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SUMMARY

This report documents work performed under the Spent Fuel and Waste Disposition’s Spent Fuel and Waste
Science and Technology program for the US Department of Energy (DOE) Office of Nuclear Energy (NE).
This work was performed to fulfill Level 3 Milestone M3SF-210R010201038, “FY2021 ORNL Report on
High Burnup Sibling Pin Testing Results,” within work package SF-210R01020103 and is an addition to
the work reported in M2SF-210R010201032, M2SF-190R0010201026 and M2SF-190R010201028.

This document discusses the uncertainty of measurements associated with the Instron system and the
resulting uncertainty in the acquired measurements and calculated information. The primary parameters
measured during the Instron test include the applied load and specimen deflection. The associated primary
calculated parameters are the maximum beam deflection at the rod’s axial center and modulus of elasticity.
Secondary calculated parameters include specimen stress and strain amplitudes, as well as flexural rigidity.
The uncertainty associated with the primary and secondary calculated parameters was investigated based
on the known uncertainty in the measured parameters.
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H-1. Introduction

Appendix E describes the Instron equipment, the measurements taken, and the basic data processing and
extended information derived from those measurements.

This document discusses the uncertainty of measurements associated with the Instron 5967 system and
the resulting uncertainty in the acquired measurements and calculated information. The primary
parameters measured during the Instron test included the applied load and specimen deflection.

At present time the calculations only address four-point bend (4PB) tests. When axial tension tests are
completed, the uncertainty related to those tests will also be calculated.

For 4PB, the associated primary calculated parameters were the bending moment, the maximum beam
deflection at the rod’s axial center, and the modulus of elasticity. Secondary calculated parameters
included specimen stress and strain amplitudes, as well as flexural rigidity. The uncertainty associated
with the primary and secondary calculated parameters was investigated based on the known uncertainty in
the measured parameters.

H-2. Instrumentation and Equipment That Influence Uncertainty

There are essentially five measurements that are used in the evaluation of 4PB data: bottom fixture
support length (L), top fixture loading arm (a), displacement (Af), load (P), and the rod outer diameter
(D). The fixture lengths are measured once and are not changed over the test series. The displacement and
load are outputs from the Instron load frame during the test as a function of time.

Information on the Instron equipment and instrumentation is from Appendix E: Mechanical Testing. Error
in the primary parameters measured was provided by certificates of calibration for displacement and force
issued by Instron Calibration Laboratory (see Figures H-1 and H-2). Calibrations were tested in
accordance with ASTM E2309/E2309M-2016 for displacement and ASTM E4-16 for force. Table H-1
provides the valid ranges and errors that resulted from calibration testing.

Table H-1. Instron calibration results

Parameter Measurement range Maximum Error
Displacement (ascending) 25.0008 to 250.0044 mm + 0.009%
Displacement (descending) -24.9996 to -250.0026 mm +0.002%
Load (tension) 0.299269 to 29.98002 kN +0.37%
Load (compression) -0.300266 to -29.99315 kN +0.19%
Temperature 67.1 to 68.1°F N/A

The first moment of inertia, /, was calculated based on the fuel specimen’s outer diameter, D. Each
specimen’s diameter was measured and reported in Sister Rod Nondestructive Examination Final Report
[H-1], and the uncertainty associated with each measurement was + 0.02 mm. Uncertainty in diameter
influences the calculated elastic modulus, stress, strain, and flexural rigidity.
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Upper fixture length, @ (1.667 in.), and lower fixture length, / (5.000 in.), were measured to the nearest
%16 in. Therefore, it was assumed that the nominal uncertainty with each of these measurements was
+ 52 in. Fixture length uncertainties have an effect on all calculations discussed.

For the 200°C 4PB tests, the thermal expansion of the fixture lengths and rod diameter was considered.
After examining the thermal expansion coefficients of the materials and temperature changes endured,
thermal expansion of both materials was determined to be less than 0.5%. Subsequently, the thermal
expansion’s effect on the bending moment, elastic modulus, stress, strain, and flexural rigidity was also
determined to be less than 0.5% and was assumed to have a negligible impact on results.

