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Washington, DC 20555

Dear Mr. Nussbaumer:

In regard to the report "Review of tiie Structural Design of
Polyethylene High Integrity Containers" by S.A. S8illing, the
Department has several comments and questions.

1) Please verify the use of secant modulus instead of Young's
Modulus. Secant modulus is usually used for metals.

2) Assumption's that are based purely on tensile data cannot be
considered adequate. Although there is little data on HDPE,
most of the loads experienced by the containers are
compressive.

3J) The tests performed by BNL were done to esta*lish a baseline
stress value. These tests would be more adeyuate than the
data given by Silling since S8illing's data are for linear
HDPE in pure tensile loads.

4) Silling states that HDPE cannct be designed to overcome creep
buckling. The statement totally neglects the idea that HDPE
may have a threshold stress below which containers could be
designed using HDPE. Soo, in his Brookhaven report, also
believes that a threshold value exists as it does with most
all structural materials.

5) The report totally neglects real world situations by taking
into account backfill and percent filling of the containers.

6) We do agree that data for these specific applications is
limited. Perhaps BNL should continue its research in the
structural analysis of HDPE and take into account compressive
loads, radiation, and the crosslinking of Marlex CL 100
specifically.
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Although many questions have been raised concerning the adequacy
of HDPE for HIC's, the Department does not fecl that Silling's
report confirms tr's inadequacy. we will continue to research
this area of concern in the future. Please provide responses to
the above mentioned concerns.

Should there be any questions, please contact Mr. virgil R. Autry
at (803) 734-4633,

Very truly yours,

Heyward G. Shealy, Chief
Bureau of Radioclogical Health

OTP/ac



REVIEW OF THE STRUCTURAL
DESIGNS OF POLYETHYLENE
HIGH INTEGRITY CONTAINERS

Stewart A. Silling

Assistant Professor of Engineering
Brown University

presented to
U.S. Nuclear Regulatory Commission
Advisory Committee on Nuclear Waste
June 28, 1988



GENERIC HIC

Typical geometry:
e Cylindrical shell
e Torospherical dome

e Rotationally molded Marlex CL-100
~Cress-linked high-density polyethylene (HDPE)

® 0.5 inch thickness




MAGNITUDE OF LOADS

Loads are from overburden

Affected by
~Depth
~Soil conditions

~Burial configuration

~Arching (Unequal stiffnesses of structure and

soil influence load)

Orders of magnitude (25 ft depth):
~Vertical pressure p, ~ 21 psi

~Lateral pressure py &~ 7 psi

Total load on generic HIC is 19 tons

Pv

Pz



CRFEP: Definition

Uniaxial test at constant load - responses:

e FElastic
~Instantaneous

~Fully recoverable strain

e Plastic -
-Instantaneous
~Nonrecoverable strain

~Only important above the yield stress

e Creep
~Time-dependent
~Sometimes recoverable
—~No threshold stress in general

~Time scales vary widely
(Microseconds to centuries, e.g. glaciers)
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CREEP IN POLYMERS

Elastic/plastic in short term

Creep is the main long-term mode of deformation

~Marlex CL-100 low-stress creep properties are
largely unknown
~Next slide shows Phillips data

~Result: at 500 psi (low stress),
total strain = 6 times elastic strain
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DESIGN UNDER CONDITIONS OF CREEP

If the loads are constant:

® Define secant modulus (effective Young's modulus at
time 1)

E(t) = o/e(t)
where 0 =stress, £(¢) =strain in uniaxial creep test.

® Marlex CL-100 after 1 hour (Phillips):

E, = 16,700 psi

® Vendors generally ignored creep, used

E = 100,000 psi

~which is the (elastic) Young's modulus

® Effect of creep: reduced stiffness, increased deflections,
different failure modes.



SIGNIFICANCE OF LARGE
DEFORMATION EFFECTS IN HICs

Likely effects of creep:

® Large shape changes will alter the stress distribution
~Small-deflection analysis probably invalid
~This is why flexible structures are hard to de-
sign
e Example: Torospherical dome under load

~Small-deflection analysis: load is supported by
small compressive membrane stresses

(“egg stresses” )

~Large-deflection analysis: shape change leads to

large bending stresses

TN

large bending
stress




FAILURE OF HDPE

Strongly affected by:

® Strain rate (higher strength at higher rates)
® Radiation

® Age (ductile/brittle transition)

® Chemical environment

® Temperature

® Exact material comnosition

® Molecular weight and cross-linking

® Micrcscopic defects

® Fabrication and processing methods



SHORT-TERM/LONG-TERM FAILURE OF HDPE

Time to failure depends on stress

® High stress (above 2500 psi):
~Rupture at “ultimate strength”
~Failure due to excessive plastic strain
~Time scale: seconds to minutes

~Only failure mode considered by vendors

® Moderate stress (1000 to 2500 psi):
-~Ductile creep rupture

~Time scale: hours to weeks

® Low stress (below &~1000 psi):
~Brittle failure

~Time scale: months to years

® 20-year test results (Graube) on next slide

~Hostalen GM 5010 - Linear HDPE, unirradi-

ated
~Extruded pressurized pipe

~20 degC, extrapolated from high temperature
data
~Marlex CL-100 may behave differently
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RADIATION EFFECTS ON
POLYMER MATERIAL STRENGTH

General effects, moderate dose

e Increases hardness and plastic strength
-~ Not relevant to HICs

e Creep rate may increase or decrease
-~ Depends on dose rate
~ Scission may increase creep
- Cross-linking decreases creep

e Embrittlement
- Failure Ly crack propagation



RADIATION EMBRITTLEMENT
OF MARLEX CL-100

¢ U-bend tests (Soo)
~Radiation-induced cracks at constant strain
~Cracking is in spite of stress relaxation

~Strains comparable to buckled HICs

ax1c7 rad =
="

Test strip Cracks after i.radiation

¢ Uniaxial test: decreased elongation at break (Soo)

~Effect is sensitive to dose rate




CREEP BUCKLING

e Buckling: Large deflection occurring at a critical com-
pressive load
e Creep strongly affects critical load

~Approximation: critical load proportional to
material stiffness (secant modulus E(t)) for
a given geometry

~Thus the critical load is a function of time

~Not considered by vendors

e Both vertical and lateral loads are important

e Soil and waste will have an unknown but helpful effect
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TESTS SO FAR MEANINGLESS
in regard to buckling

® Typical “compression test” by vendor:
~Container filled with water, sand, etc.
~Load is applied at ends only (no lateral loads)

