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Figure 30: Calculation of Tg,mid, Qmax, TQmax , and ∆Cp.

Figure 31: Calculation of Tg,onset.
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Figure 32: Calculation of the fictive temperature Tf .

Figure 33: Calculation of δH .
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5.4 DSC Test Results

In addition to unaged samples, samples were aged isothermally at 105 °C, 125 °C,

or 135 °C for various amounts of time as listed in Table 2. For each combination

of aging temperature and aging time, 5 samples were aged with different plastic

compressions. The five compressions were approximately 0 %, 15 %, 25 %, 35 %,

and 40 %. The results for samples aged at 125 °C are presented here while the

results from the remaining temperatures are similar, but are not included in this

presentation.

At each plastic compression, the DSC results are typical of a PC aging study.

For each plastic compression, physical aging increases the height and area of the

enthalpy peak, shifts the glass transition to higher temperatures, and reduces the

full width at half-height (FWHH) of the enthalpy peak.

In general, for short aging times, increasing plastic compression reduces the

height of the enthalpy peak; however, at long aging times, increasing plastic com-

pression increases the height of the enthalpy peak. There is no significant variation

of ∆Cp with plastic compression followed by physical aging.

Figures 34-38 show the enthalpy peaks of PC samples with various aging times

at 125 °C and with different initial plastic compressions. As can be seen in Figure

34 for a plastically undeformed sample, as the aging time increases, there is an in-

crease in the maximum value of the enthalpy peak and a shift of the peaks to higher

temperatures. Figure 35 shows the evolution of the enthalpy peaks in compressed

samples was similar but slightly modified for short aging times. For samples with

relatively little aging, as can be seen in Figures 36 and 37, the enthalpy peaks of

plastically compressed samples is suppressed, but for long aging times, the en-

thalpy peaks of compressed samples are larger than the uncompressed samples,

as shown in Figure 38.

Figure 39 shows δH plotted versus aging time at 125 °C for samples with dif-
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Figure 34: Heat Flow versus Temperature for undeformed PC aged at 125 °C for
different durations of time.

ferent plastic compressions. As can be seen, δH increases with aging. For short

aging times, δH decreases with increases in the plastic compression. This evolution

becomes less clear as the aging time increases and cannot be seen after 2 hours of

aging at 125 °C.

Figure 40 shows the variation of the temperature of the enthalpy peak max

TQmax with aging time and for the different plastic compressions. As can be seen,

TQmax increases at longer aging times, but there is no visible evolution with plastic

compression. TQmax of the 25 % compressed samples is consistently higher than

the other plastic compressions. This observation is believed to be a real material

property because it is seen over several independent samples.

Figure 41 shows the variation of the limiting fictive temperature T ′f with aging

time. As can be seen, T ′f decreases with longer aging times. There is a weak trend

that the limiting fictive temperature increases with plastic compression.

From the previous figures, no plateau in the results is visible on the log scale

at long aging times, indicating that PC does not reach equilibrium at 125 °C in less
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Figure 35: Heat Flow versus Temperature for 40 % compressed PC aged at 125 °C
for different durations of time.

than 700 hours.

The mass before and after the DSC experiments were compared for 40 samples

with various aging temperatures, aging times, and plastic compressions. The mass

change did not exceed ±0.005 mg and was typically ±0.002 mg, which is less than

the reproducibility of the balance. This variation in mass is negligible compared to

the average sample mass of 6.5 mg.
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Figure 36: Heat Flow versus Temperature for unaged PC with different amounts
of plastic compression.

Figure 37: Heat Flow versus Temperature for PC aged for one hour at 125 °C with
different amounts of plastic compression.
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Figure 38: Heat Flow versus Temperature for PC aged for 300 hours at 125 °C with
different amounts of plastic compression.

Figure 39: δH versus Temperature for PC with different amounts of plastic com-
pression followed by aging at 125 °C for different durations of time.
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Figure 40: Temperature of the maximum heat flow TQmax versus Temperature for
PC with different amounts of plastic compression followed by aging at 125 °C for
different durations of time.