The tests conducted at ambient hot cell temperature ranged from 70 to 80°F. While these temperatures are
slightly higher than the temperature during calibration testing, the Instron 5967 is equipped with sensors
inside the load cell to compensate for changes in temperature and can adjust measurement values
accordingly.
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CERTIFICATE OF CALIERATION & & oh
ISSUED BY: INSTROM CALIBRATION LABORATORY Nw g& 'iﬁ%‘%
CALIERATICM *"'::ﬂ,‘f'
DATE OF IS3UE: CERTIFICATE NUMBER: KVLAR L Codde 20030 0 Tl
2T-Ag-2015 ATI0E2TI 1223
‘, Instron
i 825 University Avenue Fage 1 of 5 pages
» Monwood, MA 02002-2843
INSTRON .- 500 4737822 APFROVED SIGNATORY

Fax (T81) 575-5750
Email: service_reguestsi@insiron.com

Dan Dégitally dgnisd by Dan Fakensiain
Type of Calibration: Displacement R | 3ast bo tha acruracy and

Falkenstein  cmoes vososs o
Relevant Standard: ASTM E2309/E2309M-2016 Cale: 20190527 1950550500
Diate of Calibration: 2T7-Aug-2013 Customer Requested Due Date:  27-Aug-2020

= = » CALIBRATION RESULTS = = =

System ID: SBEYB12216

Indicator 1. - Service Port {mm) System Class: PASSED Class A
Range: 25.0008 mm to 250.0044 mm - AsC Starting Posltion: 500.00 mm Maximum Error: -0.00%%
Range: -24.93996 mm o -250.0026 mm - Desc Starting Posltion: 1,000.00 mm  Maximum Ermor -0.002%

The sfarfing posiion Is measwred from fwe baoe heam fo the boffor of the Croxshead.

Customer Machine/System
Name: Crak Ridee Natiomal Laboratory M anofacrurer: INSTRON
Locatiom: 1 Bethel Valley Foad, Buildngz 3525 Conditien: Good

Cak Ridee. TH 37831
Couniry: UsA
P.0 /Coniract Ne.: CONT387T9 Temperature
Contact Yoog Yan Staring Temperaire: 681 °F
Email: yanyoml gov Final Temperatire: G72°F
Methodology

The azzsszment of the testing machine was condocted on site af the above customer location i accordance with ASTM
E230E2309M-2016 'Standard Practice for Venification of Displacement Measuring Systems and Devices Used in Material
Testing Machines' (Follow-the-Cisplacement Method) using Insiren procedure ICA-8-07.

System Classification

The testing machine was verified in the 'As Found' condifion with oo adjustments or repairs camied ouf. This & alse the 'As
Left condition. The verified range of displacemsnt inchides only those displacements which are zreater than or equal to the
ASTM Lower Limit Priar to verification. a pre-calibradon inspection was conducted and the system was found to be m Good
condidon The Simpls Acceptance decision mule has been apreed to and emploved in the determination of conformance to the
identified memrological specification.

The calibration and equipment used conform o a conimolled Chaality Assurance program which msets the specifications
outlined m AWSIWCSL Z540.1-1984, T30 100122003, IS0 S001:2015 and ISQVIEC 17025:2017.

Figure H-1. Instron certificate of calibration for displacement.
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CERTIFICATE OF CALIBRATION

- ,:k_\‘-:e_;;‘;i
ISSUED BY: INSTRON CALIBRATION LABORATORY TR
e

CALIERATION ANy
DATE OF ISSUE: CERTIFICATE NUMBER: MVLAF Lah Code 2003010 LU
ET-Aug-2018 479082719143334
’ Instron
F B25 University Avenue Fage 1 of 5 pages
INSTRON' Morwood, MA 02062-2643 AFPROVED SIGNATORY

Telephone: (800) 473-TE38
Fax: (781) 575-5750
Email: service_requestsi@instron.com

