OAK RIDGE ORNL/LTR-2011/413
NATIONAL LABORATORY

MANAGED BY UT-BATTELLE
FOR THE DEPARTMENT OF ENERGY

Reactor Pressure Vessel Task of
Light Water Reactor Sustainability
Program: Milestone Report on
Materials and Machining of
Specimens for the ATR-2 Experiment

January 2011

Prepared by

R.K. Nanstad, Oak Ridge National Laboratory
and
G. R. Odette, University of California, Santa Barbara

UT-BATTELLE
0000000 (4-00)




This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise, does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or
any agency thereof. The views and opinions of authors expressed
herein do not necessarily state or reflect those of the United States
Government or any agency thereof.




This page intentionally left blank



ORNL/TM-2011/413

Light Water Reactor Sustainability

Reactor Pressure Vessel Task of Light Water Reactor Sustainability
Program: Milestone Report on Materials and Machining of Specimens
for the ATR-2 Experiment

R.K. Nanstad
Materials Science and Technology Division
Oak Ridge National Laboratory
and
G. R. Odette
Department of Mechanical Engineering
University of California, Santa Barbara

Date Published: January 2011

Prepared under the direction of the
U.S. Department of Energy
Office of Nuclear Energy
Light Water Reactor Sustainability
Materials Aging and Degradation Pathway

Prepared by
OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37831-6283
managed by
UT-BATTELLE, LLC
for the
U.S. DEPARTMENT OF ENERGY
under contract DE-AC05-000R22725



This page intentionally left blank



CONTENTS

Page
LIST OF FIGURES...... oottt ettt ettt sen e nne b \Y
LIST OF TABLES ...ttt Vil
ACKNOWLEDGMENTS......oiiiiiiiiiie sttt sttt st IX
1. INTRODUCTION ..ottt sbe bbbt b sb e sbeestee s 1
2. PREPARATION OF MATERIALS FOR THE ATR-2 EXPERIMENT ........c.ccoc... 1
3. REFERENCES ...ttt ettt bbb e e 8



This page intentionally left blank



LIST OF FIGURES

Figure Page
Figure 2.1 Schematic depiction of the flux/fluence range for the ATR-2 experiment....... 2
Figure 2.2 Schematic diagram showing hardness indentation locations for one of the
ROIIS-ROYCE PIALES. ... oot 2
Figure 2.3 Drawing for machining of "wafers" from each of 50 Rolls-Royce supplied

0] F LSRR 4
Figure A2.1 Optical micrographs of RR alloy N0. 7... ... 13
Figure A2.2 Optical micrographs of RR alloy N0. 13)........ccociiiiiiiiiiiniienceseee 14



This page intentionally left blank

Vi



LIST OF TABLES

Table Page
Table 2.1 RPV surveillance materials being pursued for inclusion in the ATR-2
o 1=] 101110 S PP 5
Table 2.2 List of archival surveillance materials supplied by Westinghouse and
Florida Power and Light..........c.ccooiiiiiiii e e 7
Table Al1.1. Hardness Results for Rolls-Royce AllOYS.... ....cccccveveveiicicniiieecccecee, 9-12

Vil



This page intentionally left blank

VI



ACKNOWLEDGMENTS

This research was sponsored by the U.S. Department of Energy, Office of Nuclear Energy, for
the Light Water Reactor Sustainability Research and Development effort. The authors extend
their appreciation to Dr. Jeremy Busby for programmatic support.



This page intentionally left blank



Xl



1. INTRODUCTION

The reactor pressure vessel (RPV) in a light-water reactor (LWR) represents the first line of
defense against a release of radiation in case of an accident. Thus, regulations, which govern the
operation of commercial nuclear power plants, require conservative margins of fracture toughness,
both during normal operation and under accident scenarios. In the unirradiated condition, the RPV
has sufficient fracture toughness such that failure is implausible under any postulated condition,
including pressurized thermal shock (PTS) in pressurized water reactors (PWR). In the irradiated
condition, however, the fracture toughness of the RPV may be severely degraded, with the degree
of toughness loss dependent on the radiation sensitivity of the materials. As stated in previous
progress reports, the available embrittlement predictive models, e.g. [1], and our present
understanding of radiation damage are not fully quantitative, and do not treat all potentially
significant variables and issues, particularly considering extension of operation to 80y.

