw
in
T
E
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Linear curve fit of data for five aging levels 

FIGURE 7-2.  PVC—MODULUS VERSUS EAB 
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FIGURE 7-1.  PVC—MODULUS AND EAB VERSUS AGING 
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FIGURE 7-3.  XL-ETFE—MODULUS AND EAB VERSUS AGING 
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FIGURE 7-3.  XL-ETFE—MODULUS AND EAB VERSUS AGING 
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FIGURE 7-4.  XL-ETFE—MODULUS VERSUS EAB 

Quadratic curve fit of data for five aging levels 
 

FIGURE 7-4.  XL-ETFE—MODULUS VERSUS EAB 
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7.2  WIRE INSULATION DETERIORATION ANALYSIS SYSTEM VERSUS INDENTER 
RESULTS. 

Figure 7-5 compares the WIDAS average hour fail time values with the Indenter values for 
Polyimide INST as aging time increased, and figure 7-6 shows a cross plot of modulus versus 
WIDAS average hour fail time values.  These plots show that there was good correlation 
between Indenter and the WIDAS data for Polyimide INST.  The two curves on figure 7-5 show 
reverse direction because the modulus values increased while the WIDAS average hour fail time 
values decreased with aging.  The results indicate that the Indenter is able track the change 
occurring in Polyimide INST as it ages. 
 

Linear fit of modulus-solid line 
Linear fit of fail time-dotted line 

 
FIGURE 7-5.  POLYIMIDE INST—MODULUS AND WIDAS FAILURE TIME 

VERSUS AGING 
 
Figure 7-7 compares the WIDAS average hour fail time values with the Indenter values for 
Polyimide Power as aging time increased, and figure 7-8 shows a cross plot of the modulus 
versus the WIDAS average hour fail time values.  These plots show that there is some correlation 
between Polyimide Power modulus readings and the WIDAS average hour fail time, but the 
correlation was not as good as it was for Polyimide INST.  The correlation results were affected 
by the decrease in modulus values from the 9-week to the 12-week aging data.  
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FIGURE 7-6.  POLYIMIDE INST—MODULUS VERSUS WIDAS FAILURE TIME 
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FIGURE 7-7.  POLYIMIDE POWER—MODULUS AND WIDAS FAILURE TIME 
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FIGURE 7-8.  POLYIMIDE POWER—MODULUS VERSUS WIDAS FAILURE TIME 
 
The WIDAS test involved wrapping samples around a test mandrel, which introduced stresses in 
addition to those seen by the Indenter.  The samples received had a V or U shaped bend in them.  
It was stated that in order to fit the samples in the oven for the aging process, they had to be hung 
over a bar.  When the samples were wrapped around the mandrel, a direction of wrap that 
conformed to the orientation of the bend was used.  When Indenter testing was done on the 
samples, testers were instructed to avoid taking measurements in the section of the bend so as not 
to introduce new stresses.  
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8.  TESTING VARIABLES. 

The following diagram identifies four categories (material, people, machine, and 
methods/environment) that could influence the Indenter modulus values.   
 

Variation in Modulus Readings

Modulus of Wire Varies
 over Length

Dual Layer Insulation

Accuracy of Distance
Measurements

Different People taking
measurements

Alignment of Wire in Fixture

Environmental Change while
measuring all samples

Material

Machine

People

Accuracy of Force Measurements

Analog Interfaces Indentor
Cause and Effect Diagram

Surface Variations

Calibration Inaccurate
Tolerance of value too large
Variances over time (1st vs last)

Calibration Inaccurate
Tolerance of value too large
Variances over time (1st vs last)

Groove too shallow
Fixture too narrow

Temperature change while testing

Method of Measurements
per sample

Values change over series of measurements

 
 

Depth too shallow
Depth too deep

Methods/
Environment

Compression of Mat'l occuring at
holding fixture
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8.1  MATERIAL. 

Ideally, the only variation in the readings would be introduced by changes in the material from 
the aging process.  However, even in the unaged control samples, there were some variations in 

e Indenter readings.  Thus, it was reasonable to assume that there were minor variations in each 
material from the manufacturing process.  Based on discussions with Boeing, there were no 
apparent variations introduced in the aging process caused by factors such as position in the 
aging ovens or uneven temperatures. 
 
A comparison of the materials and methods of construction of the six insulation systems may 
also provide some insight to explain variations: 
 
Material

th

 Layers Construction 
PVC 1 Extruded 
PVC G-N 3 Extruded/braided/extruded 
XL-ETFE 2 Extruded /extruded 
Composite TKT 2 Wrapped/wrapped 
Polyimide INST 2 Wrapped/wrapped 
Polyimide Power 2 Wrapped/wrapped 
 
The insulation systems that were expected to exhibit the least variation from average values as 
aging increases were systems that had the least number of layers and whose constructions are 
absolutely uniform.  Therefore, PVC and XL-ETFE were the primary candidates.  PVC 
performed as expected, but XL-ETFE did not (and the reason is not apparent). 
 
The insulation system that was expected to exhibit the most variation would be one that had 
multiple layers of different construction, i.e., PVC G-N.  A different aging effect maybe present 
with this wire type; for example, the nylon insulation may become more brittle at first, leading to 
rising modulus readings.  The glass weave may also provide additional compliance that could 
effect the readings.  The PVC insulation also ages but at a different rate since it is the inner 
protected layer.  If the outer nylon layer were to begin degrading to the point where cracking or 
other significant aging effects are present, then the Indenter might sense more of the PVC effects 
since the nylon may not contribute as much to the modulus reading.  These combined effects 
might lead to an initial increase in modulus readings followed by a decrease, and finishing with a 
more rapid increase to the end of service life of this wire.  This explanation is one possible 
scenario on how to interpret these results.  More analysis and testing are needed.  The aging 
effects with other constructions might also behave in a similar fashion. 
 
8.2  PEOPLE. 

Each tester did their testing over a period of approximately 4 days, and the total elapsed time 
from the beginning of work by tester 1 to the end of work by tester 3 was 5 weeks. Two types of 
tester variations can be evaluated by comparing how the average value of a given tester 
ompares to the other testers, and how the 0.95 confidence levels compare among the three 

testers; that is, is the height of the line similar among the three testers? 
c
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The infigures show g individual tester variations for the six material types are shown in sections 
5.1 though 5.7.  A summary of the evaluations for each of the six materials is as follows: 

er than both the others.  There was no apparent reason for 
the variation.  If tester 3 had continued to be higher than the other two for the remainder 

the same order and there were four wire types 
tested after PVC G-N and the readings of tester 3 were not the highest in those cases, then 

e calibration was tor. 

-ETFE—Tester 2 s consistently testers on the modulus.  
dings are grouped oser on the re

 TKT—G ping of aver  good for both modulus and 
, but indivi l 0.95 confide  big range. 

 Polyimide INST—Modulus grouping was good for aging levels of 0, 6, and 12 weeks. 

 the three testers.  
The relaxation readings were mixed; they were good at some aging levels and poor at 

 
• PVC—There was small tester-to-tester variation in modulus and relaxation averages and 

0.95 confidence level.  No tester is consistently higher or lower. 
 

• PVC G-N—There was significant variation among testers with tester 2 typically higher 
than tester 1, and tester 3 high

of the wire type tests, then it might be explained by the Indenter being out of calibration.  
But since all testers tested the wires in 

th not a fac
 
• XL  wa  higher than the other two 

Rea  cl laxation values.    
 
• Composite rou ages was generally

relaxation dua nce levels showed a
 
•

There was divergence in the readings for levels 3 and 9 weeks.  The relaxation values 
showed moderate grouping. 

 
• Polyimide Power—Modulus readings showed poor consistency among

others. 
 
Table 8-1 shows a summary of the consistency among the three testers.  A rating system (A, B, 
or C) was established using the following basis: 
 
• A—Averages for each tester were very close 

• B—Each tester’s average consistently fell within the other tester’s 0.95 confidence 
interval but grouping was not as good as A  

• C—Some significant variation in averages among the three testers 
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TABLE 8-1.  RATING OF CONSISTENCY OF READINGS AMONG THREE TESTERS 

Wire Type Averages Grouping Averages Grouping 
Modulus Relaxation 

PVC A A 
PVC G-N C A 
XL-ETFE C B 

mposite TKT A A 
yimide INST B B 
yimide Power C C 

cellent grouping of the three te

Co
Pol
Pol

 
he ex sters for PVC data indicates that the capability of the 

ther m his research.  Since some of the 
terials show wide variations in readings obtained by the same tester, the experience of the 

values  explained as being 
ithin the assumed accuracy range of the Indenter.  

Anothe
Howev hecked after tester 2 had completed all tests, and the system 

as found to be in calibration. 

8.3  IN

T
Indenter system to obtain valid data is not dependent on the experience or technical background 
of the person performing the tests.  The cause of the variations among testers for some of the 

aterials is not apparent from the data obtained during to
ma
tester does not seem to be a factor.  Also, for those materials whose total range of modulus 

from all aging levels is less than 10% of the lowest reading can be
w
 

r possible explanation can be changes in calibration over the period of time of the testing.  
er, the force calibration was c

w
 

DENTER. 

Some system variations can affect the results, such as changes in mechanical properties of the 

echanical system, wear and stress can lead to 
hanges in performance over time.  The CCA was designed to allow normal wear and minimize 

 components, which are mounted in a rigid 
support structure.  The design ensures consistent mechanical operation. 

The Indent r to gathered the modulus and relaxation 
measurements.  The force sensor is calibrated using various size National Institute of Standards 

hich ensures that it is 
calibrated and its operation verified both within and above its typical testing range.  The force 
sensor has its own protection mechanism against an over-force condition, and additional design 
elements have been added to improve performance and protection.  The force sensor-
conditioning electronics are high-quality components with low drift properties.  The published 
accuracy of the sensor is 0.1% of full scale. 
 

CCA, changes in performance of the force sensor, and changes in electrical performance of force 
sensor-conditioning electronics.  As with any m
c
its effects by using preloading and strong mechanical

 
er uses both a force sensor and motor encode

and Technology (NIST)-traceable weights in a range from 0 to 3 kg, w
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Th f 
pulses with each rotation of the motor.  Each pulse represents a specific degree of rotation of the 
motor armature.  The calibration procedu tes average veloci mining the 
amount of d for the pro ific distan  then 
calculates a correction factor for each velocity used in testing.  The effects of thousands of 
mechanical cycles have not been determined, b egular calibrations will detect subtle changes. 
 
