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1.0 Introduction and Summary

This report compares the effects of radiation and heating on nylon bagout materials used
at the Savannah River Site (SRS) and the Rocky Flats Environmental Technology Site
(RFETS). Recently, to simplify the processing of sand, slag, and crucible (SS&C), FB-
Line has replaced the low-density polyethylene (LDPE) and polyvinyl chloride (PVC)
bags normally used to package cans of plutonium-bearing material with nylon bags.
LDPE and PVC are not soluble in the nitric acid dissolver solution used in F-Canyon, so
cans bagged using these materials had to be repackaged before they were added to the
dissolver. Because nylon dissolves in nitric acid, cans bagged in nylon can be charged to
the F-Canyon dissolvers without repackaging, thereby reducing handling requirements
and personnel exposure.’

As part of a program to process RFETS SS&C at SRS, RFETS has also begun to use a
nylon bagout material. The RFETS bag materials is made from a copolymer of nylon 6
and nylon 6.9, while the SRS material is made from a nylon 6 monomer. In addition, the
SRS nylon has an anti-static agent added. The RFETS nylon is slightly softer than the
SRS nylon, but does not appear to be as resistant to flex cracks initiated by contact with
sharp corners of the inner can containing the SS&C.2

F13-Line Operations has asked for measurement of the effects of radiation and heating on
these materials. Specifically, they have requested a comparison of the material properties
of the plastics before and after irradiation, a measurement of the amount of outgassing
when the plastics are heated, and a calculation of the amount of radiolytic gas generation.
Testing was performed on samples taken from material that is currently used in FB-Line
(color coded orange) and at RFETS. The requested tests are the same tests previously
performed on the original and replacement nylon and LDPE bag materials.3’4’5

To evaluate the effect of irradiation on material properties, tensile stresses and
elongations to break were compared for unirradiated and irradiated samples. A standard
ASTM method for the measurement of tensile plastic properties was used. Properties
were measured both parallel to the direction of machining (MD) and transverse to the
direction of machining (TD). Tensile strength measurements showed that the ultimate
strengths of the SRS replacement bag material decreased by 22% in the MD orientation
and 17% in the TD orientation after irradiation with 5 x 106 rad, a dose equivalent to
about 8-9 months exposure in a plutonium can. For the RFETS material, the decreases
were 23% in the MD orientation and 56910in the TD orientation. Although the 5 x 106
dose significantly degraded the properties of both materials, their strengths remained
superior to those previously measured for LDPE,4 even after irradiation.

Elongations to break also decreased, especially for the SRS material. The decrease for
the SRS material were 86% in the MD orientation and 95% in the TD orientation. For
the RFETS material, elongations to break decreased at least 18% in the MD orientation
and 29$Z0in the TD orientation.

When samples of both the SRS and RFETS materials were heated in a sealed container to
the maximum expected storage can temperature of about 95”C, they outgassed at
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pressures ranging from 16t022psig. These pressure increases would notcause acanto
fail. Using arepresentative Gvalueof 1.6molecules/100 ev, theamount ofoutgassing
due to radiolysis was calculated to be negligible.

In conclusion, it maybe stated that the results of the strength tests and the outgassing
measurements and calculations demonstrate that the SRS and RFETS replacement bag
materials are acceptable substitutes for LDPE with respect to mechanical properties.

2.0 Measurement of the Effect of Irradiation on Material Properties

To determine the effect of irradiation on bag strength, the SRS and RFETS nylon bag
materials were irradiated to 5 x 10Grad using a Cobalt-60 gamma source. As explained in
the Appendix, these exposures are equivalent to the expected doses that the bag material
would receive after sealing a plutonium can for a period of 8 to 9 months. The bags were
irradiated at a rate of 2.71 x 104 rad/hr for 185 hours in air.

Irradiated and unirradiated samples were submitted to the SRTC Strategic Materials
Technology Section for analyses of tensile properties. A standard ASTM test was used to
measure the tensile strength.G Elongations to break were also measured for both tests.
The tests were performed using an Instron Model 1122 mechanical testing frame. Tensile
test samples were stretched at a cross-head speed of 50 mm/min. Resistance to tear tests
conducted during the previous bag material evaluation were not run this time because the
plastic properties were out of the instrument measurement range.

Test samples were cut from blown sheets of.material identical to those used or proposed
for use in FB-Line. Figure 1 depicts the samples.