~Test is.run for a short time (up to = 1 day)

® Meaningless because:
~Contents will prevent buckling
~Small lateral loads can cause buckling

~Creep buckling may be slow to develop



IMPORTANCE OF BUCKLING

e Buckling means collapse

~Waste supports load

e Excessive strains in kinks

-Radiation causes cracks in strained HDPE in
spite of stress relaxation

e Integrity of seals cannot be assured

e Little is known about post-buckling in shells




SUMMARY
Problems identified

® Creep ignored in the designs

~No design limits on defurmation

e Brittle failure modes, including radiation embrittlement,

were not considered

e Uncertainty in long-term creep properties
e Creep buckling appears unavoidable
1



PROSPECTS FOR REDESIGN

e HDPE is a poor material from a structural mechanics
point of view

~Problems with HDPE are of a fundamental na-
ture

® None of the following is well understood:
~Creep buckling
~Post-buckling behavior
~Long-term properties of polymers

~Design of flexible structures

e Composite materials a possibility




, RADIATION EMBRITTLEMENT

OF MARLEX CL-100

® U-bend tests (Soo)

~Radiation-induced cracks at constant strain

~Cracking is in spite of stress relaxation

~Strains comparable to buckled HICs

M 6x107 rad i \m_'-_t_:_;---—_v-_iﬂ

( Test strip Cracks after irradiation

® Uniaxial test' decreased elongation at hreak (Soo)

~Effect is sensitive to dose rate
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CREEP BUCKLING

e Buckling: Large deflection occurring at a critical com-
pressive load

® Creep strongly affects critical load

~Approximation: critical load proportional to
material stiffness (secant modulus E.(t)) for
a given geometry

~Thus the critical load is a function of time

~Not considered by vendors

e Both vertical and lateral loads are important

® Soil and waste will have an unknown but helpful effect
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TESTS SO FAR MEANINGLESS
in regard to buckling

¢ Typical “compression test” by vendor:
~Container filled with water, sand, etc.
~Load is applied at ends only (no lateral loads)

~Test is run for a short time (up to & 1 day)

® Meaningless because:
~Contents will prevent buckling
~Small lateral loads can cause buckling

~Creep buckling may be slow to develop



IMPORTANCE OF BUCKLING

¢ Buckling means collapse

~Waste supports load

® Excessive strains in kinks

~Radiation causes cracks in strained HDPE in
spite of stress relaxation

® Integrity of seals cannot be assured

e Little is known about post-buckling in shells




SUMMARY
Problems identified

® Uncertainty in long-term creep properties

® Creep ignored in the designs

~No design limits on deformation

e Brittle failure modes, including radiation embrittlement,

were not considered

® Creep buckling appears unavoidable




: ( PROSPECTS FOR REDESIGN

® HDPE is a poor material from a structural mechanics
point of view

~Problems with HDPE are of a fundamental na-
ture

e None of the following is well understood:
~Creep buckling
~Post-buckling behavior
~Long-term properties of polymers

~Design of flexible structures

e Composite materials a possibility




NRC STAFF PRESENTATION TO THE
ACNW

SUNICT: UPDATE ON STATUS OF CEMENT WASTE FORM SOLIDIFICATION 1SSUES.

DATE: JUNE 28,1988
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UPDATE ON

STATUS OF CEMENT

WASTE FORM SOLIDIFICATION

ISSUES

Dr. Michael Tokar
ACTNW Meeting
June 28, 1988
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~ LAST DISCUSSION (On March 17, 1988)

=« GENERIC ISSUES
« TMI—2 WASTE LINER EVENT

| « STATUS OF (4) VENDOR TOPICAL REPORT REMEWS

f = MISCELLANEA




SUBJECTS FOR DISCUSSION TODAY

« WEST VALLEY CEMENT SOLIDIFICATION SYSTEM (CSS)

+« STATUS OF 4 CEMENT VENDOR TR REVIEWS




WEST VALLEY LLW ACTIVITIES

® SOUDIFICATION OF 39 WEIGHT PERCE'IT SUPERNATAMT

®* EXTRACTION OF CS—137 FROM HIGH—LEVEL SUPERNATANT

¢ (00,000 GALLONS OF WASTE

* 15,000 DRUMS OF WASTE




CEMEN™ FORMULATION — wWV

{

® INITIAL FORMULATION

—— FOAMING
—— LOW COMPRESSIVE STRENGTHS
CAUSE —— HIGH SHEAR MIXIING

¢ MODIFIED FORMULATION
—— SLOW SETTING
—— BILEED WATER

CAUSE —— ORGANICS

* FINAL FORMULATION

—— INCLUDES ADDITIVES — CALCIUM NITRATE,
ANTIFOAM AGENT & SODIUM SILICATE




WV CEMENT WASTE FORMS — TESTING

* NRC — ADDITIONA/. QUALIFICATION TESTING — APRIL 1988

* DOE — HOT CHECKOUT TESTING
300 DRUMS PRODUCED
CONSIDERING FULL—SCALE TESTING

DEVELOPING LONG—TERM (5 Year) TEST PROGRAM




CHEM—-NUCLEAR RESPGNSE

WITHDREW 2 EXISTING CEMENT TOPICAL REPORTS.

SUBMITTED 3 NEW TOPICAL REPORTS (GPOUPED BY
SOLIDIFICATION BINDER TYPE.)

1) PMC BINDER
2) POZZOLANIC BIiNDER
3) CEMENT BINDER

REVIEW SCHEDULES FOR THE NEW TOPICAL REPORTS ARE
BEING PREPARED.




LN TECHNOLOQY RESPONSE

COMPRESSIVE STRENGTH AFTER IMMERSION VS. CURE TIME

* LN IS PERFORMING TESTING ON BEAD RESIN WASTE FOURMS TO
DETERMINE IF THE WASTE FORMS RZTAIN STRENGTH WITH
EXTENDED CURE TIME.

* THE POST—IMMERSION COMPRESSIVE STRENGTH OF WASTE, CURED
FOR VARIOUS TIMES, IS BEING MEASURED.

* WASTE FORMS: CATION BEAD RESIN
MIXED BED BEAD RESIN

* CURE TIME (days): 14, 28, 42, 56, 70, B84

« IMMERZ.UN MEDIA: DEMINERALIZED WATER
SYNTHETIC SEA WATER

« 'MMERSION TIME: 90 DAYS

» REDUCED WASTE LOADINGS




RESPONSES TO NRC LETTER — STOCK

® JANUARY 8, 1988 — STOCK REQUESTS INFO ON STATUS OF
BTP & 3NL REPORT.