8.4  METHODS AND ENVIRONMENT

e probe position and velocity is tracked by a motor encoder that generates an accurate series o

re calibra
be to move a spec

ty by deter
ce, and the programtime require

ut r

he tester takes nor
ure. 

(misalig

. 

The design of the V groove in the CCA provides for consistent, firm seating of the wire as long 
as t mal precautions to ensure that the wire is not cocked ned) in the 
fixt

 opened or released pressure on the wire 
lamping before the Indenter was finished making the measurement.  This type of error was 

nder normal room temperature and humidity conditions.  Thus, 
nvironmental change is not a contributing factor to variations in modulus values.  

 
The testers made measurements at random positions along the length of the wire samples and 
rotated the wire between tests (some rotation usually occurs automatically when the wire is 
positioned for a new test).  The testers were not told how to hold the CCA during testing.  
Separate testing indicated that measurements are not subject to the position in which the CCA is 
held during testing.   
 
A tester can cause faulty data to be taken.  This occurred during the portion of the test when 
relaxation data was being taken, where the tester
c
easily recognized in the testing software plot. 
 
All Indenter testing was done u
e
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9.  INDENTER POLYMER AGING MONITOR MODEL 3 HARDWARE AND SOFTWARE9.  INDENTER POLYMER AGING MONITOR MODEL 3 HARDWARE AND SOFTWARE 
DESIGN. 

The Indenter Polymer Aging Monitor Model 3 (IPAM3) system consists of the hardware and 
software used in obtaining the Indenter readings described in section 5.  The IPAM3 design 
objectives were as follows: 
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• aMake the system truly portable (sm ll, light, and battery powered). 
• Provide a tool that can be used in aviation operational and maintenance environments. 

 to 2.5 inches in diameter can be tested.  To meet the needs of the aircraft industry, the 
AM3 had to be able to clamp on the much smaller diameter wires commonly found in aircraft.  

 
The baseline design for the IPAM3 was a system that is used by the nuclear industry where 
cables up
IP
Since it is a tool used to test wires without removing them from an aircraft, it also had to be able 
to access these wires where they are installed. 
 
9.1  SYSTEM DESCRIPTION. 

All major components in the IPAM3 are a new design.  Figure 9-1 shows a block diagram of the 

 
FIGURE 9-1.  BLOCK DIAGRAM OF THE IPAM3 SYSTEM 

IPAM3, and figures 9-2 and 9-3 show all the system components clipped to a carrying belt and 
ready for use.  The individual components of the new design are discussed in sections 9.1.1 
through 9.1.6. 
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FIGURE 9-2.  THE IPAM3 COMPONENTS ON BELT 

 
 
 

DAU  
W

Pocket PC
in Case 

ith battery 

CCA  
In Pouch 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FIGURE 9-3.  THE IPAM3 COMPONENTS ON BELT WITH THE CCA IN HAND 

 
 

Cable between 
CCA and DAU
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9.1.1  Cable Clamp Assembly. 

The CCA is the hand-held device that clamps over the wire being tested.  The clamp head was 
originally designed so that wires as small as #20 AWG would be securely held during testing, 
but the head itself was large.  The entire CCA is now small enough so that it can access wires 
where they are installed in aircraft.  Figures 9-4 through 9-7 shows the new CCA.  The redesign 
of the CCA was a major task.  An outside engineering firm that specializes in custom product 
design was used.  As a starting point, it was decided to use the same motor and force sensor used 
in the nuclear Indenter model, because they were proven to give good results.  The objective then 
was to incorporate these components into a design that had the ability to clamp on small wires 
and was a lightweight, smaller, and more ergonomic hand-held device. 
 

 
 

FIGURE 9-4.  CABLE CLAMP ASSEMBLY 
 
 

 
 

FIGURE 9-5.  CABLE CLAMP ASSEMBLY WITH KEYPAD 
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LED light  
for dark areas 

Temperature
Sensor 

Clamp head 

 
FIGURE 9-6.  CABLE CLAMP ASSEMBLY CLAMP END 

 
 
 

 
 

FIG ED URE 9-7.  CABLE CLAMP ASSEMBLY WITH WIRE INSERT
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Design for lower cost and easier manufacturing was also a major consideration.  Thus, the 
housing is now a molded-plastic part, and internal parts were designed so they could be tooled in 

 achieve cost savings. 

The CCA includes a temperature sensor that can be used for recording the ambient temperature 
during testing.  It also includes a light emitting diode (LED) to provide some light at the testing 
point to facilitate testing in low light conditions.  A provision has been made in the housing to 

 linear variable differential transformer for measuring deformation, if needed in the 
future. 
 
Control of testing is done by a keypad on the CCA (figure 9-5) that provides buttons for: 
 
1. Initiating a scan 
2. Aborting a scan 
3. Turning on the LED light 
 
LED’s on the keypad show 
 
1. Power ON 
2. Scanning light illuminates during data taking  
 
9.1.2  Data Acquisition Unit

the future to
 

incorporate a

. 

The data acquisit  data acquisition 
electronics and includes various connecting and control hardware on the end panels.  A newly 
designed surface-mount printed circuit board with the latest generation components were needed 
to meet the size and weight objectives.  The In enter model designed for the nuclear industry 
contained PC boards that were large and used many older generation components.  Thus, 
reducing the existing DAU electronics to the size needed for this portable application was a 
major task that required a completely new design of all the electronics.  It was mandatory to 
move to surface-mount technology to meet the system objectives.  The complexity of the circuit 
and the overall package size limitations required the use of two boards.  The original boards 
measured 8.5 by 9 inches; the two new boards measure 6.375 by 3 by 1.25 inches.  The boards 
were designed as six-layer boards to provide for the necessary routing of traces and ground 
planes for signal integrity and noise reduction.  Figures 9-8 through 9-10 show the redesigned 
DAU unit with the new boards. 
 
 
 
 
 
 
 
 
 
 
 

ion unit (DAU), which includes a removable battery, holds the

d
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Removable  

 

battery 

Belt clip 

 
FIGURE 9-8.  DATA ACQUISITION UNIT WITH REMOVABLE BATTERY 

 
 

 
 

FIGURE 9-9.  TOP PANEL OF DAU 
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FIGURE 9-10.  BOTTOM PANEL OF DAU 
 

9.1.3  Pocket PC. 

The Pocket PC is the device that will be used in the field to control the testing and save the test 
data for later transfer to a host PC.  The power, size, and flexibility of the latest generation of 
Pocket PCs made them an ideal choice for this application.  A rugged carrying case is included to 
give pro
 
People that regularly perform aircraft testing ere asked if they had any problems using a 
Pocket PC and what factors should be kept in mind in using this approach.  The feedback 
indicated that using a Pocket PC was acceptable provided that it was both easy to use and 
rugged.  It was decided to use a Pocket PC because of the many features and flexibility this 
approach offered.  Advancements in Pocket PC capabilities and the development of Pocket PC 
Windows software have made this product a very powerful tool.  The Pocket PC selected for use 
with the IPAM3 was the Hewlett-Packard (HP)/Compaq iPAQ Pocket PC.  This product offered 
the best features as well as good developer support and a competitive price. 
 
A rugged case (offered by HP as an accessory) was selected because it provides good dust, 
moisture, and shock protection.  The screen of the Pocket PC is protected by a plastic layer in the 
rugged case.  Selecting options on the Pocket PC screen is done by finger touch or stylus.  The 
rugged case includes a metal clip for inserting over a belt.  Figure 9-11 shows the Pocket PC in 
the rugged case. 
 
 

tection from the environments encountered in aircraft testing. 

w
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Software 
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FIGURE 9-11.  POCKET PC IN RUGGED CASE 

 
9.1.4  System Connections. 

The IPAM3 block diagram (figure 9-1) shows how the system components are connected.  
 
The cable between the CCA and the DAU used in the Indenter designed for the nuclear industry 
was big, bulky, and heavy (outside diameter 0.625 inch).  It has now been replaced by a new 
custom cable (figure 9-3) which is light and flexible (outside diameter 0.305 inch). 

ratory or where alternating current (ac) is available, the system can be powered 
y an external ac/direct current (dc) power supply.  The DAU can also be connected directly to 
e desktop PC, thereby bypassing the Pocket PC when it is used in a laboratory setting. 

 
 
 

 
The DAU is connected to the Pocket PC where test data is stored for later transfer to a desktop or 
notebook host PC.  
 
The dotted lines in the block diagram (figure 9-1) show optional connections.  When using the 
IPAM3 in a labo
b
th
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9.1.5  Belt and Pouch. 

In order to make the system easy to use in the field, a belt is provided with provision for carrying 
and accessing the system components.  The following ed to the belt by their 
own clip: 
 
• The Pocket PC rugged case 
• DAU  
• A cloth pouch containing the CCA 
 
When taking a test, the operator will remove the Pocket PC f t and initiate the test-
taking mode.  The Pocket PC will then be repla d on the belt  CCA will be removed 
from its pouch and tests will be taken.  A keypad on the CCA w d to start each test.  The 
DAU is not removed from the belt during data taking.  Figures 9-2 and 9-3 show the system 
components clipped to the belt.  
 
9.1.6  Power

items are each fasten

rom the bel
.  Next, the
ill be use

ce

 

. 

The criteria for selecting a battery included balancing size, weight, capacity, and ease of access 
for replacing the battery.  The battery selected or the system is an off-the-shelf rechargeable 
Lithium Ion Smart Battery.  The battery is 5.75  1.5 by 0.75 inches and weighs 7 ounces.  The 
battery capacity is 3600mAh, which should provide 8 hours of operation, depending on the 
number of tests taken.  The battery is mounted in a bracket attached to the DAU enclosure and is 
easily removed for field replacement if necessary.  There is a cutout in the battery bracket that 

rovides access to the battery capacity indicator on the battery.  An external battery charger is 
included with the prot tery and the charging 

nit.  When the Indenter system is used in the laboratory, or wherever an AC outlet is available, 
red by an external ac/dc power supply. 