Figure 41: Limiting fictive temperature T ′f versus Temperature for PC with dif-
ferent amounts of plastic compression followed by aging at 125 °C for different
durations of time.
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5.5 Conclusions

DSC experiments were performed on PC samples with various aging histories and

plastic compressions. The evolution of the heat flow and enthalpy peak with com-

bined plastic compression followed by aging was observed. Tests were performed

and analyzed on PC samples plastically compressed followed by physical aging at

105 °C, 125 °C, or 135 °C. The results from samples aged at 125 °C are presented in

this chapter while the those from 105 °C and 135 °C are not included in this the-

sis. One important observation was that PC does not reach equilibrium at 125 °C

within the maximum aging time of 700 hours.

Analysis of the data shows that physical aging of plastically compressed PC has

a similar effect on the enthalpy peak as physical aging has on uncompressed PC.

As the aging time increases, the glass-transition temperature and maximum heat

flow increase. The plastic compression has two effects on the glass transition. For

samples with relatively little aging, the enthalpy peaks of plastically compressed

samples are suppressed, but for long aging times, the enthalpy peaks of plastically

compressed samples are larger than the uncompressed samples.

In general, δH increases with physical aging. For short aging times, δH decreases

with increases in the plastic compression; however, this evolution becomes less

clear as the aging time increases and cannot be seen after 2 hours of aging at 125°C.

In general, TQmax increases at longer aging times. There is no visible evolution of

TQmax with plastic compression. In general, T ′f decreases with longer aging times.

There is a weak trend that the limiting fictive temperature T ′f increases with plastic

compression.
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6 DMA

Dynamic Mechanical Analysis (DMA) experiments were performed on 45 samples

but limited analysis was performed and is only briefly discussed here. DMA can

evaluate the storage (E’) and loss (E”) moduli of a material at different frequencies

and temperatures.

6.1 DMA Experimental Procedure

6.1.1 DMA Experimental Setup

DMA samples were prepared as discussed in Sections 2.1 and 2.2. As the reader

recalls, these samples were taken from two material sources, the cylindrical rods,

which were thermally pretreated, and the sheets, which were not thermally pre-

treated. The samples taken from the sheets were cut with two orientations (TA

and TT) as shown in Figure 9, while the samples taken from the cylinders were cut

with an axial orientation as shown in Figure 8, which is perpendicular to the TA

and TT orientations.

The samples were tested in a TA Instruments Q800 in 17.5 mm single cantilever

mode. The Q800 was fully calibrated at least once each month, and the clamp

calibrations were performed once each week. From several experiments, an os-

cillation displacement of 15µm was determined to be the best. Each experiment

was around 8 hours long and used approximately 50 liters of liquid nitrogen. As a

result, these tests were very long and expensive.

The DMA test method was as follows:

1. Equilibrate at −110 °C

2. Isothermal for 5 minutes

3. Isothermal frequency sweep 0.1 Hz to 100 Hz with 5 points per decade

4. Increment 10 °C

5. Goto Step 2 until 100 °C
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6.1.2 Uncertainty in DMA Data

Significant uncertainty (10 % to 20 %) was derived from inaccurate geometry fac-

tors and loading modes due to errors in the measurement of the sample dimen-

sions and the uniformity of the sample. With machining and aging, the DMA sam-

ples had curved surfaces which were difficult to measure for an accurate geometry

factor. To correct the geometry factors of some experiments, additional samples

were machined to rough dimensions before aging, aged, and machined to final di-

mensions. These samples are ready to be tested at room temperature in order to

adjust the geometry factors of the long tests performed from −110 °C to 100 °C.

Other uncertainties come from the calibration, changes in the system since the

last calibration, differences in the clamping of the samples into the fixture, and

changes in the sample during the long experiments.

6.2 DMA Test Results

Figures 42-45 show tan delta verses temperature. Tan delta is the ratio of the imagi-

nary part of the complex modulus (E”) to the real part of the complex modulus (E’)

and does not depend on the geometry factor. Therefore, the uncertainty in these

figures does not included the uncertainty due to the geometry factors.