®* MARCH 1, 1988 — NRC RESPONDS TO STOCK LETTER &
REFEATS REQUEST FOR INFO.

MARCH 31,1988 — STOCK DISCUSSES NUMARC REPORT.

JUNE 6, 1988 — LAST RESPONSE RECEIVED

RESPONSE INADEQUATE

SIGNIFICANT DEFICIENCIES WITH CERTAIN WASTE STREAMS
— DRAMATIC LOSS IN COMPRESSIVE STRENGTHS

NRC HOTIFIES STOCK OF PLANS TO DISCONTINUE — JUNE 1988




RESPONSES TO NRC LETTER — HITTMAN

* MEETING — MAF _H 28, 1988

* AGREEMENT ON SCOPE OF ADDITIONAL TESTING — APRIL, 1988

* TESTING DURATION — JULY 1988 TO JANUARY 1989

® MONTHLY SUMMARY LETTER REPORTS

* RESUBMITTING REVISED TOPICAL REPORT




TOPICAL REPORT REVIEW STATUS SUMMARY
SOLIDIFIED WASTE FORM and HIGH INTEGRITY CONTAINERS (HICs)

] June 30, 1988
Vendor Docket No.  Type Disposition
Waste Chem WM-9Q#** Solidification bituacn; Approved.
General Electric WM-88 Solidification (polymer Approved,
U.S. Gypsum WM.5]ene Solidification (gypsum) Approved *,
Chichibu WM-81 HIC (poly imprcg cuncrete) Approved,
Nuclear Packaging WM-45 HIC {(ferralium/FL-50) Approved.
Nuclear Packaging WM-B5*** HIC (ferralium/family) Approved.
DOW WM-B2¥** Solidification (polymer) Approved**,
ATI WM-g ewe Solidification (bitumen) Discontinued.
VIKEM WM-13 Solidification/oi) (cement) Discontinued.
Stock WM-G2tee Solidification (cement) Discontinued.
Nuclear Packaging WM-71 Solid/Encap (cement/gypsum) Withdrawn,

. LN Technologies WM-57 HIC EpolyethyIcnc) Withdrawn,

( Chem-Nuclear WM-47 HIC (fiberglass/poly) Withdrawn.
Chem-Nuclear WM-1gvee Solidification Ecoment Withdrawn,
Chem=Nuclear WM GG wew Solidification (cement Withdrawn,
Hittman NM=7gees Solidification (5G-95) Withdrawn,
Chem-Nuclear TBD Solidification (cement 01; Under review.
Chem-Nuclear T8D Solidification (cement #2 Under review.
Chem«Nuclear TBD Solidification (cement #3) Under review,
LN Technologies WM-20 Solidification {cement) Under review.
Hittman WM-46 suligification (cement) Under review.
Chem-Nuclear WM-18 KIC spolyethylcno) Under review,
Hittman WM-80 HIC (polyethylene) Under review.
TFC WM-76 HIC (polyethylene) Under review,
Nuclear Packaging WM-83 HIC 3 16-stainless) Under review,
LN Technologies WM-93 HIC (stainless/poly) Under review.
Bondico WM-94 HIC (fiberglass/poly) Under review,
Babcock & Wilcox WH-95 HIC (coated carbon steel) Under review,

* Approved for single waste stream for one year.
** Approved pending satisfactory completion of thermal cycling tests.

( **+ Actions completed in Calendar Year 1588,




TOPICAL REPORT REVIEW STATUS SUMMARY
SOLIDIFIED WASTE FORM and HIGH INTEGRITY CONTAINERS (MICs)
June 30, 1988

Actions Completed in Calendar Year 1988

Vendor Docket No.  Type Disposition
Waste Chem WM-90 Solidification (bitumen) Approved.
U.S. Gypsum WM-51 Solidification (gypsum) Approved *.
Nuclear Packaging WM-85 HIC (ferralium/family) Approved.

DOW WM-82 Solidification (polymer Approved**,
ATl WM-§1 Solidification (bitumen Discontinued,
Stock WM-92 Solidification (cement Discontinued.
Chem-Nuclear WM-19 Solidification (cement Withdrawn,
Chem-Nuclear WM-56 Solidification (cement Withdrawn,
Hittman WM-79 Solidification (56-55) Withdrawn,

* Approved for single waste stream for one year.
** Approved pending satisfactory completion of thermal cycling tests,

Actions Completed Before Calendar Year 1988

General Electric  WM-88 Solidification (polymer) Approved,
Chichibu WM-81 HIC (poly 1mpr¢?/concrctc Approved,
Nuclear Packaging WM.4% KIC (ferralium/FL-50) Approved,
VIKEM WM-13 Solidification/o11 (cement Discontinued.
Nuclear Packaging WM-71 Solid/Encap (cement/gypsum) Withdrawn,

LN Technologies WM-57 HiC (polyethylene) Withdrawn,
Chem-Nuclear WM-47 HIC (fiberglass/poly) Withdrawn,
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HIGH DENSITY POLYETHYLENE (HDPE)

HIGH INTEGRITY CONTAINER (HIO)

REGULATORY ISSUES

vel Technical Branch
June / 198E&




CURRENT SITUATION

« HKDPE HICS HAVE BEEN ACCEPTED FOR SEVERAL YEARS
AT THE BARNWELL LLW DISPOSAL FACILITY (See list of
certificates of compliance).

= NRC IS REVIEWING 3 TOPICAL REPORTS (from CNS3I, TFC—
Nuclear, & W-—Hittman) ON HDPE HIC DESIGNS.

= NRC CONSULTANTS AT BNL AND BROWN UNIVERSITY HAVE
RAISED QUESTIONS CONCERNING ABILITY OF HDPE HICS TC PROVIDE

LONG—TERM (300 yr.) STRUCTURAL STABILITY AS REQUIRED BY
10 CFR PART 61.




Certificates of Coapliance

State of South Carclina

HIC Certificates c¢f Ccanliance

Issued 0 :

Adwin Equipment Company
Chem-Nuclear

Cham—Nuclear

Chea~Nuc lsar

Philade!phia Electric Comp.
Hittaan

Hittman

Hittman

Hitiman

LN Technologiles

Chichiby
Vermont Yankee

[:sued what:

55-galloa NIC
HOPE MICs (x 14)
FRP HIC

Overpack HICs (x3)
PECO-NIC-1
Fadlok-55 HIC
Radliok-100 HWIC
Radlok-200 HIC
Radlok-500 HIC
Sarrier-55 HIC
NUHIC-120 WIC
HOPE 142 HIC
FL-50 NIC

Concrete HICs (x2)
HOPE HWIC



SUMMARY

HDPE USE BEGAN IN EARLY 80s IN S.C.