 

 f
by

p
otype system.  Figures 9-12 and 9-13 show the bat

u
the sys etem can also be pow

 
 

FIGURE 9-12.  REMOVABLE BATTERY 
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FIGURE 9-13.  BATTERY CHARGER 
 
9.1.7  Calibration. 

There are two calibrations that have to be done on the system.  The first calibration is for the 
force sensor.  This calibration is done by placing NIST-certified stainless steel test weights on 
the force sensor using a custom calibration fixture.  A software calibration program calculates an 
adjustment factor that is applied to the force sensor readings.  
 
The second calibration involves the velocity, which is calibrated by using a dial indicator and a 
stopwatch.  A calibration fixture, dial indicator, and three weights are included with the 
prototype system.  The person performing the calibration enters values into the calibration 
software, which then calculates an adjustment factor and applied to the velocity.  Calibration 
would typically be done in a laboratory or office where the fixture is clamped to a table.  A full 
calibration involving both force and velocity, which can be performed in about 15 minutes, is 
required every few months. 
 
9.2  SOFTWARE. 

9.2.1  Data Acquisition Unit Firmware. 

The software that operates in the DAU is written in C language and controls all aspects of the 
test taking.  Test-taking p were standardized in the 
IPAM3 at 2 pounds and 0.2 inches/minute, respectively.  The maximum force is the value at 
which the test probe movement into the wire insulation stops and then retracted. 
 

arameters of maximum force and velocity 
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9.2.2  Pocket PC Software. 

The Pocket PC Software includes the screen display, the commands that control test taking, and 
the configuration and storage of setup and test data.   
 
9.2.3  Desktop PC Software. 

This software is a modification of the previous Indenter software.  All the field test results are 
stored in the desktop PC.  The desktop PC software functions also include viewing of test data, 
configuring setup information, calibration, and the ability to import and export this data.  
 
9.3  INDENTER TEST-TAKING PROCEDURE. 

The following summary describes the eight steps involved in obtaining data with the Indenter in 
the field: 
 
1. The operator enters, or selects from a drop down list on the Pocket PC, data about the 

location and wire being tested (such as tail number of aircraft, location on aircraft, wire 
type, and circuit). 

 
. The operator presses the Start Test button on the Pocket PC. 

3. The Pocket PC is then put back on the belt or placed on a structural member or 

ready.  The operator presses the 
SCAN button on the CCA to start the test.  The SCAN LED turns on, indicating the test 

. When these tests are complete, the CCA is replaced in its pouch and the Pocket PC is 
m the belt.  The operator may add notes and observations and presses the 

Pocket PC screen, saving all the test data and 
in a date-and-time-stamped file.  Completion of this 

2
 

convenient surface (to view the screen if desired), and the CCA is removed from the belt. 
4. The CCA jaw is opened to clamp over the wire to be tested (figures 9-6 and 9-7). 
 
5. The SCAN LED flashes, indicating that the unit is 

is underway.  A single test cycle typically takes approximately 10-15 seconds.  When the 
SCAN LED turns off, the test is complete. 

 
6. The operator moves the CCA to a different test location on the same wire and presses the 

SCAN button again to initiate a new test.  Typically ten individual tests are taken to 
characterize a given wire location.   

 
7

removed fro
Save Session button on the 
configuration/setup information 
cycle of the ten tests takes approximately 5 minutes. 

 
8. The tester then moves to the next location on the aircraft and repeats the steps above. 
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10.  CONCLUSIONS AND RECOMMENDATIONS. 

rrelation between the test results and the 
denter results for each type of insulation. 

TABLE 10-1.  SUMMARY OF CORRELATION BETWEEN TEST METHODS 

EAB and Indenter and WIDAS and 
Aging 

Indenter and 
EAB 

een 
Indenter and 

WIDAS 

The results of the EAB and WIDAS test were compared to the Indenter results to determine a 
correlation between them.  Table 10-1 shows the co
in
 

Correlation 
Between 

Correlation 
Between 

Correlation 
Between 

Correlation 
Between 

Correlation 
Betw

Material Aging Aging 
PVC Good Very good --- Good --- 
PVC G-N --- Moderate --- --- --- 
XL-ETFE Good Cannot be --- Moderate --- 

determined 
osite --- None  --- --- --- Comp

TKT apparent 
Polyimide 
IN

--- Good Good 
ST 

--- Good 

Polyimide --- Cannot be 
determined 

Slight --- Moderate 
Power 

 
10.1  CONCLUSIONS. 

Based o
 
• ter testing is not dependent on the experience 

of the person performing the test.   

• 

• 

material aging must be evaluated further. 

 The Indenter data for some aged materials fell within the assumed accuracy of the 
Indenter and showed no trends.  These were materials for which there is no comparison 
data available from other testing methods.  Since the amount of aging degradation 
resulting from the aging protocol is unknown, it cannot be determined if the Indenter 

n a comprehensive review of all the data, the following conclusions can be stated: 

The accuracy of the data obtained by Inden

The new Indenter is suitable for testing small wires installed in aircraft and produces 
reliable data. 

• The indenter results correlate well with other methods, but not all methods correlated 
with the different insulation specimens. 

The general shape (convex/concave) of the curves fitted to the data plots for Indenter 
modulus and relaxation values are typically the same; the application of relaxation data to 

•

 10-1



results indicate that the material actually was not aged significantly or if the Indenter 
measurements are not suitable for that type of material. 

10.2  RECOMMENDATIONS. 

Based on the data obtained and experience gained in performing this research, recommendations 
for add
 
• Relaxation Method—Investigation of Time

• Comparison er la ti ys ) 
t Bend ire 

Additional Ov ng of ulation Materials 

suring D ion on  

lified Fiel libration M

Inclusion of Indenter Testin  Sponsored Research 

Nondestructive Testing 

ime Shift

itional research in the following topic areas are presented: 

 Shift 

tion Deteriora of Indent
s in the W

and Wire Insu on Analysis S tem (WIDAS
Data a

•  en Agi Selected Ins

•  Mea eformat  Hard Wires

•  Simp

•  

d Ca ethod 

g in Other

•  

10.2.1  Relaxation Method—Investigation of T . 

xation value does not involve deformation measurement.  If it becomes 
rmation to the accuracy needed, then using the relaxation value may 

ments 
fter the peak force is reached (one at 2 seconds and one at 4 seconds).  Using force data at 

earc
opportu any possible data combinations provides the most 

anin
 
10.2.2  Comparison of Indenter and WIDAS Data at Bends in Wire

The calculation of a re
ult to measure de

la
diffic fo
become significant.  The relaxation value calculation currently uses two force measure
a
different times (from 1 to 7 seconds) might give more meaningful information.  This Indenter 
res h was the first one to obtain extensive relaxation data; thus, it provides an excellent 

nity to determine which one of m
me gful understanding of what is occurring in the material as it ages and how to monitor it.   

. 

IDAS
the me rposely in the areas of the wire bend.  Electrical 

 
area is 
the Ind hat were WIDAS-tested but require that all 
measur pared 

of the o

W  testing involved winding the wire samples around a mandrel.  For the Indenter testing, 
asurements were avoided being taken pu

failure is anticipated to occur at the point of mechanical failure of the insulation, and the bend 
the location of the highest mechanical stress.  Additional work can be done by repeating 
enter measurements on all specimens t
ements be taken in the area of the bends.  The new Indenter data would then be com

to the previous measurements to determine if location of the measurement influenced the results 
riginal research.   
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10.2.3  Additional Oven Aging of Selected Insulation Materials. 

The six wire types were all aged at a temperature that was 20°C above the maximum temperature 
  The selection of the temperature was not related to a specific 

end-point or percent of anticipated total life of the material.  Several of the insulation systems are 

rials did not experience much 
ging during the 12-week aging exposures.  Thus, very little change would be seen in the 

d other values) on wires, which were 
commonly agreed on, that are at an aging level that is near the end of life.  Non-PVC wire 

mple
aged an as to be obtained. 
 

rating l. of the insulation materia

designed to operate at very high temperatures for very long periods of time.  Examination of the 
data obtained during this research suggests that some of the mate
a
Indenter data.  It is important to have the Indenter (an

sa s from this test have to be aged to either twice or triple the levels that they already were 
d additional Indenter data h

10.2.4  Measuring Deformation on Hard Wires. 

In all Indenter testing performed prior to this study, deformation values were typically in the 
0.010- to 0.020-inch range, and modulus values generally were less than 800 lb/in.  In the current 

 than 0.002 inches and modulus values for some of 
the hard materials exceeded 1000 lb/in.  The system currently used to measure deformation is 

sed o  motor moving the probe tip.  
estig during this research revealed that accumulated deviations in the 

ive tr e sensor deflections resulted in the probe tip actually moving less 
his finding is significant at the higher 

ires that were tested. It was estimated 

 
rce.  The two points used to calculate Delta F and Delta X were selected as 75% and 25% of 

ys 1.0 lb.  
 

It was estimated that the present measurement system is not capable of resolving deformations 
greater than 0.001 inch.  Table 10-2 shows the effect on modulus values of a change in 0.001 
inch.  If displacement readings are in the 0.010 inch range, then a change of 0.001 inch affects 
the modulus reading by 10%.  However, if displacements are in the 0.001-inch range, then a 

study, deformations in some cases were less

ba n reading a decoder that gives the number of turns of the
Inv ation of hard materials 
dr ain mechanism plus forc
than the amount calculated from the motor encoder.  

s numbers (smaller deformations) of some of the
T

modulu  w
that the deformation accuracy of the present system is approximately 0.001 inch.  Thus, Indenter 
testing of very thin sections of hard materials could produce modulus values that do not reflect 
the actual aged condition of the material. 
 
The modulus is calculated as Delta F divided by Delta X.  Delta F is the force difference, and 
Delta X is the deformation difference between two points on the cross plot of force versus 
deformation on the inward movement of the Indenter probe.  In the testing that was done in this 
study, the test parameter peak force was set to stop on inward movement of the probe at a 2-lb
fo
the peak a force; that is, 1.5 lb and 0.5 lb.  Therefore, Delta F was alw

Because of the smaller deformations involved in the higher modulus, significant time was spent 
on studying the displacement accuracy.  The displacement is based on the number of turns of an 
encoder on the end of the motor driving the probe into the material.  In studying the mechanical 
drive train, it became apparent that there are accumulated deviations in the linkage from the 
encoder up to the probe tip.  Thus, the calculation of what the probe tip should have moved based 
on the number of turns of the motor did not necessarily represent the actual position of the probe 
tip as it moved into the material. 
 