Figure 42 shows the results for plastically compressed but unaged samples cut

from the sheets. As the reader recalls, these samples were not thermally pretreated

to remove the thermal history and any internal stresses before being plastically

compressed. As can be seen in the figure, below −70 °C and between 0 °C and

55 °C, there is no effect of plastic compression. Between −70 °C and 0 °C there is

a jump in tan delta from plastically uncompressed to compressed samples but no

further evolution with plastic compression and sample orientation. Above 55 °C,

plastic compression increases tan delta and TA samples have a larger increase than
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Figure 42: Tan Delta versus Temperature for unaged PC samples obtained from
the sheets (not thermally pretreated).

TT samples.

Figure 43 shows the results for plastically compressed but unaged samples cut

from the cylinders. These samples were thermally pretreated to remove the ther-

mal history and any internal stresses before being plastically compressed. This

data is similar to the data presented for samples cut from the sheets in Figure 42,

except that between −70 °C and 50 °C, there is a decrease in tan delta with plastic

compression.

Figure 44 shows the results from samples cut from the cylinders that were com-

pressed to 25 % plastic strain and then aged at 125 °C for up to 300 hours. As can be

seen, below −70 °C, there is little effect of aging. Between −70 °C and 45 °C there

is a jump in tan delta from unaged samples to samples with 2 hours of aging and

then a decrease is tan delta with further aging. Above 50 °C, aging decreases tan

delta.

Figure 45 shows the results from samples cut from the cylinders that were com-

pressed to 40 % plastic strain and then aged at 125 °C for up to 300 hours. These



62

Figure 43: Tan Delta versus Temperature for unaged PC samples obtained from
the cylindrical rods (thermally pretreated).

results are very similar to those obtained for 25 % plastically compressed samples

indicating no change in tan delta with an increase in compression from 25 % to

50 % plastic compression.
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Figure 44: Tan Delta versus Temperature for 25 % plastically compressed PC sam-
ples obtained from the cylindrical rods. These samples were aged at 125 °C for the
indicated times.

Figure 45: Tan Delta versus Temperature for 40 % plastically compressed PC sam-
ples obtained from the cylindrical rods. These samples were aged at 125 °C for the
indicated times.
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6.3 Conclusions

Even though approximately 45 DMA experiments were conducted, taking approx-

imately two months of experimental time, the results of these tests are not yet

ready for presentation without conducting additional correction experiments at

room temperature to adjust for the errors in the geometry factors in these tests.

These DMA experiments were performed on PC samples with various plastic

compressions and physical aging. The samples had approximately 0 %, 25 %, or

40 % plastic engineering strain and underwent physical aging at 125 °C for 0, 1, 2,

5, 10, 20, 50, 100, 300, or 700 hours, or at 105 °C for 0, 300, 700, 1500, 3000, or 6000

hours.

Results for tan delta were presented for samples with various plastic compres-

sions for both samples cut from the sheets and cylindrical rods, and results for tan

delta were presented for samples with plastic compression followed by aging at

125 °C for samples cut from the cylindrical rods. It was found that there are large

changes (> 50 % relative change) in tan delta with both plastic compression and

aging. At temperatures above 55 °C, plastic compression increases tan delta for

unaged samples and aging decreases tan delta for 25 % and 40 % plastically com-

pressed samples. An interesting result is that there is very little change (< 10 %) in

tan delta with plastic compression for aged samples, whereas with unaged sam-

ples there is a large change (> 50 %) in tan delta with plastic compression.

Further experiments need to be performed before results can be used for quan-

titative comparisons.
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7 TMDSC

Temperature Modulated Differential Scanning Calorimetry (TMDSC/MDSC) pro-

vides supplementary information to the DSC results and can give information on

the thermal state and history of a material. TMDSC is similar to DSC but with the

addition of a modulated temperature program added to the linear DSC temper-

ature program. This modulated temperature program allows the division of the

heat flow into reversing and non-reversing parts, and then further into the real

and imaginary parts of the reversing heat flow. These signals have been linked

to various material properties like the Cooperating Rearranging Region (CRR),

which is the volume of material which must move cooperatively (if one polymer

chain moves or rotates then all other chains in the CRR must also move or rotate).

7.1 TMDSC Experimental Procedure

7.1.1 TMDSC Experimental Setup

Samples were prepared as discussed in Section 2.1. These samples were cut from

the cylindrical rods, which as the read recalls, were thermally pretreated.