NRC IMPLEMENTS PART 61 STABILITY REQUIREMENTS — 1983.

VENDORS SUBMIT TR's FOR HDPE — 1984.

TECHNICAL PAPER CRITICAL OF HDPE — 1986.

BNL/1iRC CSVELOPS METHODOLOGY & CRITERIA — 1987.

VENDORS HAVE TROUBLE MEETING CRiITERIA.

INDEPENDENT RZVIEW BY S. SILLING.

TO BE DEVELOPED BY LATE SUMMER 1988.

STAFF POSITION




SCHEDULE FOR HDPE HIC REPORT ACTIONS

ACTION

KRC request: stucy on HDPE HICs from Consultant Silling
Draft KOPE HIC Report received from S11ling
Peer review of Draft HDPE HIC Report completed
Final FCP® HIC Report received from S11ling
Letters sent transmitting WDPE HIC Report
HDPE HIC vendors - hittmen Nuclear
« Chur-Nuclear Systems, Inc.
- TFC Nuclear Associates, Inc.
Advisory Cornittee on Nuclear Waste (ACNW)
Svutk Caroline DHEC
teeting with Scuth Carolina DKEC
ACNW Meeting that includes discussion un HDPE HIC Report
Comments on HOPE HIC Recport received from endors
Meetings with Vendors on HOPE HIC Report

Fina) Decisions on HDPE KIC 1ssues

COMPLETED BY

3-11-88
5-12-88
6- 6-88
6-13-88
6-15-88

6-20-80
6-28-8¢
7-15-88
Summer 88

Summer 88
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GENERIC HIC

Typical geometry:
e Cylindrical shell
e Torospherical dome

e Rotztionally molded Marlex CL-100
~Cross-linked high-density polyethylene (HDPE)

e 0.5 inch thickness

- .
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MAGNITUDE OF LOADS

Loads ar. from overburden

Affected by:
~Depth
-Soil conditions

-~Burial onfiguration

-Arching (Unequal stiffnesses of structure and

soil influence load)

Orders of magnitude (25 ft cepth):
~Vertical pressure p, =~ 21 psi

~Lateral pressure py = 7 psi

Total load on generic HIC is 19 tons




CREEP: Definition

Uniuxial test at constant load ~ responses:

e FElastic

~Instantaneous

~Fully recoverable strain

e Plastic
~Instantaneous
~Nonrecoverable strain

-Only important above the yield stress

o Creep
~Time-dependent
~Sometimes recoverable
~No threshold stiess in general

~Time scales vary widely

(Microseconds to centuries, e.g. glaciers)
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CREEP IN POLYMERS

e Elastic/plastic in short term

® Creep is the main long-term mode of deformation

~Marlex CL-100 low-stress creep properties are
largely unknown

~Next slide shows Phillips data

~Result: at 500 psi (low stress),

toral strain &~ 6 times elastic strain
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DESIGN UNDER CONDITIONS OF CREEP
If the loads are constant:

® Define secant modulus (effective Young's modulus at
time 1)

Ey(t) = o/e(t)

where 0 =stress, £(f) =strain in uniaxial creep test,

® Marlex CL-100 after 1 hour (Phillips)

= 16. 700 ]).s‘z'

® Vendors generally ignored « reep, used
100. 000 157

which is the (elastic) Young's modulus

@ Effect of cree P! T duced sivifiness. increased (l"“t"('fl"ll\.

diffe-ent failure modes




SIGNIFICANCE OF LARGE
DEFORMATION EFFECTS IN HICs

Likely effects of creep:

e Large shape changes will alter the stress distribution

~Small-deflection analysis probably invalid
This is why flexible structures are hard to de-
s1gn
e xample: Torospherical dome under load
Small-deflection analysis: load is supported by
small compressive membrane stresses
“egg stresses’ )
deflection analysis: shape change leads to

Y >
i LYy
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FAILURE OF HDPE

Strongly affected by:

® Strain rate (higher strength at higher rates)
® Radiation
® Age (ductile/brittle transition)
® Chemical environment
® Temperature
® Exact material composition
( ® Molecular weight and cross-linking
® Microscopic defects

Fabrication and processing methods



SHORT-TERM/LONG-TERM FAILURE OF HDFE

Time to failure depends on stress

® High stress (above 22500 psi):
~Rupture at “ultimate strength”
~Failure due to excessive plastic strain
~Time scale: seconds to minutes

-=Only failure mode considerec by vendors

® Moderate stress (1000 to 2500 psi):
~Ductile creep rupture

~Time scale: hours to weeks

® Low stress (below &~1000 psi):
~Brittle failure

~Time scale: months to years

® 20-year test results (Graube) on next slide

~Hostalen GM 5010 - Linear HDPE, unirradi-
ated
~Extruded pressurized pipe

~20 degC, extrapolated from high temperature
data '

~Marlex CL-10C may behave differently
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RADIATION EFFECTS ON
POLYMER MATERIAL STRENGTH

General effects, moderate dose

e Increases hardness and plastic strength
~ Not relevant to HICs

e Creep rate may increase or decrease
-~ Depends on dose rate
~ Scission may increase creep

—~ Cross-linking decreases creep

¢ Embrittlement

- Failure by crack propagation



TECANICAL REPORT

WM-32981-8

LOW-LEVEL WASTE PACKAGE AND ENGINEERED-BARRIER STUDY

QUARTERLY PROGRESS REPORT

APRIL - JUNE 1988

P.Soo
J. H. Clinton
L. Millan

AUGUST 1988

NUCLEAR WASTE AND MATERIALS TECHNCLOGY DIVISION

DEPARTMENT OF NUCLEAR tNERGY, BRCOXHAVEN NATIONAL LABORATORY
UPTON, NEW YORK 11973

Prepared for the U S Nudleor Regulotary Commissa »
Ofcy of Nuclear .N\:Wy Rerearch
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ABSTRACT

“he sulfate-attack tests for varfous Portiand cement based mortars were
completed this reporting period. It is believed that the poor performance of
a mortar containing silica fume cannot be attributed to the larger nuther of
big pores in this material, Some other unidcatified mechanism appears to be

responsible,

Creep tests are continuing on Marlex CL-100 high density polyethylene
which 1s being used as a high-integrity container material, In-test gamma
frradiation in air at 5 x 10% rad/h is beneficial at higher stress levels
since it leads to a slower creep rate and a higher ductility compared to
non-irradiated material, At lower stresses (<10.34 MPa, 1500 psi)
irradiation appears to be detrimental,
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1.  INTROOUCTICN