 10-3



change of 0.001 inch results in a change in modulus of 50%.  If the displacement is in the range 
of 0.002 inch, then in order to see a modulus change of around 10% one would have to be able to 

 

resolve a deformation of 0.0001 inch. 
 

TABLE 10-2.  EFFECT OF CHANGES IN DELTA X ON MODULUS VALUES 

 
 
 
 
 
 

Delta F Delta X Modulus 
1.0 0.010 100 
1.0 0.011 91 
1.0 0.001 1000 
1.0 0.002  

 1.0 0.0021 476 
500 

It was investigated that by using a different, more precise method of measuring deformation it 
was concluded that it is best to use a small linear variable differential transformer (LVDT) 
device connected directly at the probe tip end of the cable clamp assembly (CCA), and it can be 
installed inside the CCA without too much modification. 
 
It’s recommended that additional research on this topic is done to prove the accuracy of using the 
LVDT and making the hardware and software changes necessary to use the LVDT rather than 
the motor encoder. 
 
10.2.5  Simplified Field Calibration Method. 

The Indenter system needs to be fully calibrated periodically to ensure the accuracy of the data.  
owever, calibration checks should be done every time the system is in use in the field.  In order 

earch be done to 
ully implement the beam standard as a calibration field check as well as designing an adapter to 

H
for this to be done easily when working on aircraft, the calibration method needs to be 
simplified.  
 
Development of a beam standard concept to be used as a tool to determine the actual 
deformations has to be implemented.  The beam standard could be modified to serve as a quick, 
easy calibration check for use in the field. It is recommended that additional res
f
make it easier to apply weights to the force sensor for direct calibration of the force readings. 
 
10.2.6  Inclusion of Indenter Testing in Other Sponsored Research. 

Research related to the aging of wires is currently being performed by other organizations.  The 
new Indenter system developed in this study for testing aircraft wires can be implemented to 
obtain more valuable data.   
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10.2.7  Nondestructive Testing. 

Nondestructive testing has been defined as comprising those test methods used to examine an 
bject, material, or system without impairing its future usefulness.  It has been observed that to 

the nak esting 
was completed but that a slight indentation was seen under a magnifying glass (the indentation is 

ore pronounced on softer m   Th hou ed in more detail because of 
ossible damage done to the insulation of the wire and to prove that the Indenter is a true 
ondestructive test tool. 

o
ed eye, there is not any observable permanent deformation of the material after the t

m aterials). is topic s ld be studi
p
n
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APPENDIX A—MATERIALS, TEST PARAMETERS AND TEST METHODS  
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APPENDIX B—TESTI OCE



November 13, 2002 
 

INSTRUCTIONS FOR TESTING WIRE SAMPLES 

OVERVIEW:
 

 
 
You will be using a product called the “Indenter” to test some wire samples. 
 
There are six different types of wires you’ll be testing.  Within each type, there will be five aging 
levels to test with five samples in each aging level. 
  
Your job will be to position each wire in the Indenter “jaw” and then initiate testing using the 
software as explained below.  For each length of wire (which may be 24”, 18”, or 4-6”), you will 
take 10 tests. As you’ll be instructed, after each test, you’ll move the wire so a different position 
on the wire will be tested.   
 
After a set of 10 tests, called a “test session”, the data will be saved and you’ll use the software 
to initiate a new test session on the next wire sample.  
 
The data will be automatically taken and saved.  You will not have to pay any attention to the 
actual numbers being obtained from the tests – the samples you’ll be given will have different 
readings but they’ve been arranged in a random order so the actual values will have no meaning 
to you.  
 
TEST SAMPLE HANDLING INSTRUCTIONS: 
It is ESSENTIAL you handle the material samples according to these guidelines so the data is 
valid. 
 
You’ll be given a plastic bag with all the wires in it for one wire type.  Within the bag, are five 
other bags representing the five aging levels you’ll be testing. 
 
ONLY take ONE of the aging level bags out of the bigger bag at a time. 
 
Make sure it is returned to the bag it came from IMMEDIATELY after it has been tested. 
 
SPECIFIC INSTRUCTIONS: 
 
Take one of the aging level bags out of the master bag for that material type. Aging level is 
indicated by the letter “A” followed by a number. For two of the wires – PVC and PVC-GN, the 
aging levels are A0, A2, A4, A6, and A8. For the other four wire types, the aging levels are A0, 
A3, A6, A9, and A12.   
 
Proceed to test samples from the bags in order – i.e. A0, then A2, A4, etc. 
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In the aging level bag, there are 10 wires in total. We’re only testing five of them so there’ll be a 
parate bag labeled “1-5”.  These are the wires you’ll test.  Take them out of that bag and lay 

them on

O TAKE A TEST: 

ll be on the bag you’re testing. 

lick on “OK” to proceed to the Indenter Testing window 

 “Notes and Description” and enter in the “Test Description” area the following 
formation.  Use CAPS. 

C will be the material you’re testing. A0 will 

he information you enter here will be on the tag on the sample you’re testing.  The samples will 

nce you’ve filled in the “Notes and Description” Click on OK 

ow, click on “Auto-Restart Testing”.  This will tell the program to automatically move to the 

in the cable clamp assembly by pulling on the trigger to open the 
w and placing the wire in the jaw.  Release the trigger to hold the cable. 

nds on the cable length. This doesn’t have to be exact. Get an idea of 
ow far you should move the cable each time so the 10 tests are made along the whole length.  

hen you move the wire to the new test point, rotate it so we aren’t always testing on the same 
de.  This again isn’t exact. 

se
 the testing cart. 

 
 
T
From Indenter Main Menu, select “Run Test” 
 
In the window that appears, click on “Select Project” and select the project name for the wires 
you’re testing – i.e. PVC FAA 10/02.  This name wi
 
Click on tester and select your name. 
 
Don’t make any changes to the unit serial #. 
 
C
 
Click on Step 1 “Select Pre-Config Test” 
 
Select the material AND aging level that you are testing.  I.e. the first wire you’ll test will be 
PVC A0.  
 
Click on
in
EXAMPLE – enter:   PVC A0 #1 XXX  where PV
be the aging level, #1 will be the sample number, and XXX is your initials. 
 
T
be numbered 1 through 5 – test them in order. 
 
O
 
N
next test. 
 
Position the cable being tested 
ja
 
Start at the end of the cable AWAY from the label. You’ll be taking 10 tests on each wire sample 
and we want the testing points to be all along the length of the sample. How much you move the 
wire after each test depe
h
 
W
si
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Next CLICK ON   “Step 2 Start A Test” 
A red message block will appear in the bottom right of the screen that says to PRESS SCAN 

he SCAN BUTTON is on the box next to the computer keyboard. 

 the motor start to move.  The motor is moving a 
robe toward the wire being tested. It will take about 20 seconds (shorter on two of the wire 

pear.  Shortly 
fter the “Test Time” starts incrementing, you’ll hear the motor stop. At this point it is being held 

en seconds. After this holding period you’ll hear 
e motor quickly retract.   

he red PRESS SCAN BUTTON will again appear. At this point, move the wire sample to a 
e wire.  Then, press the SCAN button 

n the box again, and you’ll be taking your second test.  Continue on in this manner until you’ve 
sults of the test after each test so you’ll know when the 

0 tests are complete.  

E 10 TESTS ARE COMPLETE, click on “Step 4 End Test Session”.  This will save 
e data in a file and close out that test session. 

ed to the next wire. If you were testing wire #1, then you’ll select wire 

nd wire, then all you 
ave to do is edit the information that is already there. I.e. if the test description says “PVC A0 

 test will take about 1 minute.  When it is complete, the Indenter modulus value will be shown 
 test.  

ted locations all along the length of the cable.  In addition to moving the cable along 
s length, you should rotate the cable from test to test. 

k on Step 4 to tell the 
ftware that you’re done with the testing on that wire. 

BUTTON. 
 
T
 
When the SCAN button is pushed, you’ll hear
p
types – Polyimide Power and COMPOSITE) for the probe to contact the wire. When it does, the 
block labeled “Test Time” will start to increase and the Red message box will disap
a
in a fixed position and taking data for about sev
th
 
T
new location by pressing on the trigger and repositioning th
o
done 10 tests.  The screen will show the re
1
 
WHEN TH
th
 
You’re now ready to proce
#2.  EACH TIME YOU START A NEW WIRE, you have to change the information in the 
“Enter Notes & Description” area.  If you’re testing the same aging level a
h
#1 DWP and you’re ready to test wire 2, all you have to do is change the #1 to #2. 
 
A
on the screen and the unit will be automatically reset for the next
 
Move the cable being tested to a new test point.  Plan your test locations so that after 10 tests 
you’ve tes
it
 
When 10 tests are complete, you’ve finished the testing on that wire. Clic
so
 
PUT THE WIRE BACK IN THE BAG IT CAME FROM and put the bag in the TESTED box. 
 
Take the next bag and test the wire in that bag starting with instruction X above. 
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COMPLETING AN AGING LEVEL:  
  
When you’ve completed the FIVE wires in a wire aging level, you need to select a new  
Step 1 Select Pre-Config Test”.  Thus, if you were testing PVC A0 and are now ready to test “

PVC A2, you need to select this from the Step 1 window. 
 
COMPLETING A WIRE TYPE: 
When you’ve completed all the aging levels for a wire type, then you need to click on RETURN 
TO MAIN MENU at the bottom of the testing screen and start over again by clicking on RUN 
TEST and selecting for the Project name the name of the wire you’re now testing. 
 
SOME GENERAL TEST NOTES: 
Some of the wires have information printed on them. If possible, avoid testing in these areas. 

ake sure the wire is sitting firmly in the V notch of the clamp. You can tell this by gently M
pulling on the wire to see if it appears to be clamped firmly. 
 