A TA Instruments Q100 was used to perform TMDSC tests. The Q100 was

calibrated for the temperature range 90 °C to 180 °C, for a heating rate of 2 °C/min,

and for modulations of ±1.272 °C every 60 seconds.

The TMDSC test method was as follows:

1. Equilibrate at 90 °C

2. Isothermal at 90 °C for 5 minutes

3. Heat from 90 °C to 180 C at 2 C/min, modulate ±1.272 °C every 60 seconds

4. Cool to 90 °C at 2 °C/min, modulate ±1.272 °C every 60 seconds

5. Go to Step 2 once for a total of 2 loops

The second heating cycle in this procedure represents the virgin material and
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should be the same for every sample, independent of the aging and plastic com-

pression. This curve can be used to confirm the validity of the experiment and to

adjust the data curves.

The measured heat flows were normalized to the sample mass and heating rate

to obtain a relative quantity of the heat capacity which in the future will be referred

to as the heat flow.

7.1.2 Analysis of TMDSC Results

The temperature, heat capacity, reversing heat capacity, non-reversing heat capac-

ity, and heat flow phase signals were recorded. Phase correction was performed ac-

cording to [34] using the temperature, heat capacity, complex heat capacity (Q100:

reversing heat capacity), and heat flow phase to get the corrected heat flow phase.

The phase correction procedure is detailed in the Appendix. The real and imag-

inary parts of the complex heat capacity were calculated using the complex heat

capacity and the corrected heat flow phase.

The data adjustment and analysis are similar to those discussed for classical

DSC in Section 5.3. Additional parameters can be calculated from analysis with

the same procedure but on different signals including the reversing (complex (C∗p ))

heat capacity, non-reversing heat capacity, and real (C ′) and imaginary (C ′′) parts

of the complex heat capacity. Other parameters can be calculated for specific ap-

plications including ∆( 1
Cp

) and the standard deviation of a best-fit Gaussian dis-

tribution of C ′′. These values are used in evaluating the CRR. Figures 46 and 47

graphically show the calculation of Tg,mid from the reversing heat capacity and the

best-fit Gaussian distribution of C ′′, respectively.
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Figure 46: Calculation of Tg,mid from the reversing heat capacity data of a TMDSC
test.

7.2 Selected TMDSC Test Results

Figures 48 and 49 show Tg,mid of the reversing heat capacity and the standard de-

viation of the best-fit Gaussian distribution of C” plotted versus the aging time at

125 °C. As can be seen in Figure 48, the glass transition temperature increases with

aging time, but there is no visible trend with plastic compression. As can be seen

in Figure 49, the standard deviation of the Gaussian fit of the C” data increases for

aging times less than 5 hours of aging at 125 °C and then decreases to below that of

an unaged sample. There is an increase in the standard deviation of the Gaussian

fit of the C” data with plastic compression for aging times less than 50 hours.
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Figure 47: Best-fit Gaussian distribution of the C” data of a TMDSC test.

Figure 48: Tg,mid of the reversing heat capacity versus the aging time at 125 °C.
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Figure 49: Standard deviation of the best fit Gaussian distribution of C” versus
aging time at 125 °C.
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7.3 Conclusions

TMDSC experiments were performed on PC samples with various plastic com-

pressions and physical aging. The samples had approximately 0 %, 15 %, 25 %,

35 %, or 40 % plastic engineering strain and underwent physical aging at 125 °C for

0, 1, 2, 5, 10, 20, 50, 100, or 300 hours.

Preliminary results were calculated from the TMDSC data, including the glass

transition temperature at mid-height and the standard deviation of the Gaussian

curve fit of the C” data.
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8 Summary

The current thesis is an experimental evaluation of the combined effects of large

plastic flow followed by physical aging in polycarbonate (PC). Even though the

individual effects of large plastic flow and of physical aging in PC have been eval-

uated and studied, the combined mechanical and thermal effects have not yet been

evaluated. As such, this body of work is the first characterization of the combined

effect of large plastic flow followed by physical aging in PC, and is part of an on-

going study.