Since the publication of NRC Rule 10 CFR 61, “"Licensing Requirements for
Land Disposal of Radioactivity Wastes," and the NRC Technical Position on
Waste Form, there has been action by industry L0 develop improved low-leve!
waste forms, contziners, and engineered barriers, Over the last several years
the NRC received a large number of Topical Reports for review as a part of
license applications for waste forms, containers, and engineered barriers,
During review of the reports, 1t was recognized that the data provided by the
vendors are usually insufficient or questionable. It was also recognized that
conventional test methods, such as ASTM test procedures, may not be applicable
to certain waste package materials and that analytical procedures have not
been established to interpret the test data with respect to the performance
objectives in the regulation,

The objective of this research project 1s to develop an adequate data
base for performance review of low:.level waste package materials fdentified in
vendors' topical reports and to provide a basis for technical guidance to
States and gpplicants. This project will also review and improve, 1f needed,
the existing tests methods for application to materials and to the design of
waste packaces and engineered barrier concepts. Methods will be developed to
extrapolate short-term test data to long-term performance of waste packages as
required in the regulation,

To date, five research tasks have been specified by NRC and BNL. Thay
include:

Task 1: Development of Work Plan,

Task 2: Mechanicai and Chemical Stability of Concrete-Based Structural
Materials.

Task 3: Degradetion Mechanisms in High-Density Polyethylene (HDPE).

-~

Task Biodegradation of lon-Exchange Media,

un

Task Developm.nt of HDPE Testing Protocol,

Task ) has been completed, Work in Task 2 is at an advanced stage, but
will be significantly curtailed after this reporting period because of reduced
funding, Task 3 1s continuing on the lung-term creep behavior of HDPE, Data
from this study will be used in Task 5 which tegan this quarter, Experimental
work in Task 4 has been completed and a Topical Report is being printed,



2., MECHANICAL AND CHEMICAL STABILITY OF CEMENT-BASED STRUCTURAL MATERIALS

Three types of cementitious material were prepared for this study,
including Portland | and Vv, and a formulation prepared from information
received from Ontario Hydro. This is designated Ontario Hydro-type cement
mortar (OHC'M), although it should be stated that such laboratory-sized spec-
imens may not accurately simulate the actual material, These materials are
ysed for both sulfate-attack and gamma-irradiation tests, Details of specimen
ongaraﬂon and testing were given in a previous quarterly report (WM-3291.5,
1987).,

2.1 Sulfate - Attack Tests

These are accelerated tests to determine the susceptibility of cemen-
titious barrier materials to deterioration from syl fates which are present in
sofls in contact with the cement or from sulfate-contain. g waste. The BN
procedure is based on that developed by Kalousek (1276), He .howed that
sulfate attack effects could be acce'erated by a factor of eight if alternate
wet-dry cycling of samples was adopted in place of continuous immersion in
sul fate sclution, The drying cycle evaporates water in the cement matrix and
allows fresh sulfate solution to enter during reimmersion, Without the drying
period, sulfate would penetrate more slowly intec the cement pores by a
diffusional process. Feur replicate mortar bars were used for both the
sul fate-attack tests and their corresponding controls.

The BNL immersion/drying cycle is:

Step 1: Immersion of specinens in 2.1% Na,S0, solution (or deionized
water for the control tests) at room temperature ror 16 h,

Step 2: Forced-air drying of the specimens for 7 h 40 min at 54 « 1°C,
Step 3: 20 min cooling of the specimens in still air,
Step 4: Repeat Step 1 through 4,

A1l testing begins with an immersion cycle with specimens (measuring
25,4 x 2,54 x 2,54 om) placed in plastic containers of Na,SO, solution (or
defon‘zed water), Glass rods are placed on the bottoms of {ho containers to
assure solution contact on all sides of the test bars, During weekends the
samples are left in cthe immersion cycle and they accumylate 64 h of soaking
during this period., Sulfate-intuceu deterioration of concrete is caused by
sulfate interacting with tricalcium aluminate in the cement paste to form 2
constituent with a larger volume, This causes volume increases in the cement
and leads to cracking and failure o the concrete, Lengti-change measurements
are typically used to estimate .he degree of sulfate attack, Table 2.1, taken
from the last quarterly report, shows that sulfate is most deleterious to the
OHCM type formulation which 1s surprising since it is specially designed to
provide resistgnce to this form of degradation, It wes speculated that
increased ocrosity in the cement matrix could be on explanation based on
easier access of sulfate to the interiors of the test bars (WM-3281.7, 1988),
Photographs of cross-sections of the concrete test bars were taken a‘ter the
cyclic immersion tests had been completed to check whether there were major

3






Fijure 2.1 Pore structure in Portland | cement mortar bars after
115 wet-dry cycles in defonized water (A) and sulfate
solution (B). Mag. 2X,

Figure 2.2 Pore structure in Portland V cement mortar hars after
105 wet-dry cycles in defonized watar (A) and sulfate
solution (B). Mag, 2X,
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Figure 2.3 Pore structure in OMCM bars a®ter 100 wet-dry cycles
in defonized wate~ (A) and sulfate solutior (B). Mag. 2X.

variations in porosity among the three : erials, Figures 2.1 through 2.3
show these results for test bars that wer i‘mmersion cycled in defonized water
and bars cycled in the sulfate test so:. ‘ons, Portland | and V cement
mortars show very similar types of porosity, viz., very small pores with a
number of much larger pores distributed throughout the section, For the OHCM
the pore structure 1s similar but the larger pores are slightly more numerous
and larger than those for Portlands | and V cement mortars, However, they are
not inturconnected and do not appear to provide rapid flow pathways for
sulfate solution, Thus, excessive porosity in the OHCM samples does not offer
a satisfact y explaration for the poor resistance to sulfate attack. In
fact, there 1s evidence that air entraimment in cemert could be beneficial
with respect to sulfate attack (Lea, 1971). At this time there is no satis-
fictory explanation for the noor performance of the ONCM, Additional work
will not be expended in this effort because of lack of fundirg,






Type 1!

Type 111 -

as above, but with lu mils of the oxidized surface
removed with emery paper prior to bending. No
cracks were formed during bending,

the as-received

“non-oxidized"

does not crack during bending.

surface

whicli also

Table 3.1 shows the 125t matrix for the U-bend irradiation tests.