SOME PROBLEMS YOU MAY INCUR: 
 
You may encounter a message that says something about a Max Deformation error. (This will 

appen about once per test on the Polyimide wire types).  If this happens, just click on OK and 

the button Step 2 Start a Test to proceed. 

h
the program will proceed with displaying the test results.  HOWEVER, the program won’t 
automatically proceed – you’ll have to click on 
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APPENDIX C—BOEING ELONGATION-AT-BREAK TEST DATA 
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Test 02-033 Thermal Aging Wire Study  
Insulation Elongation and Tensile Strength BMS 13-48T10C01G20 

Specimen 
Number

W 
Weight 
(grams)

D 
Density 
(g/cm3)

L
Length 

(cm)

C 
Cross-

sectional 
area
(in2)

F
Breaking 

force of the 
specimen 

(lbf)

L2 

Distance 
between 

bench-marks 
at rupture

(in)

Tensile 
strength
(lbs/in2)

Elongation 
at rupture 
by Instron

(%)

Elongation 
per BSS 
7324 by 

scale 
(%)

1 Control 0.30 1.6989 23.32 0.0012 8.532 8.933 7269.34 197.77 82.33
2 Control 0.30 1.7236 23.22 0.0012 5.552 8.699 4778.44 189.97 82.67
3 Control 0.30 1.7477 23.11 0.0012 7.926 8.432 6885.72 181.07 70.67
4 Control 0.30 1.7327 23.52 0.0011 8.196 8.954 7183.02 198.47 83.67
5 Control 0.26 1.7316 20.53 0.0011 7.904 8.030 6973.19 167.67 65.67
6 Control 0.30 1.7194 23.29 0.0012 8.019 8.332 6906.20 177.73 67.67
7 Control 0.27 1.7662 20.68 0.0011 8.782 9.135 7662.84 204.50 89.00
8 Control 0.29 1.6896 23.06 0.0012 8.082 8.700 7005.95 190.00 75.67
9 Control 0.26 1.7323 20.17 0.0012 8.079 8.765 7003.35 192.17 74.67
10 Control 0.30 1.6089 25.22 0.0011 8.375 9.235 7307.70 207.83 83.33

Ave. 6897.58 190.72 77.53
1 3wks 0.25 1.6595 20.07 0.0012 6.700 6.366 5757.78 112.20 36.00
2 3wks 0.24 1.6116 19.84 0.0012 6.398 6.033 5498.25 101.10 58.67
3 3wks 0.24 1.6171 20.12 0.0011 6.750 6.028 5902.74 100.93 35.33
4 3wks 0.24 1.6344 19.94 0.0011 6.920 6.047 6062.06 101.57 35.00
5 3wks 0.24 1.6487 20.24 0.0011 6.554 5.942 5878.63 98.07 36.33
6 3wks 0.25 1.6965 20.07 0.0011 6.907 6.232 6068.04 107.73 38.67
7 3wks 0.24 1.6171 20.22 0.0011 6.499 5.946 5712.12 98.20 35.00
8 3wks 0.24 1.6173 20.07 0.0011 6.549 6.033 5713.15 101.10 34.33
9 3wks 0.25 1.6534 20.32 0.0012 6.686 6.033 5797.08 101.10 34.00

10 3wks 0.24 1.6011 20.37 0.0011 6.653 5.957 5833.30 98.57 34.67
Ave. 5822.31 102.06 37.80

1 6wks 0.24 1.6783 19.86 0.0011 5.825 5.433 5220.04 81.10 29.33
2 6wks 0.22 1.5167 20.19 0.0011 5.928 5.333 5324.34 77.77 22.33
3 6wks 0.24 1.7077 19.39 0.0011 5.612 5.033 4995.41 67.77 24.00
4 6wks 0.23 1.5922 20.11 0.0011 5.860 5.433 5263.26 81.10 27.67
5 6wks 0.24 1.6141 20.07 0.0011 5.734 5.366 4992.32 78.87 28.00
6 6wks 0.23 1.6574 18.98 0.0011 5.939 6.366 5239.60 112.20 41.67
7 6wks 0.22 1.5326 19.76 0.0011 5.657 5.133 5024.23 71.10 22.67
8 6wks 0.22 1.5282 19.86 0.0011 5.682 5.466 5057.72 82.20 29.67
9 6wks 0.24 1.6751 19.81 0.0011 5.947 5.466 5305.47 82.20 27.33

10 6wks 0.23 1.6089 19.81 0.0011 5.664 5.666 5064.36 88.87 29.00
Ave. 5148.67 82.32 28.17

1 9wks 0.23 1.5957 20.07 0.0011 5.133 4.433 4610.29 47.77 13.33
2 9wks 0.23 1.5609 20.20 0.0011 5.165 4.599 4566.87 53.30 13.33
3 9wks 0.23 1.5880 19.94 0.0011 4.916 4.366 4366.11 45.53 14.00
4 9wks 0.23 1.5977 19.86 0.0011 2.709 3.466 2411.36 15.53 1.33
5 9wks 0.23 1.5832 19.74 0.0011 5.206 4.899 4562.57 63.30 18.00
6 9wks 0.21 1.4787 19.51 0.0011 5.040 4.833 4466.27 61.10 17.33
7 9wks 0.23 1.5941 19.86 0.0011 5.156 4.699 4579.27 56.63 16.67
8 9wks 0.22 1.5113 20.04 0.0011 4.987 4.466 4429.17 48.87 13.67
9 9wks 0.22 1.5739 19.33 0.0011 5.098 4.966 4548.06 65.53 21.00

10 9wks 0.22 1.5365 19.89 0.0011 5.305 4.766 4754.05 58.87 17.33
Ave. 4329.40 51.64 14.60

1 12wks 0.24 1.5476 21.59 0.0011 4.248 3.799 3815.42 26.63 3.67
2 12wks 0.21 1.5164 19.15 0.0011 4.692 4.299 4185.85 43.30 11.33
3 12wks 0.24 1.5441 21.59 0.0011 4.673 4.333 4187.68 44.43 11.33
4 12wks 0.22 1.4109 21.51 0.0011 4.478 4.099 3986.00 36.63 7.33
5 12wks 0.23 1.4989 21.41 0.0011 4.835 4.366 4352.46 45.53 12.33
6 12wks 0.23 1.4665 21.59 0.0011 5.027 4.566 4464.70 52.20 12.00
7 12wks 0.24 1.5657 21.44 0.0011 4.636 4.129 4182.79 37.63 11.00
8 12wks 0.24 1.5339 21.46 0.0011 4.475 4.033 3960.30 34.43 8.00
9 12wks 0.24 1.5402 21.51 0.0011 4.564 4.166 4065.28 38.87 9.33
10 12wks 0.23 1.5004 21.34 0.0011 4.613 4.233 4142.31 41.10 11.33

Ave. 4134.28 40.08 9.77
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Test 02-033 Thermal Aging Wire Study  
Insulation Elongation and Tensile Strength BMS 13-48T10C01G20 

Specimen 
Number

W 
Weight 
(grams)

L
Length 

(cm)

F
Breaking 
force of 

the 
specimen 

(lbf)

L2 

Distance 
between 
bench-

marks at 
rupture

(in)

Distance 
between 
bench-
marks 

measured 
by scale

(in)
1 Control 0.30 23.32 8.532 8.933 5.47
2 Control 0.30 23.22 5.552 8.699 5.48
3 Control 0.30 23.11 7.926 8.432 5.12
4 Control 0.30 23.52 8.196 8.954 5.51
5 Control 0.26 20.53 7.904 8.030 4.97
6 Control 0.30 23.29 8.019 8.332 5.03
7 Control 0.27 20.68 8.782 9.135 5.67
8 Control 0.29 23.06 8.082 8.700 5.27
9 Control 0.26 20.17 8.079 8.765 5.24
10 Control 0.30 25.22 8.375 9.235 5.50
1 3wks 0.25 20.07 6.7 6.366 4.08
2 3wks 0.24 19.84 6.398 6.033 4.76
3 3wks 0.24 20.12 6.75 6.028 4.06
4 3wks 0.24 19.94 6.92 6.047 4.05
5 3wks 0.24 20.24 6.554 5.942 4.09
6 3wks 0.25 20.07 6.907 6.232 4.16
7 3wks 0.24 20.22 6.499 5.946 4.05
8 3wks 0.24 20.07 6.549 6.033 4.03
9 3wks 0.25 20.32 6.686 6.033 4.02
10 3wks 0.24 20.37 6.653 5.957 4.04
1 6wks 0.24 19.86 5.825 5.433 3.88
2 6wks 0.22 20.19 5.928 5.333 3.67
3 6wks 0.24 19.39 5.612 5.033 3.72
4 6wks 0.23 20.11 5.86 5.433 3.83
5 6wks 0.24 20.07 5.734 5.366 3.84
6 6wks 0.23 18.98 5.94 6.366 4.250
7 6wks 0.22 19.76 5.657 5.133 3.68
8 6wks 0.22 19.86 5.682 5.466 3.89
9 6wks 0.24 19.81 5.947 5.466 3.82
10 6wks 0.23 19.81 5.664 5.666 3.87
1 9wks 0.23 20.07 5.133 4.433 3.40
2 9wks 0.23 20.20 5.165 4.599 3.40
3 9wks 0.23 19.94 4.916 4.366 3.42
4 9wks 0.23 19.86 2.709 3.466 3.04
5 9wks 0.23 19.74 5.206 4.899 3.54
6 9wks 0.21 19.51 5.04 4.833 3.52
7 9wks 0.23 19.86 5.156 4.699 3.50
8 9wks 0.22 20.04 4.987 4.466 3.41
9 9wks 0.22 19.33 5.098 4.966 3.63
10 9wks 0.22 19.89 5.305 4.766 3.52
1 12wks 0.24 21.59 4.248 3.799 3.11
2 12wks 0.21 19.15 4.692 4.299 3.34
3 12wks 0.24 21.59 4.673 4.333 3.34
4 12wks 0.22 21.51 4.478 4.099 3.22
5 12wks 0.23 21.41 4.835 4.366 3.37
6 12wks 0.23 21.59 5.027 4.566 3.36
7 12wks 0.24 21.44 4.636 4.129 3.33
8 12wks 0.24 21.46 4.475 4.033 3.24
9 12wks 0.24 21.51 4.564 4.166 3.28
10 12wks 0.23 21.34 4.613 4.233 3.34
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Test 02-033 Thermal Aging Wire Study  
Insulation Elongation and Tensile Strength BMS 13-48T10C01G20 