The main content of this thesis is the description of the experimental setup and

its evaluation, and a preliminary study of approximately 350 different experiments

conducted at the Université de Rouen (UR), France. In this approximately one

year stay at UR, testing setups and protocols were developed for Charpy impact,

quasi-static single-edge notched bending (SENB), differential scanning calorime-

try (DSC), dynamic mechanical analysis (DMA), and temperature-modulated

DSC (TMDSC) tests. The results from these tests are the first for PC at large plastic

flow in the glassy state followed by thermal (physical) aging.

8.1 Experiments and Material

The primary purpose of this study is to determine the effects of physical aging on

the fracture properties of plastically deformed PC. The most direct fracture results

obtained in this work are from the Charpy impact and quasi-static SENB fracture

experiments. However, additional experiments were performed which provide

supplementary data including DMA tests to measure the mechanical properties,

DSC tests to quantify the aging and thermal state, and TMDSC tests to separate

the reversing and non-reversing thermal signals at the glass transition. The primary

results presented in this thesis are from Charpy impact, quasi-static SENB, and
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DSC experiments. In addition, a large number of experiments were performed

with DMA and TMDSC, but are only presented briefly in this thesis.

The results obtained from Charpy impact, quasi-static SENB, DSC, DMA, and

TMDSC experiments performed on PC samples are the first results for PC at large

plastic flow combined with physical aging. The entire experimental set included

various amounts of plastic compression up to 50 % followed by physical aging at

elevated temperatures up to 135 °C for various amounts of time up to 6000 hours.

Two similar PC sources were used for the experiments. These sources were 1 in

(25.4 mm) cylindrical rods and 1
2

in (12.7 mm) sheets, both made from PC with the

trade name Lexan from Sabic Innovative Plastics. The cylindrical rods were used

for DSC and DMA experiments while the sheets were used for Charpy impact,

quasi-static SENB, and for additional DMA experiments. The sheets and cylindri-

cal rods were prepared for experiments with different thermal pretreatments. The

cylindrical rods were thermally pretreated by having them annealed above the glass

transition temperature in order to erase the thermal history and remove any inter-

nal stresses. The sheets were not thermally pretreated and were tested as-received.

With the exception of the thermal pretreatment, the sheets and cylindrical rods

were prepared (compressed and aged) for experiments in a similar manner.

Charpy impact and quasi-static SENB fracture tests were performed on approx-

imately 100 and 50 PC samples, respectively. These samples were prepared with

approximately 0 %, 25 %, or 50 % plastic compression followed by aging at 125 °C

for 0, 20, 50, 100, or 300 hours. These samples were obtained from PC sheets which

were not thermally pretreated before compression and aging.

DSC tests were performed on approximately 125 PC samples prepared with ap-

proximately 0 %, 15 %, 25 %, 35 %, or 40 % plastic compression followed by aging

at 105 °C (0, 300, 700, 1500, 3000, or 6000 hours), 125 °C (0, 1, 2, 5, 10, 20, 50, 100,

300, or 700 hours), or 135 °C (0, 1, 2, 5, 10, 20, 50, 100, or 300 hours). These sam-
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ples were obtained from cylindrical PC rods which were thermally pretreated before

compression and aging.

TMDSC tests were performed on approximately 45 PC samples prepared with

approximately 0 %, 15 %, 25 %, 35 %, or 40 % plastic compression followed by aging

at 125 °C for 0, 1, 2, 5, 10, 20, 50, 100, or 300 hours. Similar to the DSC samples,

the TMDSC samples were obtained from cylindrical PC rods which were thermally

pretreated before compression and aging.

DMA tests were performed on approximately 40 PC samples prepared with ap-

proximately 0 %, 25 %, or 40 % plastic compression followed by aging at 105 °C (0,

300, 700, 1500, 3000, or 6000 hours) or 125 °C (0, 1, 2, 5, 10, 20, 50, 100, or 300 hours).