Table 3.1 Test matrix for crack-propagation studies on irradiated

Marlex CL-1C00 miniature U-bend specimens,

Outer Surface Condition of U-Bend
Gamma Dose Uxidized Surf, Oxidized Surf, Non-Oxioized
Rate Present Removed Su-f. Present
(rad/h) | (Type 1) (Type 11) (Type 111)
0 a(l) 8 3
.4 x 10° - - 8
8.4 x 10! 8 8 B
4.4 x 10% - 8 B
(1) Number of replicate specimens.

Figure 3.1 shows the U-bend specimens mounted on aluminum frames to
facilitate irradfation. At the time the photograph was caken, the ;uchu of
spsoimens (A, B, and () had accumulated 2,1 x 10% ra+, 1.3 x 107 rad, and
6.7 x 10% rad, respectively, At the fime of exam .ation this reporting
period, the doses h ve reached 1.3 x 107 rad, 9.5 x 107 rad, and 3.1 x 19
rad, respectively, Figures 3.2 through 1.9 show sketches of cracks in the
apex regions of Type | specimens for the various irradiation conditions.
Crack patterns immediately after specimen bending i¢'e shown together with the
patterns after the given irradiation doses. To obtain statistical data on the
cracking behavior, the numbe: of cracks in Type | specimens were counted. The
results are given in Table 3.2, Large cracks ar> defined #s those with a
length greater than one-half of the specimen width (i.e., >0.64 cm), A smal)
crack 1y one witit a length less or equal to one-half of the specimen width,
The number of cracks given in Table 3.2 are the totals for each batch of @
replicate specimens,

The numbers of small starting cracks in the unirradiated control batch
were higher than for the other three batches. The majority of these cracks
were present in Specimens 46 and 48 and. probably, were caused by small
differences ‘n the bending technique for Lhese two specimens during
fabrication into U-bend configurations., Nevertheless, tha data given in Table




Appearance of Type 1 (a), Type I1 (b), and Type 111 (c) Mgriex
1 ‘

* ' \ nt
specimeny gamma irradiated to 2.1 x 10° rad (A), 1.3 x 107 rad
» y " s i 1 4
6. x 10° rad (C). Individual unirradiated ype 1, Type 11,

specimens are shown at the bottom of the figure. MagnifiZat
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LA 82
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Figure 3.2 Crack patterns in as-prepared Type ! Marlex CL-100
HOPE U-bend samples. Specimens are unirradiated
controls. Specim:n numbers given above each sketch,
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48

20 45

28 5/

4€

Figure 3.3 Crack patterns in unirradfated Type | Marlex CL-100
MOME U-bend samples held at 10 C for 530 d in air,
Specimen nunbers given above each sketch,
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Figure 3.4 Crack patterns in as-prepared Type I Marlex CL-100
HDPE U-bsnd samples prior to gamma irradiation at
1.4 x 107 rad/h, Specimen numbers given above
each sketch,
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Figure 3.5 Crack patterns in Type | Marlex CL-100 MOPE_U-bend
samples after gamma 1rrsd1|!1on to 1.3 x 107 rad at

a dose rate of 1.4 x )0
given above each sketch,

rad/h, Specimen numbe's
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Figure
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Lrack patterns in as-prepared Type ! Marlex CL-100
HDPE U-b :

8.4 x 10
sketch,
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Figure 3.9 Crack patterns in Type 1 Marlex CL-log HDPE U-bend
rad at a

samples after 1rrad1|§10n to 3.1 x 10
dose rate of 4.4 x 10° rad/h, Specimen numbers

given above each sketch,
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numbers of large an

jose rates, sShow
he full«penetrati
the -bend spec’
exclusively in the
environments.
nirradiated s¢
tota numbers
were observed,

The intermediate dose rate
large percent increase in the total

These irradiation tests are continuing. However in the future, there
may be slower changes in crack densities in the Type | imens since a large
number of specimens have completely fractured, leading to losses in the

ensile stresses which are responsible for crack initd on and propagation,
Future studies will mainly be focused o~ .ype Il ana T 11l specimens which

1

to date, only show fine cracking (WM-.291-6, 1988),

niaxial Creep Behavior in Selected Environments

Creep tests are continuing at a test temperature of 20°C (68°F) using
simple dead-load system., Strains are measured using LVDTS (1’rearly variadl
iifferential transducers). Rates of creep, ductility-at-failure, and weigh

crease in the suecimens caused by the absorption of the test liguids during
creep are all measured, Tables 3.3 and 3.4 show the results accumylated to
date, The data tor the "old HDPE" were obtained from an earlier batch of
material, ana the remainder are for a newer supply purchased about 2 vears
ago. grrent work 1s on the newer material, except for the irradiation-cieep
study which is described in Section 3,4,

a
e
t

Figures 3,10 anu 3,11 show the latest stress-rupture and creep-ductility
plots for tests in air, deionized water, scintillation fluid, turbine oi! and
lgepal, There appears to be reasonably well.defined threshold stresses Delow
which failure should not occur in the latter three environments, but for air
and water onger-tem testing will be needed to define this threshol | Note
in Figure 3.11 that at the lowest stress levels less than 8 MPa) the
juctility of the MDPE 1s low and apparently approaching an embrittiement
regime, This 1s not the case, however, for scintillation fluid for which
juctilities in the ronge of 90-110 percent are ~bserved,

Figures 3.12 and 3, show the beneficial effects f removing the
idized surface aver from HDPE, In lgepal the rupture times are increased
11 st evels compared to as-received material, he threshold stress
creep 1s ¢ increased by about ' ‘ (175 psi). In the case of
scintilliation flyd removal ¢ th oxidized layer inl creases the
threshold stress, ) > times t 1t igher stre! ] § are te

)
similar for ne

*




Table 3.3 Creep test data for Marlex CL-100 MOPE .ested in air and deion!zed
water at room temperature,