Dightally sigrad by Dian Falkeratain

= FRazson: | attest o the v and
Type of Calibration:  Force Dan Falkenstein magmy e doaman
Date- 01908 27 194737 0500
Relevant Standard: ASTM E4-16
Date of Calibration: 27-Aug-2019 Customer Requested Due Date:  27-Aug-2020
Customer
Name: Czk Fidge National Laboratory
Addrass: 1 Bethel Valley Pioad, Building 3525
Ozk Ridge, TH 37831
yany/doml gov
PO Contract Ho.: CONT3679
Contact: Yong Yan
MAMachine Tranzducer
Manufacurer: INSTRON Manufaciurer: INSTRON
Serial Mumber: 3967B13316 Transducer ID: 2580-30KM 7 133482
System ID: 5967B13316 Capacity: 30 EN
Fange Type: Smgle Type: Tenzion/'Compression
Claszification

Indicator 1. - Service Port - PASSED**

Certification Statement

This certifies that the forces venified with machine indicator(s) (listed above) that are identified as "PASSED" are WITHIY
=1% acouracy, 1% repeatability, and zero retorn toletance. All machine indicators were verified on-site at costomer location
by Inswon in accordance with ASTM E4-16. The Simple Acceptance decision rule has been agreed to and employed in the
determinaton of conformance to the idendfied metrological specification. The certificaton is based on mns 1 and 2 enly. A
third ran is taken to satisfy uncertamty requirements according to IS0 17025 specifications.

The calibration and equipment used conform to & conmolled Quality Assurance program which meets the specifications
outlined in ANSIMNCSL Z540.1-1994, IS0 10012:2003, IS0 9001:2015 and ISOTEC 17025:2017.

*=* within =0.5% accoracy and 0.5% repeatability.

Mlethod

The testing machine was verified in the "As Found' condition with no adjustments or repairs carmied owt. This is also the 'As
Lefi’ condition.

Figure H-2. Instron certificate of calibration for force.
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H-3. Uncertainty Calculations

The 20 uncertainties associated with the measurements are estimated by using a sum of squares of the
individual variations assuming independence of the variables (no cross correlations):

1/2

o =[G wt ) e (G v

where:
e Uris the 26 uncertainty of the function f(x,),z,...) and

o U,U, and U are the 20 uncertainties of the measured values x,y,z, respectively.

The derivatives are evaluated at the nominal measured values (effectivity a single-term Taylor series
expansion assuming small variations). The notation and variables used in this appendix are the same as
those used in the main report and the reader is referred to the report for details.

Throughout these calculations, unless otherwise noted, the units of loads are in N and lengths are in m.

H-3.1 Maximum Bending Moment Uncertainty

The maximum bending moment applied at the rod center is
Mpax = Pa (H-2)

where P is the load applied, and « is the distance between the upper loading points. Arm-length
uncertainty (U,) is nominally given as £ 0.03125 in.(0.00079375 m) for a = 1.667 in. (0.0296418 m), and
load uncertainty (U,) is taken as the maximum error measured during Instron calibration compression
testing (= 0.19%). Using the approach described in Eq. (H-1) and the bending moment equation in Eq.
(H-2), the maximum bending moment uncertainty is

U,y = /P2U§ + a?U; (H-3)

Simplifying, the following is obtained:
Un,,, =830%107* P (N —m) (H-4)

Maximum bending moments calculated ranged from 0 to ~65 N-m. Since load uncertainty varied linearly
with load and arm-length uncertainty was constant, the bending moment uncertainty was calculated to be
0.083% of the applied load and 1.96% of M.

H-3.2 Maximum Beam Deflection Uncertainty
Using classical beam theory, Amax, the maximum beam deflection at the rod’s axial center in the elastic
region can be calculated as:

_ Af(3l2 — 4a?)

= - H-5
max - 4(3la — 4a?) (H-3)
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As discussed in Appendix E, Section E-2.1.4, elastic beam theory isn’t strictly applicable in the plastic
region, but the strain at fracture is relatively small and deviation from elastic theory is therefore expected
to be small. The potential magnitude of deviation was evaluated by measuring the center beam deflection
and the crosshead deflections in test images, and the deviation from elastic beam theory was within 1.9%.
For ease of evaluating the uncertainty, the potential deviation from theory was applied over the entire
range of deflections (elastic and plastic), although it is truly only applicable in the plastic range.