These samples were obtained from cylindrical PC rods which were thermally pre-

treated before compression and aging in order to erase any previous thermal his-

tory and remove any internal stresses. In addition to the samples obtained from

the cylindrical rods, 5 tests were performed on PC samples obtained from unaged

compressed sheets (0 %, 25 % TT, 25 % TA, 50 % TT, and 50 % TA). Since these sam-

ples were obtained from the parts of fractured SENB samples, these samples were

not thermally pretreated before compression and aging.

8.2 Results

Results were obtained from Charpy impact, quasi-static SENB, DSC, DMA, and

TMDSC experiments. These results are detailed in their respective chapters and

will be briefly discussed here. The DMA and TMDSC results are not discussed

here.

8.2.1 Charpy Impact Test Results

It was observed, as expected, that plastic flow without physical aging increased

the absorbed energy in impact. There was a clear transition from brittle to duc-



74

tile fracture in PC at about 70 kJ/m2, both in the samples cut in the TA and TT

orientations.

Over the entire range of aging times up to 300 hours, there was no substantial

change in the absorbed impact energy for the plastically undeformed samples and

the samples plasticly deformed to approximately 50 % strain. For the 50 % plastic

compression it is expected that there might be be an observed change in the impact

energy for aging times over 300 hours.

There was a clearly observed drop in the energy dissipated in the impact for

the samples plastically deformed to 25 % and then thermally aged. This was ob-

served in both samples cut in the TA and TT orientations, but they did not occur

at the same aging time. This possibly indicates that aging occurs anisotropically

after plastic deformation. This needs to be further studied before more definitive

statements can be made, but is an indication that there might be an aging event

that also occurs in the 50 % compressed samples, but at an aging time longer than

300 hours.

8.2.2 Quasi-Static SENB Test Results

Since for each plastic deformation and aging time only two samples were tested,

the results are not statistically conclusive, but provide an initial picture of the ef-

fects of plastic compression followed by physical aging.

In general, it was found that the fracture toughness of compressed samples

increases for the TA orientation and either remained constant or decreased for the

TT orientation.

The characteristics of the point of maximum load seemed to be strongly related

to both the initial plastic deformation and on the extent of physical aging. This was

true for both samples cut in the TA and TT orientations. On the other hand, the

energy up to the point of failure seemed to be less affected by the aging, but with a
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substantial drop in the first 20 hours of aging for samples cut in the TT orientation.

8.2.3 DSC Test Results

Analysis of the data shows that physical aging of plastically compressed PC has

a similar effect on the enthalpy peak as physical aging has on uncompressed PC.

As the aging time increases, the glass-transition temperature and maximum heat

flow increase. The plastic compression has two effects on the glass transition. For

samples with relatively little aging, the enthalpy peaks of plastically compressed

samples are suppressed, but for long aging times, the enthalpy peaks of plastically

compressed samples are larger than the uncompressed samples.

In general, δH increases with physical aging. For short aging times, δH decreases

with increases in the plastic compression; however, this evolution becomes less

clear as the aging time increases and cannot be seen after 2 hours of aging at 125°C.

In general, TQmax increases at longer aging times. There is no visible evolution of

TQmax with plastic compression. In general, T ′f decreases with longer aging times.

There is a weak trend that the limiting fictive temperature T ′f increases with plastic

compression.

8.3 Future Work

This thesis is the beginning stage of an ongoing research study on PC. This work

developed the experimental setups and produced preliminary results as a template

for future work. Several possible future works are listed below.

8.3.1 Existing Samples

A number of samples with different extents of plastic deformation are already pre-

pared and can be used to further study the response. These existing compressed

samples need to be aged and then machined into samples before testing. One



76

should investigate the two ductile-to-brittle transitions observed in Charpy impact

tests for 25 % compressed samples cut in the TT orientation.

8.3.2 Correction of DMA results

The DMA results need to be corrected by changing the geometry factor. A substan-

tial error exists in these results due to inaccurate geometry factors which were the

results of poorly machined and warped samples. The original tests with the bad

geometry factors can be corrected by introducing new geometry factors using the

experiments on well-machined samples that have been done already. Adjusting

the original tests to match to correct test results at 24C should make all these tests

ready for comparative analysis.