Test Spec imen Test Fatlure | Elong, at
Number Condition Enviromment Wum*m'r‘ Time (h) | Srear (%)
181 As rec. Alr 13,79 2000 4.0 56.0
182 As rec, Ae 1.7 2000 0.98 §6.6
167 As rec, Ar 13,10 1900 6.8 56.8
169 As rec. Ar 13,10 1900 »8 46.6
4 As rec. Ar 12.7¢ 1880 5.4 4%.2
365 As rec, AMr 2.4 1800 4.0 .6
159 As rec, Mr 12.41 1800 11,3 §0.0
166 As rec, Mr 12,10 17%0 2.5 76.0
158 As rec, Ar 11.72 1700 80.) 79.6
162 As rec, AMr 11,68 16%0 28.5 .0
361 As rec, Ar 11,03 1600 87 .7
180 As rec, Ar 10,86 1878 21z 5.4
mqg As rec. AMr 10,62 1540 166 n.9

b As rec, Alr 10,62 1540 $02 §8.0
300 As rec, Ar 10. 4 1500 662 61.6
s As rec, Alr 10,34 1500 761 88,2
36 As rec, AMr 10,1, 147% 023 60.4
187 As rec, Alr 10,00 1450 21 85,1
180 As rec, Mr 10.00 145 2488 66.8
m As rec. Ar 9.8 1428 sin $1.§
16 As rec, Ar 9.6% 1400 378 36.6
164 As rec, AMr .3 13%0 1819 n.y
m As rec, Alr 9.13 132% 810 8.9
388 As rec, Ar 8.9% 1300 3100 7.0
3% As rec. Ar 8.9 1300 2808 ng
m As rec, AMr 8,27 1200 7740 16.2
w2 As rec, Mr . 1060 [>14400 -
387 1 Ar 1.7 2000 | >S0% 673
s 1 AMr 12,4 1800 | »52%7 >598
138 1 e 1.0 1600 me
m 1 Ar 10,34 1500 7704 48,9
120 1 Ar 8.27 1200 Ongoing -
1w As rec. Diw 11.09 1600 112 $4.6
7 As rec, Diw 10,69 1580 87 .8
301 As rec, Div 10, 1500 027 §.§
302 As rec, Diw 9.6% 1400 S854 .5
14 As rec, Div .27 1200 Ongoing .
1 1 (1Y) 11.03 1600 200 21.6
R/ 1 Div 10,34 1500 2 8.2
126 1 OlIv a7 1200 Ongoing -
306 tt; Divw 10,34 1500 1154 5.8
no 2 Olw 9.68 1400 004 1 8.%

WOTES:
I, 10 wils removed fr. s axidized surface of specimen,
2. 10 wils removed from aun-oxidized surface of specimen,




Table 3.4

at room temperature,

Creep test data for Marlex (L-100 HOPE tested in various enviromsents

Test Soecimen | Test Fatlure | Elong. at | weight Change

naser | Contitton | taviremment IO THT—] Tree'(h) | Sreor’ (8} (8 ear cont o)
70 As rec. o1 11.03 1600 45,9 2.1 0.19
308 As rec. 011 10, 34 1500 128 80,3 0.06
S As rec. 01 8.9 1300 102 43,4 0,02
348 As rec. o1 8.9 1300 168 51.1 0,04
382 A 2. o1 8.62 1250 198 5.5 0.01
128 At x. 011 8.27 1200 1502 3.1 -
384 As rec, LSF 12.41 1800 1.9 85.0 o.n
e As rec, LSF 11.72 1700 9.6 .8 -
e ‘s rec, LSF 11,38 1650 10,5 49,3 1.47
¥ i rec, LSF 11.03 1600 3.1 8.9 0.4
3% As rec. LSF 10,34 1500 " 8.5 0.2%
309 s rec, LSH 9.68 1400 3% 98.0 0.1%
M As rec, LSF 8.27 1200 5 98.5 1.4
b5 ) As ras, LSF 7.24 1080 340 9.8 0.02
83 AL i, LSF 6.959 100G 1602 111.4 -
M As rec, ($% 6.72 9 Ongoing - -
130 1 LSF 9.6% 1400 9 76.0 -
%2 1 LSF 8.27 1200 8 216.0 -
m 1 LSF 7.24 1080 Ongoing - -
u3 2) LSF 10,34 1500 12 85,0 0.28
nl 2) LSF 9.65 1400 n \ 77.0 0.21
2 014 HOPE LSF 10,34 1500 12 86,1
11 Cld Pt LSF 9.65 1400 » 3.8
2 0ld WOPE LSF .27 1200 280 100, 7
e As rec, lgepal 12. 41 1800 31 2.3 0.27
kLK) As rec, lgeps) 1.7 1700 12,7 §1.8 0.23
401 As rec, [gepal 1n.n 1700 .7 91 -
m As rec, Igepal 11.03 1600 4.6 8.7 | 0.13
303 As rec. lgepal 10,34 1500 65 ") 0,06
304 As rec, lgepal 9.65 1400 106 4.8 0.03
e As rec, lgepa) 8. 9% 1300 128 4.3 0.02
124 As rec, lgepa) 8.27 1200 1N .0 -
E) As rec, Tgepal 8.10 175 Ongoing | - -
106 0'd NOPE Igepal 12.41 1800 . 4.8 -
10% 0'd WPt igepal 12.4) 1800 ] [ 0 -
107 01d HOPE [yepal 1.7 1700 %0 | Y | -
108 0ld WOPE 1gepal 11,72 1700 4 ™. 6 -
n 014 WOPE Igepal 10, 34 1500 216 6.7 -
113 01d WOt | gopal 10,34 1500 Yy «.? -
114 01d HOPE Tgepal 10.34 1500 mn n.2 -
B4 014 HOPE lgeps ! 10,34 1500 » 115.3 -
340 1 Igepal 10,34 1500 n2 9.3 0.04
e 1 lqepa ! 9.65 1400 476 59.4 -
28 1 igepal 9.29 1380 12778 .2 -
L) ? lgezal 1" M 1500 £ n.4 J.09
n2 i!l Igepal 9.65 1400 1% S04 0.00

MOTES:

1. 10 ®11s removed from oxidized surface of spec men,

10 wils removed from son-o0aidized surface of specimen,
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Figure 3.10 Stress-rupture results for Marlex CL-100 HDPE tested at 20 C tn various
environments.
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3.4 Irradiation-Creep Behavior

A new series of unfaxial creep tests was started this gquarte~ to deter-
mine the effects of in-test gamma irradiation on the creep rate and ductility
of HOPE., Some earlier preliminary studies carried out at BNL were inconclu-
sive since one indicated that the creep rate was increased by irradiation,
whereas the other seemed to show the opposite (NUREG/CR-3898, 1984;
NUREG/CR-4607, 1986). Very few tests were carried out and no definite
conclusions could be drawn, Table 3.5 shows the basic test matrix for the new
series of tests which cover the ranges for the earlier programs., The material
used 1in this effort was from the “old batch" of HOPE useu in the earlier
work, Table 3.6 shows results to data from tne irradiation-creep work, Some
of the non-irradiated tests were conducted much earlier in this program and,
therefore, the data cover a broader range of stress conditions than the four
stresses listed in Table 3,5,

Figure 3.14 shows stress-rupture da*a for the in-test irradiated HDPE
together with esults from unirradiated controls, At the higher stress levels
the faflure times are significantly larger for irradiated sampies., At lower
stress levels, gamma frradiation appears to become detrimental, and the
failure time begins to decrease below that for unirradiated controls.