Using Egs. (H-1) and (H-5), uncertainty in maximum beam deflection (Uamax) is evaluated as

2 21\ 2
312 — 442 —3Arl(4a% — 8al + 31
(—a ) (UAf)2+< all ) U2 +

4(3la — 4a? 4a?(4a — 31)?
Usmas = 1019|1000 7400 @ ta=3D (H-6)
30¢(3L - 2a)(l — 2a)\° e
\ 4a(3l — 4a)? :
When substituting in known terms, Eq. (H-6) with the included plastic region uncertainty simplifies to
Upmax = 1.26 x 1072 % Ap  (m) (H-7)

For convenience, the uncertainty can be expressed as a percentage of the maximum beam deflection, Amax

Upmax = 1.26 % 1072 % A; /1.149 = 1.10 * 1072 % Ay, (m)

was ~18 mm, with an uncertainty calculated to be +0.23 mm.

H-3.3 Modulus of Elasticity Uncertainty

The modulus of elasticity (£) can be derived using elastic beam theory, given the approach discussed in
Appendix E, using the measured crosshead extension (as corrected for machine compliance), Ar,

Pa

E =
641

(3la — 4a?) (H-8)
where [/ is the first moment of inertia about rod diameter D (/ = %D"), where D is nominally assumed to

be 9.5 mm) and the rod OD is that measured using nondestructive methods. Simplifying Eq. (H-8) and
following Eq. (H-1) the uncertainty in the modulus of elasticity (Us) is derived as

2 2
(4.169 * 108 Z(3la2 - 4a3)) W) + <—4.169 *108 ZZP(sla2 - 4a3)> Uy +
Ug = 4 s (H-9)
E | 9 27\ 2 9 2\2
| N 2.501 % 10° * P(la — 2a?) W2 + 1.251 % 10° = Pa w,)?
\ A¢ ¢ A :
Reducing Eq. (H-9) with known terms, Eq. (H-10) is obtained as shown below:
P
Ug = 3.986 =103 % A—(GPa) (H-10)

f

The most prominent sources of the elastic modulus uncertainty are the upper fixture loading arm length,
a, followed by the lower fixture length, /, and their associated uncertainties. Figure H-3 depicts elastic
modulus uncertainty vs. load for various values of beam deflection, Ay, that ranged from 0 to
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approximately 3 mm (in the elastic regime) during testing. Uncertainties in load and beam deflection
measured by the Instron system are statistically insignificant when calculating elastic modulus uncertainty
in this test. Uncertainties are plotted up to the maximum elastic modulus calculated (~59 GPa) for each
deflection distance. Equation (H-10) and Figure H-3 suggest that more rigid specimens have larger
magnitudes of elastic modulus uncertainty. However, the relative uncertainty of the elastic modulus
remains constant at 2.5%.

2.000E+03

1.800E+03
S 1.600E+03
2
> 1.400E+03
(=4
g 1.200E+03 e Af = (0.5mm
@
2 e Af = 1.0 mm
> 1.000E+03
4] Af=2mm
=
_g 8.000E+02 Af=5mm
% 6.000E+02 seees Af=10mm
> ]
& 4.000€+02 e \f = 14 MM

2.000E+02

0.000E+00

0 1000 2000 3000 4000 5000 6000 7000
Load (N)

Figure H-3. Elastic modulus uncertainty (Ug) versus load (P) for varying beam deflections.