8.3.3 Verification of Current Experimental Results

The amount of time needed to produce samples for testing is much greater than the

amount of time needed to test and analyze the experimental data. Hence, many

of the results presented in this thesis do not have the robustness of having many

duplicate tests for a statistical analysis. One possible future work would be to du-

plicate some of the tests which showed high uncertainty. For example, the failure

modes were different for some duplicate quasi-static SENB tests (in some cases,

two duplicate samples had different failure modes, brittle and ductile). This in-

duced a large uncertainty in the analysis of the data. More testing under the same

conditions could statistically reduce the uncertainty in the analysis.

8.3.4 Data Analysis

An essential future work is the detailed analysis of the data to obtain meaningful

results. Although this thesis developed the experimental setups and protocols in

detail and produced preliminary results, there is a definite lack of analysis of the
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experimental data. Much future work should be devoted to developing useful

analyses of the experimental data, the most complicated of which is the quasi-

static SENB fracture tests.

8.3.5 Tensile Yielding Tests

Using the fractured SENB samples, it is possible to perform yielding tests in ten-

sion. These tests can provide the modulus, yield stress, and yielding behavior of

PC which has been compressed and aged. The results from the tensile tests can be

used in the fracture analysis. These tests are easy, short, require little preparation,

and provide important material properties.
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9 Appendix

9.1 Detailed SENB and DSC/TMDSC Sample Preparation

The instructions for machining SENB and DSC samples are detailed below. The

SENB samples were used for both Charpy impact and quasi-static SENB tests.

9.1.1 SENB Sample Machining Procedure

The equipment used to prepare the SENB samples were a milling machine, end-

mill, circular saw, and band saw. The milling machine used was a green milling

machine in the UR machine shop at the Madrillet sciences building. A 25 mm di-

ameter endmill was used with the milling machine at 800 rpm and 162 turn/min

table speed. A circular saw (Struers 370SA, D = 125 mm, T = 0.6 mm) was used

with the milling machine at 135 rpm in the reverse direction and 106 turn/min table

speed. Lubrication was used in either of two cases: when the material was heated

above 90 °C or when the cut surface was white or rough. If lubrication was not

used when needed, the sample became curved, which might include a change in

the internal stresses and physical aging near the surface.

For aging times longer than 100 hours, aging was performed before machining

to rough dimensions. Otherwise, the samples were machined to rough dimensions

before aging in order to increase the surface area for heat transfer, which reduced

the amount of time needed for heating and cooling.

Procedure used for machining SENB samples to rough dimensions:

1. Cut the length to 80 mm using a band saw.

2. Cut the sample to a rectangular cross-section using an endmill.

3. Determine the desired sample orientation (TA or TT as in Figure 9) and cut
the bar into pieces with equal thicknesses and minimum dimensions 5 mm x
11 mm x 80 mm (T x W x L) using the milling machine with a circular saw.
Cut through the entire sample in one pass. Advance the saw with the blade
spinning in the reverse direction to get a straight cut.
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4. If the sample from Step 3 deviates in thickness (5 mm dimension) by more
than 0.4 mm, you must machine the sample thickness with an endmill to be
flat and parallel to within 0.4 mm. If this step is not performed when needed,
you will not be able to get a uniform sample when machining to the final
dimensions.

Procedure used for machining SENB samples to final dimensions:

1. Remove half of the width difference ((W − 10 mm)/2) from the top. Use one
34.7 mm x 4 mm steel spacer and tighten the vise as much as possible.

2. Cut the width to 10 mm from the bottom. Use one 34.7 mm x 4 mm steel spacer
and tighten the vise as much as possible.

3. Remove half of the thickness difference ((T − 4 mm)/2) from the front. Use
one 41.3 mm x 6 mm steel spacer. Tighten the vise only enough to hold the
sample during machining; otherwise the sample will bend in the vise and
you will get a non-uniform cross-section.

4. Cut the thickness to 4 mm from the back. Use one 41.3 mm x 6 mm steel spacer.
Tighten the vise only enough to hold the sample during machining; other-
wise the sample will bend in the vise and you will get a non-uniform cross-
section.

When cutting to the final dimensions, it is faster to do each step for all of the

samples before moving on to the next step. This will save time since you will not

have to change the milling height for different samples during Steps 2 and 4. This

also will result in smaller dimensional variations between your samples.