The major issues regarding irradiation effects are discussed in [2, 3] and have also been
discussed in previous progress and milestone reports. As noted previously, of the many
significant issues discussed, the issue considered to have the most impact on the current regulatory
process is that associated with effects of neutron irradiation on RPV steels at high fluence, for long
irradiation times, and as affected by neutron flux. It is clear that embrittlement of RPV steels is a
critical issue that may limit LWR plant life extension. The primary objective of the LWRSP RPV
task is to develop robust predictions of transition temperature shifts (TTS) at high fluence (¢t) to at
least 10%° n/cm? (>1 MeV) pertinent to plant operation of some pressurized water reactors (PWR)
for 80 full power years. New and existing databases will be combined to support developing
physically based models of TTS for high fluence-low flux (¢ < 10 */n/cm?-s) conditions, beyond
the existing surveillance database, to neutron fluences of at least 1x10%° n/cm?* (>1 MeV).

This report provides the status for the Milestone L-110R040202 Level M3
#M2L110R04020203: “Complete all hardness and metallography of materials and machining of
specimens for the ATR-2 experiment.” This milestone is associated with procurement of materials,
preparation of specimens, mechanical properties testing, and analysis of the irradiation capsule for
the irradiation experiment in the Advanced Test Reactor (ATR-2).

2. PREPARATION OF MATERIALS FOR THE ATR-2 EXPERIMENT

To obtain high fluence data in a reasonable time (e.g., ~ one year), test reactor experiments
must be performed in such a way to enable development of a mechanistic understanding of the
effects of flux [2, 3]. As described previously, one such experiment is currently under preparation
and will be performed as part of a Nuclear Energy University Program (NEUP) grant to the
University of California, Santa Barbara (UCSB) in cooperation with ORNL within the LWRSP.
The experiment (designated ATR-2) will be performed at the National Scientific User Facility at
the Advanced Test Reactor, managed by the Idaho National Laboratory (INL).

A description of the ATR-2 experiment was provided in a previous progress report and will be
summarized here. A so-called “Small I location just inside the reflector of the ATR has been
made available. This position will provide space for an irradiation capsule of about 20 mm
diameter and 1.2 m long, and will be sufficient to allow for inclusion of more than 2000 small
specimens (seven different geometries), including tensile, microhardness, fracture toughness, and
specimens for microstructural examination (e.g., small-angle neutron scattering, atom probe, etc.
The capsule will incorporate a thermal neutron shield and active temperature control with three
regions irradiated at 270, 290 and 310°C. The specimens will be irradiated at a flux of about



1x10% n/cm? (>1 MeV) to a fluence of 1x10% n/cm? and tested. The objective is to obtain a high
fluence, intermediate flux database to couple to a large body of existing data for a large set of
common alloys (> 100) irradiated over a wide range of flux and fluence. Figure 2.1 shows the
flux/fluence range for the ATR-2 experiment (red circles). The results from the experiment will
allow for direct comparisons with two existing test reactor databases (IVAR and REVE).
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Figure 2.1. Schematic depiction of the flux/fluence
range for the ATR-2 experiment, showing overlap
of existing data from the IVAR and REVE
databases.

has designed a matrix of 50 forged plates
of steels with different chemical
compositions encompassing the ranges of
elemental compositions within the

specification for A508 class 3 steel and

beyond. These alloys will include variations in C, Cu, Ni, P, Mn, and Cr to provide results for a
wide range of composition variations and synergisms. As reported previously, all 50 plates were
fabricated and delivered to ORNL, where hardness testing and optical metallography were
performed to enable more informed judgment regarding which materials to include in the
experiment.

Figure 2.2 shows a schematic view of the hardness test locations for one of the plates (the
values shown are Rockwell B hardness). Sections are removed from two sides of each plate and
lightly ground to obtain an adequately smooth surface for hardness testing.
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Figure 2.2. Schematic diagram showing hardness indentation locations for one of the Rolls-
Royce plates. All 50 plates were tested with the same process.