Specimen 
Number

Starting 
gauge 
length 

between 
bench 
marks

(in)

L2 

Distance 
between 
bench-

marks at 
rupture

(in)

Distance 
between 
bench-
marks 

measured 
by scale

(in)

Elongation 
at rupture by 

Instron
(%)

Elongation 
per BSS 
7324 by 

scale 
(%)

1 Control 3.00 8.933 5.47 197.77 82.33
2 Control 3.00 8.699 5.48 189.97 82.67
3 Control 3.00 8.432 5.12 181.07 70.67
4 Control 3.00 8.954 5.51 198.47 83.67
5 Control 3.00 8.030 4.97 167.67 65.67
6 Control 3.00 8.332 5.03 177.73 67.67
7 Control 3.00 9.135 5.67 204.50 89.00
8 Control 3.00 8.700 5.27 190.00 75.67
9 Control 3.00 8.765 5.24 192.17 74.67
10 Control 3.00 9.235 5.50 207.83 83.33
1 3wks 3.00 6.366 4.08 112.20 36.00
2 3wks 3.00 6.033 4.76 101.10 58.67
3 3wks 3.00 6.028 4.06 100.93 35.33
4 3wks 3.00 6.047 4.05 101.57 35.00
5 3wks 3.00 5.942 4.09 98.07 36.33
6 3wks 3.00 6.232 4.16 107.73 38.67
7 3wks 3.00 5.946 4.05 98.20 35.00
8 3wks 3.00 6.033 4.03 101.10 34.33
9 3wks 3.00 6.033 4.02 101.10 34.00
10 3wks 3.00 5.957 4.04 98.57 34.67
1 6wks 3.00 5.433 3.88 81.10 29.33
2 6wks 3.00 5.333 3.67 77.77 22.33
3 6wks 3.00 5.033 3.72 67.77 24.00
4 6wks 3.00 5.433 3.83 81.10 27.67
5 6wks 3.00 5.366 3.84 78.87 28.00
6 6wks 3.00 6.366 4.250 112.20 41.67
7 6wks 3.00 5.133 3.68 71.10 22.67
8 6wks 3.00 5.466 3.89 82.20 29.67
9 6wks 3.00 5.466 3.82 82.20 27.33
10 6wks 3.00 5.666 3.87 88.87 29.00
1 9wks 3.00 4.433 3.40 47.77 13.33
2 9wks 3.00 4.599 3.40 53.30 13.33
3 9wks 3.00 4.366 3.42 45.53 14.00
4 9wks 3.00 3.466 3.04 15.53 1.33
5 9wks 3.00 4.899 3.54 63.30 18.00
6 9wks 3.00 4.833 3.52 61.10 17.33
7 9wks 3.00 4.699 3.50 56.63 16.67
8 9wks 3.00 4.466 3.41 48.87 13.67
9 9wks 3.00 4.966 3.63 65.53 21.00
10 9wks 3.00 4.766 3.52 58.87 17.33
1 12wks 3.00 3.799 3.11 26.63 3.67
2 12wks 3.00 4.299 3.34 43.30 11.33
3 12wks 3.00 4.333 3.34 44.43 11.33
4 12wks 3.00 4.099 3.22 36.63 7.33
5 12wks 3.00 4.366 3.37 45.53 12.33
6 12wks 3.00 4.566 3.36 52.20 12.00
7 12wks 3.00 4.129 3.33 37.63 11.00
8 12wks 3.00 4.033 3.24 34.43 8.00
9 12wks 3.00 4.166 3.28 38.87 9.33
10 12wks 3.00 4.233 3.34 41.10 11.33
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Test 02-033 Thermal Aging Wire Study 
Insulation Elongation and Tensile Strength BMS 13-48T10C01G20 

Specimen 
Number

Outer 
Dia. of 

insulation
(in)

Outer 
Dia. of 

insulation
(cm)

Inner 
Dia. of 

insulation
(cm)

*Insulation 
thickness

(mil)

Insulatio
n 

thickness
(cm)

Area of
insulation

(cm2)

L
Length 

(cm)

Volume 
of 

insulation
(cm3)

W 
Weight 
(grams)

D 
Density 
(g/cm3)

1 Control 0.0547 0.1389 0.0983 8.0 0.02032 0.0076 23.32 0.1766 0.30 1.6989
2 Control 0.0542 0.1377 0.0971 8.0 0.02032 0.0075 23.22 0.1741 0.30 1.7236
3 Control 0.0538 0.1367 0.0960 8.0 0.02032 0.0074 23.11 0.1717 0.30 1.7477
4 Control 0.0534 0.1356 0.0950 8.0 0.02032 0.0074 23.52 0.1731 0.30 1.7327
5 Control 0.0531 0.1349 0.0942 8.0 0.02032 0.0073 20.53 0.1501 0.26 1.7316
6 Control 0.0542 0.1377 0.0970 8.0 0.02032 0.0075 23.29 0.1745 0.30 1.7194
7 Control 0.0536 0.1361 0.0955 8.0 0.02032 0.0074 20.68 0.1529 0.27 1.7662
8 Control 0.0539 0.1369 0.0963 8.0 0.02032 0.0074 23.06 0.1716 0.29 1.6896
9 Control 0.0539 0.1369 0.0963 8.0 0.02032 0.0074 20.17 0.1501 0.26 1.7323

10 Control 0.0536 0.1361 0.0955 8.0 0.02032 0.0074 25.22 0.1865 0.30 1.6089
1 3wks 0.0543 0.1379 0.0973 8.0 0.02032 0.0075 20.07 0.1507 0.25 1.6595
2 3wks 0.0543 0.1379 0.0973 8.0 0.02032 0.0075 19.84 0.1489 0.24 1.6116
3 3wks 0.0535 0.1359 0.0953 8.0 0.02032 0.0074 20.12 0.1484 0.24 1.6171
4 3wks 0.0534 0.1357 0.0950 8.0 0.02032 0.0074 19.94 0.1468 0.24 1.6344
5 3wks 0.0524 0.1330 0.0924 8.0 0.02032 0.0072 20.24 0.1456 0.24 1.6487
6 3wks 0.0533 0.1354 0.0947 8.0 0.02032 0.0073 20.07 0.1474 0.25 1.6965
7 3wks 0.0533 0.1353 0.0947 8.0 0.02032 0.0073 20.22 0.1484 0.24 1.6171
8 3wks 0.0536 0.1362 0.0955 8.0 0.02032 0.0074 20.07 0.1484 0.24 1.6173
9 3wks 0.0539 0.1369 0.0962 8.0 0.02032 0.0074 20.32 0.1512 0.25 1.6534

10 3wks 0.0534 0.1356 0.0949 8.0 0.02032 0.0074 20.37 0.1499 0.24 1.6011
1 6wks 0.0524 0.1331 0.0925 8.0 0.02032 0.0072 19.86 0.1430 0.24 1.6783
2 6wks 0.0523 0.1328 0.0922 8.0 0.02032 0.0072 20.19 0.1450 0.22 1.5167
3 6wks 0.0527 0.1339 0.0932 8.0 0.02032 0.0072 19.39 0.1405 0.24 1.7077
4 6wks 0.0523 0.1328 0.0922 8.0 0.02032 0.0072 20.11 0.1445 0.23 1.5922
5 6wks 0.0537 0.1364 0.0958 8.0 0.02032 0.0074 20.07 0.1487 0.24 1.6141
6 6wks 0.0531 0.1349 0.0942 8.0 0.02032 0.0073 18.98 0.1388 0.23 1.6574
7 6wks 0.0528 0.1341 0.0935 8.0 0.02032 0.0073 19.76 0.1435 0.22 1.5326
8 6wks 0.0527 0.1339 0.0932 8.0 0.02032 0.0072 19.86 0.1440 0.22 1.5282
9 6wks 0.0526 0.1336 0.0930 8.0 0.02032 0.0072 19.81 0.1433 0.24 1.6751

10 6wks 0.0525 0.1334 0.0927 8.0 0.02032 0.0072 19.81 0.1430 0.23 1.6089
1 9wks 0.0523 0.1328 0.0922 8.0 0.02032 0.0072 20.07 0.1441 0.23 1.5957
2 9wks 0.0530 0.1346 0.0940 8.0 0.02032 0.0073 20.20 0.1474 0.23 1.5609
3 9wks 0.0528 0.1341 0.0935 8.0 0.02032 0.0073 19.94 0.1448 0.23 1.5880
4 9wks 0.0527 0.1339 0.0932 8.0 0.02032 0.0072 19.86 0.1440 0.23 1.5977
5 9wks 0.0534 0.1356 0.0950 8.0 0.02032 0.0074 19.74 0.1453 0.23 1.5832
6 9wks 0.0529 0.1344 0.0937 8.0 0.02032 0.0073 19.51 0.1420 0.21 1.4787
7 9wks 0.0528 0.1341 0.0935 8.0 0.02032 0.0073 19.86 0.1443 0.23 1.5941
8 9wks 0.0528 0.1341 0.0935 8.0 0.02032 0.0073 20.04 0.1456 0.22 1.5113
9 9wks 0.0526 0.1336 0.0930 8.0 0.02032 0.0072 19.33 0.1398 0.22 1.5739

10 9wks 0.0524 0.1331 0.0925 8.0 0.02032 0.0072 19.89 0.1432 0.22 1.5365
1 12wks 0.0523 0.1328 0.0922 8.0 0.02032 0.0072 21.59 0.1551 0.24 1.5476
2 12wks 0.0526 0.1336 0.0930 8.0 0.02032 0.0072 19.15 0.1385 0.21 1.5164
3 12wks 0.0524 0.1331 0.0925 8.0 0.02032 0.0072 21.59 0.1554 0.24 1.5441
4 12wks 0.0527 0.1339 0.0932 8.0 0.02032 0.0072 21.51 0.1559 0.22 1.4109
5 12wks 0.0522 0.1326 0.0919 8.0 0.02032 0.0072 21.41 0.1534 0.23 1.4989
6 12wks 0.0528 0.1341 0.0935 8.0 0.02032 0.0073 21.59 0.1568 0.23 1.4665
7 12wks 0.0521 0.1323 0.0917 8.0 0.02032 0.0072 21.44 0.1533 0.24 1.5657
8 12wks 0.0530 0.1345 0.0939 8.0 0.02032 0.0073 21.46 0.1565 0.24 1.5339
9 12wks 0.0527 0.1338 0.0931 8.0 0.02032 0.0072 21.51 0.1558 0.24 1.5402
10 12wks 0.0523 0.1329 0.0922 8.0 0.02032 0.0072 21.34 0.1533 0.23 1.5004