9.1.2 DSC/TMDSC Sample Machining Procedure

The equipment used to prepare the DSC and TMDSC samples were a milling ma-

chine, lathe, precision saw, and razor blade. This procedure begins with a com-

pressed and aged cylinder and ends with small flat disks with diameter 6 mm,

thickness 0.15 mm, and approximate mass of 5 mg.

Procedure used for machining DSC/TMDSC samples:

1. Mount the cylinder into the milling machine and machine a holding area to
be used to mount the sample into the lathe.

2. Mount the cylinder into the lathe and reduce the diameter to 6 mm. Do not
heat the material.
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3. Mount the cylinder into the precision saw and remove at least 5 mm from
the end of the lathed cylinder. This material is considered waste due to its
proximity to the compression surface. This cut also makes it so the disks
from the next step will have parallel surfaces.

4. With the precision saw, make 0.15 mm thick disks.

5. Normally a small ridge remains on the sample from the sawing. Remove this
section of the disk with a razor blade. Do not try to flatten it because it will
result in bad surface contact with the pan.

9.1.3 Notching Procedure for Quasi-Static SENB Samples

The equipment used to prepare a notch in quasi-static SENB samples includes a

notching machine, milling machine, endmill, and razor blade. A notching machine

(CEAST 6816) was used to create a Charpy notch. A 2 mm endmill was used to

make two knife edges for mounting a modified Instron extensometer. A sharp

razor blade was used to make a crack tip in the material.

Procedure for machining the notch and knife edges:

1. Cut a Charpy notch to 4 mm using the hand-cranked Charpy notching ma-
chine. You can cut away up to 0.2 mm with each pass.

2. Cut the knife edges:

(a) Rotate the milling machine head to 45 ◦ and mount the 2 mm endmill.

(b) Machine the first knife edge using the dimensions shown in Figure 19.

(c) Flip the sample and machine the second knife edge as in the previous
step.

3. Use a rubber mallet to tap a sharp razor blade to a final depth of 5 mm. A jig
has been created to facilitate the razor blade tapping and is shown in Figure
50.

9.2 Phase Correction of TMDSC Data

The following procedure is used to correct the measured phase lag for TMDSC

experiments and was derived from [34]. Phase correction is used to correct for

heat transfer between the sample and the thermometer and within the sample.
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Figure 50: Jigs to facilitate sample notching and the setup of quasi-static SENB
fracture experiments.

Phase corrections has a large effect on C”, but little effect on all other signals. The

inputs are the heat capacity Cp, complex heat capacity C∗p , and heat flow phase lag

ϕ. The output is the phase-corrected heat flow phase lag ϕ0. With ϕ0 and C∗p , the

real and imaginary components of the complex heat capacity can be calculated, C ′p

and C ′′p , respectively. The oscillation frequency ω is used in the calculations but is

divided out of the procedure and ϕ0 does not depend on it. This procedure was

designed for phase correction of TMDSC data over a polymer glass transition and

the procedure will use terms only applicable to a glass transition. For the DSC

2920, the heat flow signal must be negated for phase correction.

Procedure for the phase correction of TMDSC data [34]:

1. Calculate R from ∆ϕ = ω ∗R ∗∆Cp, where R is the thermal resistance of the
heat flow path between the sample and heater.

(a) ω is the oscillation frequency and is equal to ω = 2∗π/p, where p is the
period of modulated temperature.

(b) ∆Cp is the change in heat capacity from the glassy to liquid-like state as
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calculated at Tg,mid.

(c) ∆ϕ is the change in the measured phase lag ϕ from the glassy to liquid-
like state as calculated at Tg,mid.

(d) R = −∆ϕ/ω∗∆Cp.

2. Calculate ϕht(T ) from ϕht(T ) = −ω ∗R ∗ Cp(T ).

3. Calculate ϕ0(T ) = ϕ(T )− ϕht(T ).

4. Perform baseline subtraction to make ϕ0 equal to 0 in the glassy and liquid-
like states.

5. Calculate C ′p = |C∗p | ∗ cos(ϕ0) and C ′′p = |C∗p | ∗ sin(ϕ0).
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