As shown in Fig.2.2, 15 indentations were performed on the front side and 15 on the back side
of each plate. The numbers in bold font are the average hardness values of the three measurements
to the left in each case. All the results are combined to give an overall average hardness from
which the ultimate tensile strength is estimated by equations representing the correlations given in
the ASM Handbook. Tables of the hardness results for all 50 alloys are provided in Attachment 1.
Note that the estimated UTS values range from 50.3 to 130.6 ksi (346-900 MPa). In addition to
hardness testing, optical metallography of all 50 alloys was performed to document the
microstructures. Two examples, alloy numbers 7 and 13 are shown in Attachment 2. The ultimate
tensile strength estimated from hardness for Alloy 7 is 86.0 ksi (592 MPa) is typical for RPV
steels, while that for Alloy 13, 130.1 ksi (896 MPa) is higher than the specifications for RPV base
metals and is one of the alloys that will be re-heat treated to decrease the hardness.

Following hardness testing and optical metallography, all 50 alloys were submitted for
electro-discharge machining to fabricate multiple thin plates, “wafers,” of about 0.021 in.
(0.53 mm) thickness to enable final preparation of discs from each plate of 0.5 mm thickness.
Figure 2.3 shows the drawing used for machining of wafers from each plate. Wafers from all
50 alloys have been shipped to UCSB for final preparation and punching of discs for inclusion
in the ATR-2 irradiation capsule.
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Figure 2.3. Drawing for machining of "'wafers'* from each of 50 Rolls-Royce supplied plates.



Additionally, surveillance materials from various operating nuclear reactors will be included
to enable a direct comparison of results from a test reactor at high flux and a power reactor at low
flux. In collaboration with the nuclear power industry and Mr. William Server of ATI-Consulting,
archival materials have been procured from various sources within the nuclear industry. Mr.
Server contacted all the appropriate utilities to request material and, in one instance, visited the
storage facility at Westinghouse in Pittsburgh to locate specific archive materials.

Table 2.1 shows the specific RPV surveillance materials that were previously identified as
those that would provide results of particular interest. For the materials in Table 1, contacts have
been made with the relevant nuclear utilities to obtain archival material for each case and the right
hand column provides the status as of October 2010 in each case. These materials have been
selected based not only on their chemical composition but also on their inclusion in capsules
intended for relatively high fluence to allow for comparisons of results from surveillance
conditions and the test reactor conditions in the ATR-2 experiment.



Table 2.1. RPV surveillance materials being pursued for inclusion in the ATR-2 experiment.

Plant/Capsule Fluence (E19) |Base Metal Heat Cu Ni Weld [Flux/Heat Cu Ni Comments
Farleyl-Z 8.47
Farleyl-V 7.14 Test reactor data exist for this weld wire heat (low Cu
Farleyl-W 4.75 weld MTR program - Hawthorne et al.); archive Farley-
1 material has been located at Westinghouse; other
weldments from this same weld wire heat are
SA-533B-1 014 0.55 lindle 0091 B4 54E pc_ntentially zjlvailable ffrom Maint_e Yankee and Calvert
(33A277) Cliffs-1 archives at another Westinghouse/CE storage
Farley1-X 3.06 location if ever needed; non-irradiated Master Curve
data exist for this weld wire heat; formal approval
from utility has been received, and material has been
cut and will be shipped to ORNL from Westinghouse
Farley2-Y 6.79 Test reactor data may exist for the weld metal from
Farley2-Z 4.92 low Cu weld program (TBD); archive Farley-2 plate and
Farley2-X 2.98 weld metal material has been found (one 1/2-T CT for
S BEEELA weld metal and twelve 1/2-T CTs for base metal); also
(C7466-1) 0.2 0.6 SMAW | (BOLA) 0.03 0.9 other archive was located at Westinghouse, but will
require further work to determine usability; formal
approval from utility has been received and some 1/2-
T CT specimens have been shipped to ORNL from
Farley2-V 13.6 (2019) Westinghouse
VCSummer-Z 6.54 Key comparison of Linde 124 weld with SMAW weld
VC Summer-W 4.63 from Farley-2; archive Summer weld metal located (six
o 1/2-T CTs); also other archive was located at
SA-533B-1 0.1 0.51 Linde 0.05 0.91 Westinghouse, but will require further work to
(4P4784) . . -
dertermine usability; formal approval from utility has
been received and material 1/2-T CT specimens have
VC Summer-Y 4.63 (2016) been shipped to ORNL from Westinghouse
Kewaunee-T 5.62 Same weld wire heats between Kewaunee and MY;
Kewaunee-S 3.67 fracture toughness data exist from Capsules Tand S;
SA-508-2 R R .
archive material for Kewaunee weld and forging have
(122X208VA1l or 0.06 0.75 0.22 0.72 R .
123X167VA1) been Ioca'ted at YVestl nghouse_; utlll'ty apprt?val has
been received; pieces of materials will be shipped to
e 9.2(2022) linde 1092 ORNL from Westinghouse
(1P3571) Test reactor data exist for this weldment; also fracture
toughness data exist from Capsule A-35; archive
VLRSS 244 SA-533B.1 01 053 0 075 material has been located at Westinghouse (untested