*Per BMS 13-48J 2.2 Table 2
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Test 02-033 Thermal Aging Wire Study  
Insulation Elongation and Tensile Strength   M16878/1 

 

 

Specimen 
Number

W 
Weight 
(grams)

D 
Density 
(g/cm3)

L
Length 

(cm)

C 
Cross-

sectional 
area
(in2)

F
Breaking 

force of the 
specimen 

(lbf)

L2 

Distance 
between 

bench-marks 
at rupture

(in)

Tensile 
strength
(lbs/in2)

Elongation 
at rupture 
by Instron

(%)

Elongation 
per BSS 
7324 by 

scale 
(%)

1 Control 0.31 1.6358 23.14 0.0013 4.589 10.055 3615.66 235.17 111.33
2 Control 0.31 1.6250 23.11 0.0013 5.552 10.450 4340.03 248.33 121.00
3 Control 0.27 1.5321 21.44 0.0013 4.524 9.686 3550.39 222.87 104.33
4 Control 0.30 1.6903 21.59 0.0013 4.577 10.357 3591.98 245.23 116.00
5 Control 0.32 1.6975 23.11 0.0013 4.486 10.155 3548.56 238.50 108.00
6 Control 0.27 1.6059 20.57 0.0013 4.664 9.826 3682.04 227.53 101.67
7 Control 0.29 1.4960 23.26 0.0013 4.521 10.447 3499.71 248.23 106.67
8 Control 0.31 1.6598 22.81 0.0013 4.486 10.374 3534.51 245.80 121.00
9 Control 0.31 1.6357 22.92 0.0013 4.541 10.613 3542.76 253.77 122.33
10 Control 0.31 1.6330 22.91 0.0013 4.53 10.747 3527.27 258.23 88.67

Ave. 3643.29 242.37 110.10
1 2wks 0.30 1.6779 22.10 0.0013 4.775 10.029 3807.45 234.30 114.67
2 2wks 0.29 1.6391 21.44 0.0013 4.735 9.993 3701.38 233.10 113.00
3 2wks 0.26 1.7096 18.80 0.0013 4.744 9.683 3782.73 222.77 105.67
4 2wks 0.29 1.6333 21.51 0.0013 4.681 10.130 3659.16 237.67 114.00
5 2wks 0.30 1.6924 22.00 0.0012 4.62 10.033 3698.68 234.43 110.00
6 2wks 0.29 1.6438 21.21 0.0013 4.736 9.966 3673.29 232.20 114.67
7 2wks 0.29 1.6600 21.21 0.0013 4.682 10.107 3667.15 236.90 112.33
8 2wks 0.29 1.7114 20.78 0.0013 4.734 9.982 3744.74 232.73 109.67
9 2wks 0.30 1.2364 29.69 0.0013 4.754 10.766 3753.10 258.87 109.00

10 2wks 0.29 1.6589 21.87 0.0012 4.825 10.333 3894.14 244.43 110.67
Ave. 3738.18 236.74 111.37

1 4wks 0.26 1.7520 18.64 0.0012 4.879 9.629 3953.76 220.97 85.67
2 4wks 0.30 1.7073 21.72 0.0013 4.82 10.12 3845.72 237.33 94.33
3 4wks 0.29 1.6765 21.21 0.0013 4.725 10.266 3737.62 242.20 100.00
4 4wks 0.30 1.7493 21.08 0.0013 4.775 10.464 3786.96 248.80 84.67
5 4wks 0.30 1.7397 21.79 0.0012 4.018 6.544 3276.05 118.13 26.00
6 4wks 0.28 1.7313 20.52 0.0012 4.87 9.666 3987.07 222.20 91.33
7 4wks 0.21 1.7117 15.32 0.0012 4.88 10.044 3930.56 234.80 97.00
8 4wks
9 4wks

10 4wks
Ave. 3788.25 217.78 82.71

1 6wks 0.27 1.6564 20.07 0.0013 4.772 10.033 3789.86 234.43 104.67
2 6wks 0.23 1.6982 16.84 0.0012 4.895 10.008 3926.74 233.60 101.67
3 6wks 0.27 1.7273 19.63 0.0012 4.785 10.333 3877.59 244.43 108.00
4 6wks 0.27 1.6763 19.71 0.0013 4.678 10.299 3693.10 243.30 107.33
5 6wks 0.28 1.8307 19.33 0.0012 4.855 10.676 3958.50 255.87 110.67
6 6wks 0.27 1.6880 19.38 0.0013 4.76 10.599 3720.92 253.30 114.33
7 6wks
8 6wks
9 6wks

10 6wks
Ave. 3827.78 244.16 107.78

1 8wks
2 8wks 0.26 1.5939 20.45 0.0012 4.87 7.849 3938.45 161.63 66.67
3 8wks 0.30 1.8354 20.45 0.0012 4.911 8.011 3963.55 167.03 71.33
4 8wks 0.27 1.6684 20.29 0.0012 4.954 8.729 4006.38 190.97 79.00
5 8wks 0.27 1.6647 20.50 0.0012 4.914 7.544 4006.60 151.47 50.67
6 8wks 0.27 1.6630 20.27 0.0012 5.05 8.741 4067.48 191.37 87.67
7 8wks 0.26 1.6076 20.52 0.0012 4.916 7.637 4024.73 154.57 68.67
8 8wks 0.28 1.6740 20.75 0.0012 4.964 9.203 3973.28 206.77 93.00
9 8wks 0.27 1.6820 20.37 0.0012 5.126 8.581 4196.66 186.03 78.33

10 8wks
Ave. 4022.14 176.23 74.42

Note: Blank area indicates sample broke upon removal of ire. w
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Test 02-033 Thermal Aging Wire Study 
Insulation Elongation and Tensile Strength   M16878/1 

Specimen 
Number

Starting 
gauge 
length 

between 
bench 
marks

(in)

L2 

Distance 
between 
bench-

marks at 
rupture

(in)

Distance 
between 
bench-
marks 

measured 
by scale

(in)

Elongation 
at rupture 
by Instron

(%)

Elongation 
per BSS 
7324 by 

scale 
(%)

1 Control 3.00 10.055 6.34 235.17 111.33
2 Control 3.00 10.450 6.63 248.33 121.00
3 Control 3.00 9.686 6.13 222.87 104.33
4 Control 3.00 10.357 6.48 245.23 116.00
5 Control 3.00 10.155 6.24 238.50 108.00
6 Control 3.00 9.826 6.05 227.53 101.67
7 Control 3.00 10.447 6.20 248.23 106.67
8 Control 3.00 10.374 6.63 245.80 121.00
9 Control 3.00 10.613 6.67 253.77 122.33
10 Control 3.00 10.747 5.66 258.23 88.67

1 2wks 3.00 10.029 6.44 234.30 114.67
2 2wks 3.00 9.993 6.39 233.10 113.00
3 2wks 3.00 9.683 6.17 222.77 105.67
4 2wks 3.00 10.130 6.42 237.67 114.00
5 2wks 3.00 10.033 6.30 234.43 110.00
6 2wks 3.00 9.966 6.44 232.20 114.67
7 2wks 3.00 10.107 6.37 236.90 112.33
8 2wks 3.00 9.982 6.29 232.73 109.67
9 2wks 3.00 10.766 6.27 258.87 109.00
10 2wks 3.00 10.333 6.32 244.43 110.67

1 4wks 3.00 9.629 5.57 220.97 85.67
2 4wks 3.00 10.12 5.83 237.33 94.33
3 4wks 3.00 10.266 6.00 242.20 100.00
4 4wks 3.00 10.464 5.54 248.80 84.67
5 4wks 3.00 6.544 3.78 118.13 26.00
6 4wks 3.00 9.666 5.74 222.20 91.33
7 4wks 3.00 10.044 5.91 234.80 97.00
8 4wks
9 4wks
10 4wks

1 6wks 3.00 10.033 6.14 234.43 104.67
2 6wks 3.00 10.008 6.05 233.60 101.67
3 6wks 3.00 10.333 6.24 244.43 108.00
4 6wks 3.00 10.299 6.22 243.30 107.33
5 6wks 3.00 10.676 6.32 255.87 110.67
6 6wks 3.00 10.599 6.43 253.30 114.33
7 6wks 3.00 4.699 3.50 56.63 16.67
8 6wks
9 6wks
10 6wks

1 8wks
2 8wks 3.00 7.849 5.00 161.63 66.67
3 8wks 3.00 8.011 5.14 167.03 71.33
4 8wks 3.00 8.729 5.37 190.97 79.00
5 8wks 3.00 7.544 4.52 151.47 50.67
6 8wks 3.00 8.741 5.63 191.37 87.67
7 8wks 3.00 7.637 5.06 154.57 68.67
8 8wks 3.00 9.203 5.79 206.77 93.00
9 8wks 3.00 8.581 5.35 186.03 78.33
10 8wks
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Test 02-033 Thermal Aging Wire Study 
Insulation Elongation and Tensile Strength   M16878/1 

Specimen 
Number

W 
Weight 
(grams)

L
Length 

(cm)

F
Breaking 
force of 

the 
specimen 

(lbf)

L2 

Distance 
between 
bench-

marks at 
rupture

(in)