Table 3.5 Irradiation-creep test matrix for HMOPE

Stress
Test Flux
Med {um (MPa) (pst) (rad/h)
Afr 12,58 1825 0
Afr 12,58 182§ § x 10
Atr 12,58 1825 3 x 104
Atr 11.72 1700 0
Afr 11,72 1700 5§ x 10°?
Afr 11,72 1700 3 x 104
Afr 11.07 1600 0
Alr 11,07 1600 5 x 10}
Afr 11,07 1600 3 x 104
Alr 10,34 1500 0
Air 10,34 1500 5 x 10°?
Alr 10, 34 1500 3x10%

26




lev-'.59~ s  f the

ieta the effects

stress leve 10.34 and

show a far lower cCreep rate
specimens, the ductility value t ween

ther hand, at stresses of ’ ! °C

rradiation-creep curves show in fast
ah creep strain, before faill ’ N Exan
hey ) that

. tpr




82

14 T TrrrT T T YTy TN T T TTTTTg T T T
.\ -12000
13} .
- H1800 __
Q. =
312t =
7)) 7))
w t
x 11+ 41600 o
v [
w 7))
« UNIRRADIATED ~_
10k o IN-TEST IRRADIATED ~
-— 41400
g b A sadal 4 4 s aaaanl L4 s aasanl 44 2 saa1al 4 4 4 4i11a
1 10 107 10° 10* 10°

RUPTURE TIME (h)

Figure 3.14 Effect of in-test gamma irradiation at 5 x 103 rad/h on the stress-rupture
beliavior of Marlex CL-100 HOPE.




“(15d 00ST) ©dW #°01 40 sSaNs ®
1% 340H 001-1) 7 V4o 30 da3.d ay) U0 uwopIRjpeas) ewweb 3say-uj 4O 309333 Gl°f dunbyy

(s1g) ewn]
(Spuesnoy])
a ¥ A 0

i i L . - — . o —— 3 i

4W/pRd 01 X G I® payejpRaa]  +

paiejpeasjuy O - 0F

=
ute)s
29

T
3
(%)

0
el




0t

(%)

Strain

10

0

-
-
¥
‘ L
< /' “‘.
v ¥*
P
- e “"0 +
e
i
. 4 ¥
—4 Q” ¢
’/
R
+

! *,

o ¥

g &
N ‘/ 0O Unirradfated

/

) + Irradiated at 5 x 107 rad/h

e e o -an, CEERRERLTS @ grmeeei—. T g Ty e e i
0 0.2 0.4 0.6 0.8 1

(Thousands)
Tume thrs)

Figure 3.16 Effect of in-test gamma ‘rradiation on the creep of Marlex CL-100 HOPE
at a stress of 11.03 mMp: (1600 psi).

- b -——



| sd 00Z1) %dW 2771 } 241 ¢ )@
IdGH DUL-1) Xo|Ja%, 0O dad4a) 3 U0 UOLIRIPpRIA wEmeD JSI)-U) JO 329433 (17C e.Lﬁb:

. T

(say) awny

0oz 081 091 w1 021 001 08

W/pRa Q1 X § I¥ PR IpRII]

PIYW PRI up




0O Unirradiated

+  Irradiated at 5 x 107 rad/h

Strain (%)

Time (hrs)

Flgure 3,12 Effect of In-test gamma frradiation on 1le creep of Marlex CL-100 HDPL
at a stress of 12.58 MPa (1825 pst).




hardened and the rate of additional plastic deformation decreases, New defor-
mation is forced to spread to areas adjacent to the neck, giving an extended
necked rejion, Over a period of time elongations of several hundreds of
percent may be achieved,

Clearly, in-test gamma irradiation at a level of 5§ x 10¥ rad/h is bene-
ficial to the creep of HOPE, It decreases the creep rate and, at the higher
test stresses used in this program, essentially triples the rupture ductility
compared to unirraciated controls.

In the next reporting perifod, new f{rradiation-creep tests will De
initiated for the higher dose rate of about 3 x 10* rad/h specified in Tabdle

3,9 Testirg Protocol for HOPE

To determine fatlure modes and failure behavior of HOPE, a series of
tests will be required., Several applicable tests have been formalized by ASTM
and are in general use, New or modified procedures (such as “he BNL U-bend
test) may be used to study special aspects of plastics behavior,

Table 3.7 1s a list of testing protocols for identifying and quantifying
mechanical failure/degradation modes in HOPE, Some of them have been used in
the current program and others are of obvious benefit in characterizing the
mechanical behavior of HDPE, A more detailed description of their usage will
be given in the next report for this effort,
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Table 3.7 Available tests for evaluating failure/degradation modes in HDPE

Scope of Test Method

Failure/Degradation
Mode Test Methods
Environmenta) ASTM D 1693
Stress-Cracking
AST™ D 2552
BNL U-bend
test
Irradiation BNL U-bend
Embrittlement test
ASTM D 638
ASTM D 2990

General scoping test to deter-
mine susceptibility of materia)
to crack!n? under the action of
2 local myltiaxial stress and a
surface-active 1iquid (lgepal
C0-030).

More quantitative test than

D 1693 to determine failure
time of material under a given
stress and a surface-active
agent (lgepal C0-630)

General scoping tast, similar
to ASTM D 1693, but designed

to quantify crack initiation
and propagation in surface
oxidized material under a
static tensile stress., Various
test environments may be used.

General scoping test to deter-
mine crack initiation and pro-
pagation in material under a
static tensile stress,

Standard tensile test Lo measure
tensile strength (at yield or
break), elongation (at yield or
break), and the modulus of
elasticity, Comparison of
properties for non-irradiated
and pre-irradiated material will
quantify degree of embritt)lement

Standard tensile, compressive,
and flexura)l creep test to
quantify creep rates and
ductilities, Effects of
frradiation may be quantified by
cumparing properties of non-
frradiated and pre-irradiated
material or, more preferadbly,
comparing properties of in-test
frradiated material and corre-
sponding non-irradiated methods,
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