Table 1 reports the results of the tensile tests. Tensile test results include upper and lower
yield loads, the ultimate load just prior to break, and elongation at break. Results are
statistically analyzed in Tables 2 and 3. Table 2 also lists results of previous tensile tests
of the unirradiated LDPE material.4 The statistical analyses show that both the SRS and
RFETS nylons became weaker and significantly stiffer after irradiation. The elongation
to break decreased by at least 18’3Z0in the machine direction and 29% in the transverse
direction when the RFETS nylon was irradiated, while the SRS nylon lost virtually all of
its ability to stretch when irradiated. (The unirradiated RFETS samples did not break
even when stretched to the maximum extension limit of the Instron testing frame; the
percentage decrease in elongation to break is calculated using the machine limit.) There
was little if any decrease in yield loads for the irradiated samples. The ultimate loads,
which were reached after a significant amount of stretching had occurred in the
unirradiated samples, decreased by 22% in the machine direction and 17% in the
transverse direction for the SRS nylon and by 23 YOin the machine direction and 56?Z0in
the transverse direction for the RFETS nylon, however. These results indicate that the
irradiation had little effect on tensile strength up to the point of breakage.7 Instead, the
main effect of irradiation was to increase the stiffness of the nylon. The increase in
stiffness after irradiation is probably due to radiation-induced cross linking of the nylon
fibers.

“
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Tensile strengths of both nylon materials remained equal or superior to those of
unirradiated LDPE even after irradiation. The average ultimate loads for irradiated
samples of the SRS and RFETS were 7.6 and 12.1 lbf in the machine direction and 6.8
and 6.8 lbf in the transverse direction, compared to average ultimate loads of 8.2 lbf in
the machine direction and 4.2 lbf in the transverse direction for unirradiated LDPE.

3.0 Measurement of Outgassing due to Heating -

A series of tests was conducted in which samples of the replacement bag materials were
placed inside a closed vessel and heated to about 95°C inside a drying furnaces
Pressures were measured by a 0-30 psig dial pressure gauge. The entire assembiy,
including the pressure gauge, was heated inside the furnace. Four tests were conducted,
one test each with SRS and RFETS nylon samples, and two calibration tests, one with
just air and another with a small amount of water in the vessel. Theoretically, the
calibration tests should register increases equal to the sum of the water vapor pressure and
the increase due to volumetric expansion. The two tests with the plastic samples should
give equilibrium pressure increases equal to the sum of the increase from volumetric
expansion and the vapor pressure of condensable gases released by the plastic at the test
temperature. Thus, for a sufficiently large sample, the pressure generated by heating the
plastic should not depend on the amount of plastic in the container. Relatively large
samples were used to ensure that the vapor space became saturated with offgases from the
plastic. SRS and RFETS nylon samples weighing 1.24 and 1.59 grams, respectively,
were heated in the 25-ems test chamber. The weight-to-volume ratios for these tests,
0.050 and 0.064 grams/ems, equal or exceed the estimated weight-to-volume ratios for a
bag inside the plutonium can, which are 17.7 grams/63 1 cm3, or 0.028 grams/cmq for the
SRS material, and 17 grams/631 cm3, or 0.027 grams/cm3 for the RFETS material.

Figure 2 depicts transient pressure measurements for the outgassing tests. Comparisons
between measured and expected results for the air and water vapor calibration tests
demonstrate that these measurements are at least approximately correct. Theoretically,
the equilibrium pressure for these tests should be the sum of the increase due to heating of
the air initially in the vessel and the vapor pressure of water. The pressure for the air test
should increase 3.5 psi due to the temperature increase from room temperature. For the
water vapor test, there should be an additional 12.5 psi increase due to evaporation of
water at the 95°C test temperature, for a total of 16.0 psi. The measured pressure rises
were 2.4 psi for the air calibration test and 12.8 psi for the water vapor calibration test.
The RFETS sample generated an equilibrium pressure increase of about 16 psi, and the
SRS sample generated increases ranging from 17 to 22 psi. The pressures for the SRS
material may have been high due to difficulties in controlling the temperature during that

test; the temperatures ranged as high as 109”C. The outgassing pressures do not exceed
the allowable pressure for the outer container, which is 40 psig.9

The test results indicate that both plastic samples may have outgassed water vapor and
perhaps a small amount of plasticizer. The outgassed vapor amounts to about one weight
% of the samples, if it is assumed that it consisted primarily of water vapor.
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The results of these outgassing tests differ appreciably from previous results for the SRS
nylons The previous tests indicated that there was little if any outgassing. An increase in
the water content of the nylon over time is the most plausible explanation for the
differences between the two sets of results. All nylons absorb moisture from the
environment, with some types absorbing more than others.

4.0 Calculation of Outgassing due to Irradiation -

The amount of outgassing from the nylon bag material due to irradiation has been
calculated based on the irradiation level and an estimated G-value for gas generation. A
calculation was performed in lieu of a measurement because the volume of gas that would
be generated is too small to measure with existing site equipment. In a separate study,
measurements under vacuum gave G-values ranging up to 1.6 molecules/100 ev for
various types of nylon; ‘0 this highest cited value is used in the calculations for both SRS
and RFETS nylons. Two-thirds of the gas that was generated was hydrogen, and most of
the remainder was carbon monoxide.