H-3.4Flexural Rigidity Uncertainty

Flexural rigidity (£1) is the product of the elastic modulus and the first moment of inertia, and following
Eq. (H-1), its uncertainty (Ug) can be expressed as

2 2 2
<3la2 —4a3> (Up)z N <—P(3la2 —4a3)) (UAf)z N <P(la—2a2)> W2 +

6A 62 A
Ugs = ! o ! (H-11)
Pa? 5
— U
(&) @
Simplifying and including the 1.9% uncertainty related to the use of elastic beam theory:
P P
Ug; = 1.019  1.44 %1076 * Vi 1.47 «107° * (N —m?) (H-12)

f f
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The flexural rigidity uncertainty’s most dominant sources are the upper and lower fixture lengths.
Flexural rigidity uncertainty vs. load for varying beam displacements is plotted in Figure H-4 for

0 < EI < 28 N-m?, the range of values calculated during testing. Relative flexural rigidity uncertainty
remains constant at 2.3%.

7.000E-01
6.000E-01

5.000E-01

el A\ = 0.5 MM

4.000E-01
e AT = 1.0 mm
Af =2 mm
3.000E-01
Af =5 mm

seees Af=10mm
2.000E-01

g A f = 14 MM

Flexural Rigidity Uncertainty (N-m*2)

1.000E-01

0.000E+00
0 1000 2000 3000 4000 5000 6000 7000

Load (N)

Figure H-4. Flexural rigidity uncertainty (Ugr) vs. load (P) for varying beam deflections.

H-3.5 Maximum Stress Uncertainty

Maximum stress (omqx) occurs at the maximum deflection point at the bottom of the specimen and is
calculated as

_ Pa(D/2)

Gmax - I

(H-13)

After substituting [ = %D" and applying Eq. (H-1), maximum stress uncertainty is given in Eq. (H-14).

3Pa\?
Uomax = 1188 107 |a2(U,)" + P2(Uq)? + (T) (Up)? (H-14)
which simplifies to
Uomax =1.99« 10_2 * Omax (Pa) (H-IS)

Maximum stress values varied from 0 to 768 MPa with a constant relative uncertainty of 1.99%.
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H-3.6 Maximum Strain Uncertainty
Maximum strain (€xax) is estimated as

Dp

€max = 2

(H-16)

where p is curvature, which is a function of load and displacement. The maximum strain uncertainty
(Usmax) 1s a function of deflection uncertainty and is calculated in the following equation, which includes
the 1.9% uncertainty related to use of elastic beam theory in the plastic region:

Af

(0.0161 — 5.277a,2)°
Ar

(0.0161 — 5.277A,%)°

Usmax = 1.019 % 8.795 * 107°

(H-17)
= 8.962 % 1076

Figure H-5 depicts the relationship between maximum strain uncertainty and displacement, while Figure
H-6 plots relative maximum strain uncertainty to maximum strain.

7.0E-04
6.0E-04

5.0E-04

y =0.0395x - 2E-05

2 _
40E00 R? =0.9966

3.0E-04

Max Strain Uncertainty

2.0E-04
1.0E-04

0.0E+00 =
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016

Displacement, Af (m)

Figure H-5. Maximum strain uncertainty (Usmax) vs displacement (As).
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1.75%

1.70%

1.65%

1.60%

1.55%

Relative Max Strain Uncertainty

1.50%

1.45%
0.000

0.010 0.020 0.030
Max Strain

0.050 0.060

Figure H-6. Relative maximum strain uncertainty vs maximum strain.

Measured strains ranged from 0 to 0.046 with a relative maximum strain uncertainty that ranges from

1.49% to 1.69% for the data.

H-4. Summary of Results

The uncertainty associated with each of the Instron primary and secondary parameters is summarized in

Table H-2.

Table H-2. Summary of Instron primary and secondary parameter uncertainties

Parameter

Measurement range

Uncertainty

Bending moment, M, 4,

(N-m) 0 to 60.70 1.96% of My, qx
Maxi flecti

Azz;m(“rﬁ; beam deflection, 010 0.0141 1.10% 0f Apax
?é(;)il)ﬂus of elasticity, E 00 59.3 2.5% of E
Flexural rigidity, £I (N-m?) 0t023.3 2.3% of EI
Maximum stress, Opax 0 to 768 1.99%

(MPa) to 99% of Omax
Maximum strain (m/m) 0to0 0.046 1.69% of €max
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