CVN specimen(s); utility approval has been received;
specimens have been shipped to ORNL from
Westinghouse




Bv2-X 5.6 Low copper plate to be compared with Farley-2 higher
BV2-W 3.63 SA-5338-1 copper plate; archive material has been located at
(B9004-2) 0.05 0.56 Linde 0091 0.08 0.07 Westinghouse, utility approval has been received, and
a piece is is being cut and will be shipped to ORNL
BV2-Y (2014) 6.0 from Westinghouse
Robinson2-X 4.49
Robinson2-T 3.87 SA-302 0.12 N/A Linde 124 0.34 0.66 Backup
Robinson2-U (2011) 3.87
Prairie Is1-R 4.48
Prairie I1s1-S 4.02 SA-508-3 0.06 0.72 SMIT 89 0.13 0.09 Backup
Prairie Is1-S (2011) 5.16
Prairie Is2-R 4.38
Prairie I1s2-P 4.17 SA-508-3 0.09 0.7 SMIT 89 0.08 0.07 Backup
Prairie Is2-P (2014) 5.2
Need to get untested Capsule A60 to ORNL; ORNL is
Pall'sades-A240 4.01 SA-302B Mod. 0.25 0.53 0.23 12 ‘ pursuing rental of shiping (fontalner from
Palisades - A60 >10 Linde 1092 Westinghouse; older tested specimens probably have
Palisades-W80 (2019) 3.06 been discarded; heat code needs confirmation
Pall‘sades - SA240 2.38 NA 0.307 1.045 |Different weld wire heat; fracture toughness data exist
Palisades - SA60 1.5
. Original surveillance program, possibly another
Diablo Canyonl-V 1.37 SA-533B-1 0.08 0.46 1092 0.21 0.98 . .
capsule will be tested in 2010/2011
1092 Same weld heat as above, but slightly different
chemistry
Diablo Canyon Linde :g V\\?Qzl;B
Supplemental TBD NA 0091 WOA/B
Capsules B, C, & D - — / - -
72WP; still researching if capsule with DC-1 will be
124 tested in 2010 or 2011, non-irradiated archive available
form ORNL
3.0and higher 80 Irradiated data from several sources including B&WOG
Turkey Point 4 with future NA Linde (71249) 0.29 0.6 and Point Beach 1; material being shipped from Florida
capsules Power and Light to ORNL to be cut from archive block

NOTES:

Blue indicates primary materials of interest
Yellow indicates capsules of interest

Capsules with dates after the fluence are planned values assuming the coordinated PWR surveillance program




Two outcomes of that activity were the shipping of pieces of some materials to ORNL by Dr.
Brian Burgos of Westinghouse and Mr. Scott Boggs of Florida Power and Light (Turkey Point Unit 4
weld). They are shown in Table 2.2 below. All of these surveillance materials have been machined
into “wafers” and shipped to UCSB for punching of discs.

Table 2.2. List of archival surveillance materials supplied by Westinghouse and
Florida Power and Light.