With an assumed G-value of 1.6 molecules/100 ev, a plutonium can bag is calculated to
generate only about 1.7 cms of vapor in a service time of 1 year, based on a decay rate of
1 x 109 disintegrations/rein/ 100 cm2. This volume is insignificant compared to the air
space enclosing the bags between the inner and outer plutonium cans, so there should not
be a significant pressure increase due to radiolytic outgassing. The volume between the
two cans has been measured to be 631 cm?; the calculated radiolytic gas generation is
only 0.3 % of this total. The Appendix presents details of the calculation of the amount of
gas generation.

5.0 Conclusions and Recommendations

To evaluate the effect of irradiation on material properties, tensile stresses and
elongations to break were compared for unirradiated and irradiated samples, using
standard ASTM methods for the measurement of tensile plastic properties and resistance
to tear propagation. Properties were measured both parallel to the direction of machining
(MD) and transverse to the direction of machining (TD). Tensile strength measurements
showed that the ultimate strengths of the SRS bag material decreased by 22% in the MD
orientation and 17% in the TD orientation after irradiation with 5 x 10Grad, a dose
equivalent to about one year exposure in a plutonium can. The ultimate strengths of the
RFETS bag material decreased by 23% in the MD orientation and 56% in the TD
orientation. Although the 5 x 106 dose significantly degraded the properties of both
materials, their strengths remained superior to those previously measured for LDPE, even
after irradiation.

Elongations to break also decreased, especially for the SRS material. The decrease for
the SRS material were 86% in the MD orientation and 95?Z0in the TD orientation. For
the RFETS material, elongations to break decreased at least 18% in the MD orientation
and 299Z0in the TD orientation.

4
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When samples of both the SRS and RFETS materials were heated in a sealed container to
the maximum expected storage can temperature of about 95°C, they outgassed at
pressures ranging from 16 to 22 psig. These pressure increases would not cause a can to
fail. Using a representative G value of 1.6 molecules/100 ev, the amount of outgassing
due to radiolysis was calculated to be negligible.

In conclusion, it maybe stated that the results of the \trength tests and the outgassing
measurements and calculations demonstrate that the SRS and RFETS replacement bag
materials are acceptable substitutes for LDPE with respect to mechanical properties.
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Tablel. Resukso fIndividualT ensileS trengthTests

cut Dose
(RAD)

SRS Nylon:
MD None
MD None
MD None
MD None

TD None
TD None
TD None
TD None

TD 5 x 106
TD 5 x 106

MD 5 x 106
MD 5 x 106

RFETS Nvlon:
TD
TD
TD
TD
TD

MD
MD
MD
MD
MD

TD
TD
TD
TD
TD

MD
MD
MD
MD
MD

N;ne
None
None
None
None

None
None
None
None
None

5 x 106
5 x 106
5 x 10G
5 x 106
5 x 106

5 x 106
5 x 106
5 x 106
5 x 106
5 x 106

Upper Yield
Load (Ibf)

7.83
9.08
6.45
6.99

8,39
8.16
6.38
6.73

7.04
6.51

7.57
7.65

9.11
9.43
9.13
9.03
8.76

9.36
9.42
8.01
8.23
8.23

8.93
8.16
8.76
8.72
9.51

8.03
8.82
7.50
9.74
8.02

Lower Yield
Load (Ibf)

7.40
8.59
6.42
6.86

8.04
7.59
5.86
6.23

NA*

NA*

8.45
8.69
8.35
8.21
8.09

8.45
8.61
7.26
7.72
7.43

8.13
7.49
7.99
7.75
8.38

7.37
8.03
6.93
9.06
7.18

Ultimate
Load (lbt’)

8.82
9.08

11.35
9.81

8.51
8.16
8.40
7.39

7.04
6.51

7.57
7.65

15.73
16.12
15.59
15.04
15.16

16.08
17.77
14.91
16.48
13.64

13.94
9.80
8.76

12.40
7.17

13.78
11.28
9.92

12.73
13.21

Elongation
(%)

151
NA
244
196

NA
63

207
153

8
6

22
32

>360
>360
>360
>360
>360

>360
>360
>360
>360

330

358
230
122
324
251

351
230
265
251
371

6

Failure
Location

grip
reduced section
grip
shoulder

shoulder
reducedsection
reducedsection
red uced section

shoulder
reduced section

red uced section
reduced section

no failure
no failure
no failure
no failure
no failure

no failure
no failure
no failure
no failure

~rlp

w
reduced section
reduced section
reduced section
shoulder

reduced section
reduced section
shoulder
shoulder
reduced section

*The irradiated SRS nylon samples did not have a minimum, or lower, yield load.
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Table 2. Effect of 5x106 Rad Irradiation on Material Properties