Distance 
between 
bench-
marks 

measured 
by scale

(in)
1 Control 0.31 23.14 4.589 10.055 6.34
2 Control 0.31 23.11 5.552 10.450 6.63
3 Control 0.27 21.44 4.524 9.686 6.13
4 Control 0.30 21.59 4.577 10.357 6.48
5 Control 0.32 23.11 4.486 10.155 6.24
6 Control 0.27 20.57 4.664 9.826 6.05
7 Control 0.29 23.26 4.521 10.447 6.20
8 Control 0.31 22.81 4.486 10.374 6.63
9 Control 0.31 22.92 4.541 10.613 6.67
10 Control 0.31 22.91 4.53 10.747 5.66
1 2wks 0.30 22.10 4.775 10.029 6.44
2 2wks 0.29 21.44 4.735 9.993 6.39
3 2wks 0.26 18.80 4.744 9.683 6.17
4 2wks 0.29 21.51 4.681 10.130 6.42
5 2wks 0.30 22.00 4.62 10.033 6.30
6 2wks 0.29 21.21 4.736 9.966 6.44
7 2wks 0.29 21.21 4.682 10.107 6.37
8 2wks 0.29 20.78 4.734 9.982 6.29
9 2wks 0.30 29.69 4.754 10.766 6.27
10 2wks 0.29 21.87 4.825 10.333 6.32
1 4wks 0.26 18.64 4.879 9.629 5.57
2 4wks 0.30 21.72 4.82 10.12 5.83
3 4wks 0.29 21.21 4.725 10.266 6.00
4 4wks 0.30 21.08 4.775 10.464 5.54
5 4wks 0.30 21.79 4.018 6.544 3.78
6 4wks 0.28 20.52 4.87 9.666 5.74
7 4wks 0.21 15.32 4.88 10.044 5.91
8 4wks
9 4wks
10 4wks
1 6wks 0.27 20.07 4.772 10.033 6.14
2 6wks 0.23 16.84 4.895 10.008 6.05
3 6wks 0.27 19.63 4.785 10.333 6.24
4 6wks 0.27 19.71 4.678 10.299 6.22
5 6wks 0.28 19.33 4.855 10.676 6.32
6 6wks 0.27 19.38 4.76 10.599 6.43
7 6wks
8 6wks
9 6wks
10 6wks
1 8wks
2 8wks 0.26 20.45 4.87 7.849 5.00
3 8wks 0.30 20.45 4.911 8.011 5.14
4 8wks 0.27 20.29 4.954 8.729 5.37
5 8wks 0.27 20.50 4.914 7.544 4.52
6 8wks 0.27 20.27 5.05 8.741 5.63
7 8wks 0.26 20.52 4.916 7.637 5.06
8 8wks 0.28 20.75 4.964 9.203 5.79
9 8wks 0.27 20.37 5.126 8.581 5.35
10 8wks
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Test 02-033 Thermal Aging Wire Study  
Insulation Elongation and Tensile Strength   M16878/1 

Specimen 
Number

Outer 
Dia. of 

insulation
(in)

Outer 
Dia. of 

insulation
(cm)

Inner 
Dia. of 

insulation
(cm)

*Insulation 
thickness

(mil)

Insulatio
n 

thickness
(cm)

Area of
insulation

(cm2)

L
Length 

(cm)

Volume 
of 

insulation
(cm3)

W 
Weight 
(grams)

D 
Density 
(g/cm3)

1 Control 0.0585 0.1486 0.1080 8.0 0.02032 0.0082 23.14 0.1895 0.31 1.6358
2 Control 0.0589 0.1496 0.1090 8.0 0.02032 0.0083 23.11 0.1908 0.31 1.6250
3 Control 0.0587 0.1491 0.1085 8.0 0.02032 0.0082 21.44 0.1762 0.27 1.5321
4 Control 0.0587 0.1491 0.1085 8.0 0.02032 0.0082 21.59 0.1775 0.30 1.6903
5 Control 0.0583 0.1481 0.1074 8.0 0.02032 0.0082 23.11 0.1885 0.32 1.6975
6 Control 0.0584 0.1483 0.1077 8.0 0.02032 0.0082 20.57 0.1681 0.27 1.6059
7 Control 0.0594 0.1509 0.1102 8.0 0.02032 0.0083 23.26 0.1939 0.29 1.4960
8 Control 0.0585 0.1486 0.1080 8.0 0.02032 0.0082 22.81 0.1868 0.31 1.6598
9 Control 0.0590 0.1499 0.1092 8.0 0.02032 0.0083 22.92 0.1895 0.31 1.6357
10 Control 0.0591 0.1501 0.1095 8.0 0.02032 0.0083 22.91 0.1898 0.31 1.6330

1 2wks 0.0579 0.1471 0.1064 8.0 0.02032 0.0081 22.10 0.1788 0.30 1.6779
2 2wks 0.0589 0.1496 0.1090 8.0 0.02032 0.0083 21.44 0.1769 0.29 1.6391
3 2wks 0.0579 0.1471 0.1064 8.0 0.02032 0.0081 18.80 0.1521 0.26 1.7096
4 2wks 0.0589 0.1496 0.1090 8.0 0.02032 0.0083 21.51 0.1776 0.29 1.6333
5 2wks 0.0577 0.1466 0.1059 8.0 0.02032 0.0081 22.00 0.1773 0.30 1.6924
6 2wks 0.0593 0.1506 0.1100 8.0 0.02032 0.0083 21.21 0.1764 0.29 1.6438
7 2wks 0.0588 0.1494 0.1087 8.0 0.02032 0.0082 21.21 0.1747 0.29 1.6600
8 2wks 0.0583 0.1481 0.1074 8.0 0.02032 0.0082 20.78 0.1694 0.29 1.7114
9 2wks 0.0584 0.1483 0.1077 8.0 0.02032 0.0082 29.69 0.2426 0.30 1.2364

10 2wks 0.0573 0.1455 0.1049 8.0 0.02032 0.0080 21.87 0.1748 0.29 1.6589

1 4wks 0.0571 0.1450 0.1044 8.0 0.02032 0.0080 18.64 0.1484 0.26 1.7520
2 4wks 0.0579 0.1471 0.1064 8.0 0.02032 0.0081 21.72 0.1757 0.30 1.7073
3 4wks 0.0583 0.1481 0.1074 8.0 0.02032 0.0082 21.21 0.1730 0.29 1.6765
4 4wks 0.0582 0.1478 0.1071 8.0 0.02032 0.0081 21.08 0.1715 0.30 1.7493
5 4wks 0.0568 0.1443 0.1036 8.0 0.02032 0.0079 21.79 0.1724 0.30 1.7397
6 4wks 0.0566 0.1438 0.1031 8.0 0.02032 0.0079 20.52 0.1617 0.28 1.7313
7 4wks 0.0574 0.1458 0.1052 8.0 0.02032 0.0080 15.32 0.1227 0.21 1.7117
8 4wks
9 4wks
10 4wks

1 6wks 0.0581 0.1476 0.1069 8.0 0.02032 0.0081 20.07 0.1630 0.27 1.6564
2 6wks 0.0576 0.1463 0.1057 8.0 0.02032 0.0080 16.84 0.1354 0.23 1.6982
3 6wks 0.0571 0.1450 0.1044 8.0 0.02032 0.0080 19.63 0.1563 0.27 1.7273
4 6wks 0.0584 0.1483 0.1077 8.0 0.02032 0.0082 19.71 0.1611 0.27 1.6763
5 6wks 0.0568 0.1443 0.1036 8.0 0.02032 0.0079 19.33 0.1529 0.28 1.8307
6 6wks 0.0589 0.1496 0.1090 8.0 0.02032 0.0083 19.38 0.1599 0.27 1.6880
7 6wks
8 6wks
9 6wks
10 6wks

1 8wks
2 8wks 0.0572 0.1453 0.1046 8.0 0.02032 0.0080 20.45 0.1631 0.26 1.5939
3 8wks 0.0573 0.1455 0.1049 8.0 0.02032 0.0080 20.45 0.1634 0.30 1.8354
4 8wks 0.0572 0.1453 0.1046 8.0 0.02032 0.0080 20.29 0.1618 0.27 1.6684
5 8wks 0.0568 0.1443 0.1036 8.0 0.02032 0.0079 20.50 0.1622 0.27 1.6647
6 8wks 0.0574 0.1458 0.1052 8.0 0.02032 0.0080 20.27 0.1624 0.27 1.6630
7 8wks 0.0566 0.1438 0.1031 8.0 0.02032 0.0079 20.52 0.1617 0.26 1.6076
8 8wks 0.0577 0.1466 0.1059 8.0 0.02032 0.0081 20.75 0.1673 0.28 1.6740
9 8wks 0.0566 0.1438 0.1031 8.0 0.02032 0.0079 20.37 0.1605 0.27 1.6820
10 8wks
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for a total of 1500 tests (one modulus value and one relaxation value 

obtained from each test

Aging DWP DWP VICKI VICKI LISA LISA

Weeks Modulus Relax Modulus Relax Modulus Relax

PVC 0 0 0 0 10 0 1

2 0 2 1 3 1 1

4 1 0 0 5 0 0

6 0 1 0 2 0 2

8 0 1 0 2 2 0

Total PVC 1 4 1 22 3 4

PVC G-N 0 0 0 3 2 0 0

2 0 1 0 1 0 0

4 0 0 0 1 0 1

6 0 1 0 2 0 0

8 0 0 0 10 0 1

Total PVC G-N 0 2 3 16 0 2

XL-ETFE 0 0 1 0 4 0 0

3 0 4 1 1 0 0

6 0 3 0 0 1 0

9 0 2 0 0 0 0

12 0 1 0 2 0 0

Total XL-ETFE 0 11 1 7 1 0

COMPOSITE 

EXCLUDED TESTS BY MATERIAL, AGING LEVEL, TESTER

Total number of tests performed by each tester were 250 per wire type 

T 0 0 0 0 3 1 2

3 0 1 0 4 2 1

6 1 0 1 3 3 2

9 1 2 0 0 1 0

12 1 2 0 4 0 0

Total COMPOSITE TKT 3 5 1 14 7 5

POLYIMIDE IN 0 0 0 0 1 0 0

3 0 0 2 1 1 3

6 0 2 0 2 0 1

9 0 4 0 0 1 0

12 0 0 0 1 1 1

Total POLYIMIDE INST 0 6 2 5 3 5

POLYIMIDE P 0 1 1 0 0 0 1

3 0 2 0 0 3 0

6 0 2 0 1 1 0

9 0 4 0 0 1 0

12 0 3 1 0 1 0

Total POLYIMIDE POWER 1 12 1 1 6 1

Dave Dave Vicki Vicki Lisa Lisa

Modulus Relaxation Modulus Relaxation Modulus Relaxation

Total excluded by Tester 5 40 9 65 20 17

% 0.3% 2.7% 0.6% 4.3% 1.3% 1.1%

NOTE: The totals shown are out of 1500 individual tests
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