Plant Material Heat Number Specimen Provided
One (1) 1/2T-CT

Farley Unit 2 SMAW BOLA “«CW25”
. Two (2) 1/2T-CT
Farley Unit 2 SA533B-1 C7466-1 “CT29” and “CL28”®
. One (1) 1/2T-CT
V.C. Summer Linde 124 Weld 4P4784 “«CW26”
Kewaunee Linde 1092 Weld 1P3571 0.5 x 37 x 1.5 slice of
weldment (weld marked)
Two (2) untested tensile
. . “4KL” and “3J2”
Maine Yankee Linde 1092 Weld 1P3571 Two (2) broken Charpy
halves from specimen “372”
Farley Unit 1 Weld 33A277
Beaver Valley
Unit 2 Plate B9004-1
Kewaunee Forging, SA 508-2 B6307-1
Weld wire heat
Turkey Point Linde 80 Weld, SA- | #71249 and . .
Unit 4 1094 Linde 80 flux lot Piece 3.375x4.25x8.625 in.
8457.
Notes:
@ “CT” refers to transverse orientation and “CL” refers to longitudinal orientation.
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Attachment 1
Table Al.1. Hardness Results for Rolls-Royce Alloys

Rockwell hardness‘values f‘or cross-rLIIed pIalL
Rolls Royce PO number 5200017827 }
\
Averages Data points
Overall | | ,m
Steel No. |Heat No. |Scale 1/4W | 1/2W | 3/4W | 1/4T | 1/2T | 3/4T Avg 1/4 width center 3/4 width 14T 34T UTS, ksi
1 |L2385 |HRB Front 81.67 80.33 82.00 80.83 |[80.33 | 81.17 81.1 81.0 820 820 80.0 810 80.0 84.0 80.0 820 81.0 81.0 805 815 810 81.0
Rear 81.50 | 81.67 | 81.83 [ 81.33 [81.67 |80.33 81.4 80.0 82.0 825 810 820 820 820 815 82.0 810 810 820 81.0 79.0 810
Average 81.58 81.00 81.92 81.08 |81.00 | 80.75 81.2 80.5 82.0 823 805 815 810 830 808 820/ 81.0 81.0 81.3| 81.3 80.0 81.0 73.5
2 L2402 |HRB Front 73.7 727 72.3 714 727 72.8 72.6 735 735 740 72.0 73.0 732 709 73.0 730|715 712 715| 71.8 73.5 73.0
8/13/10 Rear 71.3 71.8 71.1 71.2 71.8 71.9 71.5 704 716 71.8] 715 717 722 69.1 71.8 723|709 71.0 718| 71.3 72.0 72.5
Average 72.5 72.3 71.7 71.3 72.3 72.4 72.1 720 726 729 718 724 727| 7 72.7)71.2 71.1 717 71.6 62.9
3 |L2403 |HRB |Front 56.6 57.6 57.4 57.1 57.6 60.7 57.8 56.1 56.5 57.2| 579 580 569| 57.1 57.1 57.9/56.8 57.6 57.0 60.3 59.8 61.9
8/16/10 Rear 61.7 60.6 59.6 58.0 60.6 62.2 60.5 615 62.1 61.4] 60.2 60.7 61.0] 594 59.6 59.8/57.9 58.1 58.1] 61.8 62.6 62.1]
Average 59.1 59.1 58.5 57.6 59.1 61.4 59.1 58.8| 59.3 59.1| 59.4| 59.0/ 58.3] 58.4| 58.9|¢ 57.6| 61 61.2| 62.0) 50.3
4 |L2404 |HRB |Front 84.2 84.8 83.5 83.9 84.8 84.4 84.3 839 842 84.6| 845 850 850 831 835 84.0[831 844 842 84.0 84.7 845
8/13/10 Rear 83.1 83.6 83.2 83.8 83.6 84.3 83.6 81.0 84.0 842 832 839 838 825 832 84.0[832 840 84.2( 84.0 845 845
Average 83.7 84.2 83.4 83.9 84.2 84.4 84.0 825 84.1 84.4| 839 845| 84.4| 828 83.4| 840 832 842 842 840/ 84.6 845 77.4
5 |L2405 |HRB Front 79.5 79.7 79.1 78.9 79.7 78.8 79.3 792 798 79.4| 79.2 80.0 80.0 78.9 79.1 79.2|/78.7 79.2 788| 786 79.5 78.2
8/16/10 Rear 78.4 78.5 78.8 77.2 78.5 78.2 78.3 78.3 789 78.1| 780 788 786| 79.0 79.2 781|77.0 77.2 77.4[ 79.5 78.1 77.0
Average 79.0 79.1 78.9 78.1 79.1 78.5 78.8 79.4 78.8 78.6 794 793/ 79.0 79.2 78.7/77.9 8.1| 79. 8.8 77.6] 70.3
6 |L2406 |HRB Front 84.8 84.6 82.8 83.7 84.6 84.0 84.1 85.0 848 84.6| 845 851 84.2| 821 83.0 832|832 83.8 84.0| 840 845 83.5
8/16/10 Rear 85.6 84.8 85.2 85.0 84.8 85.3 85.1 858 854 85.6| 83.1 854 85.8| 84.6 85.0 859|850 852 84.8| 852 85.1 85.6