Material/ Test Dose
Orientation Type (rad)

SRSIMD Tensile
SRSIMD Tensile
SRSiTD Tensile
SRS/TD Tensile

RFETS/MD Tensile
RFETS/MD Tensile
RFETS/TD Tensile
RFETWTD Tensile

None
5X106
None
5X106

None
5X106
None
5X106

Upper
Yield
Load
(lbf)

7.6&l.2
7.6A(). 1
7.4&l .()

6.8*0.4

8’7&().’7
8.4*0.9
9.1~0.2
8.8*0.5

Lower
Yield
Load
(Ibf)

7.tio.9
-.------

6.9A1-1
--------

7.9*O.6
7.7*0.9
8.4*0.2
8.()@.3

Ultimate
Load

(Ibf)

9.8A1 .1
7.6A(). 1
841A(),5

6.8&0.4

15.8+ 1.6
12.1* 1.6
15.5A0.4
6.8*2.7

Revision O

Elongation
to Break
(%)

197*46
27*7

141*73
7~2

>360*
294363

>360*
257&92

*The unirradiated RFETS nylon did not break even when stretched to the maximum
extension limit of the instrument, which was 3609b of the initial grip-to-grip separation.

Previous Results [4]

LDPE/MD Tensile None ----- 4.1*().4() 8.2*1.O 225&60
LDPE/TD Tensile None ----- 3.4*O.37 4.2t0.2 477klo

Note: Plus/minus indicates one standard deviation for sample of five measurements.
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Table 3. Significance of the Effect of Irradiation on Material Properties

Material/ Test Effect
Orientation Type Upper Yield Lower Yield Ultimate Elongation

Load Load Load to Break

SRS/MD Tensile NSE ------- -22% -86%
SRWTD Tensile NSE ------- - -17% -95?70
RFETS/MD Tensile NSE NSE -23% >-18$ZO*
RFETWTD Tensile NSE -5% -56% >-29?ZO*

Note: Plus/minus indicates change from measured property of unirradiated sample.
“NSE’ means that the effect of irradiation is not significant at the 90% one-sided
confidence level according to the Student’s t test. 11

8

*The unirradiated RFETS nylon did not break even when stretched to the maximum
extension limit of the instrument. The listed effect represents a minimal effect that was
calculated using the maximum extension limit for the breakage length of the unirradiated
samples.
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Figure 1. Tensile Test Sample (Drawing is approximately full-scale.)
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Figure 2. Results of 95°C Outgassing Tests for SRS and RFETS Nylon Bag Materials
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Appendix: Calculation of the Expected Dose and Gas Generation for Plutonium
Can Bag Material.

This appendix presents calculations of the expected dose and amount of gas generation
for plutonium can bag material. The expected dose is calculated from an estimated
activity of 1x 10g disintegrations/min/ 100 cm2 over the exposed surface of the bag, using
the formula:

~ = 1.602x10-]S AXdeaAt

m
(1)

where

AX = surface area of plastic bag in can, cm2

d = specific activity at the plastic bag surface, disintegrations/rein/ lOO cm2

ea = energy for one alpha decay particle for Pu-239, 5.244 Mev/disintegration 12

m = mass of plastic bag, gm
R = radiation dose, rad

At= time of exposure, min

The surface area of the plastic bag was estimated using the dimensions of the inner layer
of the double-layer nylon bag sleeving material, which is an 9-inch wide double thickness
flat sheet with a seam on either side. The inner can that FB-Line will use to repackage
the S/C material is 4.69 inches tall. The minimum bag length needed to enclose this can
will be 4.69 inches plus 1.5 inches on each end for heat seals. This gives a typical bag
length of slightly less than 8 inches. Using an 8-inch length, the inner surface area of the
bag is 930 cm2. The weight of the SRS nylon bag material was measured to be about
17.7 grams/ft, and the weight of the RFETS material is 17 grams/ft. Only the inner layer
of the bags would be exposed to the alpha radiation from the plutonium in the can, so the
effective weights would be about half of these values.

For the cited bag weights, a surface area of 930 cm2, and a dose of 5.OX10Grad, Equation
1 gives an exposure time of between 8 and 9 months.

The amount of gas generation is calculated using the expression

11

~ _(lxlo4)xdeaGVM
g

‘A .
(2)
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G = G-value for radiolytic gas generation per accumulated dose, molecules/100 ev
N* = Avogadro’s number, 6.022x 102s molecules/mole

Vg = volumetric rate of gas generation by radiolysis, cms/min

V ~ = molar volume of gas, 25000 ems/mole

For a G-value of 1.6 molecules/100 ev (see discussionln the text), this equation gives a
gas generation rate of 1.7 cmq/year.

12
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