Average 85.2 84.7 84.0 84.3 84.7 84.7 84.6 85.1 85.1| 838 853 850/ 834 84.0 84.4| 84.6 84.8 84.6| 78.4
7 |L2407 |HRB _ |Front 89.0 88.9 88.9 88.4 88.9 89.1 88.9 88.2 89.2 89.6| 89.0 889 888 888 89.0 89.0/880 886 88.6] 89.0 88.7 89.6
8/16/10 Rear 89.0 89.1 89.3 89.1 89.1 89.1 89.1 88.7 90.0 88.4| 89.0 89.1 89.2| 88.2 90.2 89.5|88.2 89.0 90.0|] 89.1 89.1 89.0]
Average 89.0 89.0 89.1 88.7 89.0 89.1 89.0 88.5 89.6 89.0 89.0 89.0 89.0 885 89.6 88.8 89.3 89 88.9 86.0
8 |L2410 |HRB _|Front 81.2 81.8 81.2 80.8 81.8 81.1 81.3 80.3 822 812 825 819 811| 802 815 81.9/80.5 80.8 81.0[ 81.0 81.1 81.1
8/18/10 Rear 81.2 81.6 81.6 80.9 81.6 81.3 81.4 81.9 81.8 81.4| 819 819 810[81.0 81.0 80.8| 818 812 810
Average 81.2 81.7 81.4 80.9 81.7 81.2 81.3 82 \| 81 ":| 81.3] 8 \| 81 7| 81.5/ 8 80.9] 81 «1| 81 7| 81.1 73.6
9 |L2414 |HRB Front 85.2 85.4 85.5 84.4 84.7 84.2 84.9 85.8 86.1 83.0/ 850 845 85.1[854 86.5 86.5| 84.0 850 84.9
8/18/10 Rear 84.0 84.3 85.0 85.7 85.0 84.9 84.8 84.0 84.1 839| 850 86.0 86.1] 830 855 85.0/854 855 854 84.8 85.4 856
Average 84.6 85.0 84.7 85.8 85.0 85.0 85.0 83, S| 85 U| 85.1] 84 3| 386. ,| 84.6 85, U| 85.1] 85.4/ 86.0] 86.0] 84, 4| 85.2] & 79.1
10 |L2384 |HRC _|Front 29.2 29.5 29.6 28.6 29.5 29.2 29.3 292 289 294 295 29.2 299 29.6 29.6 29.7 283 29.0 286 29.0 29.5 29.1
Rear 28.9 29.2 28.5 28.6 29.2 29.3 28.9 288 293 286 293 293 29.1 285 28.8 28.1 285 284 288 288 29.9 29.1
Average 29.0 29.4 29.1 28.6 29.4 29.2 29.1 29.0 29.1 29.4 29.5| 29.1 29.2 28 28.7 7| 28.9 134.5
11 |L2408 |HRC |Front 23.1 233 22.7 22.5 233 22.9 23.0 225 238 231] 236 230 232| 221 231 23.0/221 225 23.0[ 22.8 23.0 23.0
8/18/10 Rear 22.4 22.7 22.4 22.3 22.7 22.2 22.5 221 229 222| 225 23.0 225/ 215 228 230|215 228 227| 221 225 22.1]
Average 22.8 23.0 22.6 22.4 23.0 22.6 22.7 22.3 234 23.1 23.0 229 218 23.0 229 225 22.8 22.6 116.1
12 |L2409 |HRB |Front 95.7 96.2 95.7 95.8 96.2 96.0 95.9 949 96.0 96.1] 96.0 964 96.2| 955 958 95.8/955 958 96.0 96.0 95.9 96.0
8/18/10 Rear 94.9 95.2 95.5 93.3 95.2 95.0 94.9 94.8 95.0 950/ 952 950 955/ 951 955 95.8/94.2 91.5 94.3[ 949 951 95.0
Average 95.3 95.7 95.6 94.6 95.7 95.5 95.4 949 955 956/ 956 957 959 953 958/ 94.9 93.7 95.2| 955 100.1
13 |L2415 |HRC |Front 27.9 28.7 29.5 25.2 28.7 30.3 28.4 28.1 286 27.0] 289 289 284 31.0 285 29.0/225 27.2 259| 29.0 31.0 30.8|
8/13/10 Rear 26.8 271.7 28.2 28.0 271.7 24.2 27.1 26.0 27.0 27.5| 283 285 26.2| 28.1 28.0 28.6/26.3 28.7 29.0[ 23.1 25.1 245
Average 27.4 28.2 28.9 26.6 28.2 27.3 27.7 27.1| 27.8| 27 28.7 29.6/ 26.1) 28.1) 27.7| 130.1
14 |L2416 |HRC _|Front 23.1 225 21.9 224 225 23.4 22.6 224 230 239| 219 2238 229| 214 22.0 222|238 222 21.1| 234 23.3 23.6
8/16/10 Rear 21.9 22.9 23.1 22.3 22.9 21.4 22.4 221 21.1 22.6| 21.8 24.0/ 23.0] 23.0 23.0 23.3|21.9 228 222| 21.0 21.8 215
Average 22.5 22.7 22.5 22.3 22.7 22.4 22.5 22.3| 22.1 23.4| 23.0] 22.2 21.7| 22.2 115.7
15 |L2417 |HRC |Front 27.3 28.0 275 26.2 28.0 27.9 275 28.0 2858 250| 280 281 27.8] 280 27.6 26.9/26.1 26.2 26.2 28.0 27.9 27.9
8/13/10 Rear 25.9 26.8 26.1 26.9 26.8 23.8 26.0 25.7 26.0 259 26.8 26.8/ 26.8] 25.3 26.1 26.8/26.8 26.9 26.9] 24.0 22.8 24.5
Average 26.6 27.4 26.8 26.5 27.4 259 26.7 26.9| 27.4] 25.5 4| 27.5| 27.3] 26.7| 26.9] 26.9]26.5|26.6 26.0) 254262 127.1




Attachment 1 (Cont’d)
Table Al1.1. Hardness Results for Rolls-Ro

ce Alloys

16 |L2418 |HRC Front 26.8 27.7 27.8 27.3 27.7 245 27.0 26.0 27.4 27.1| 275 285 27.2| 275 281 27.9(27.2 27.8 27.0f 24.0 225 27.0

8/16/10 Rear 26.4 26.4 26.9 26.5 26.4 | 24.4 26.2 24.9 274 270 255 26.1 275 26.2 27.2 27.2|265 26.8 26.2| 24.00 24.1 25.0|
Average 26.6 27.1 27.4 26.9 27.1 24.4 26.6 25.5| 27.4| 27.1) 26.5| 27.3| 27.4| 26.9 7 7.3 24.0 233/ 260) 126.6

17 |L2436 |HRC _|Front 30.2 28.8 28.9 25.5 28.8 28.0 28.4 28.4 321 30.2[ 29.00 282 29.2| 28.0 29.6 29.1)24.2 252 27.0[ 30.0, 28.7 25.2]

8/13/10 Rear 27.1 27.7 28.7 28.8 27.7 24.6 27.4 25.1 27.1 29.0] 26.0 289 282| 27.2 30.0 28.9|280 323 262 23.0 25.1 25.8|
Average 28.7 28.3 28.8 27.2 28.3 26.3 27.9 2 29.6| 29.6| 27.5| 28.6| 28.7| 27.6| 29.8/ 29.0|26.1|28.8| 26.6| 26.5| 26.9|25.5 130.6

18 |L2435 |HRC Front 28.8 28.9 29.0 28.9 29.0 29.9 29.1 28.8 28.7 29.00 29.2 287 28.8| 29.4 315 28.925.0 257 24.7[ 29.0 29.2 28.2

9/13/10 Rear 29.1 29.0 29.0 28.5 28.8 28.8 28.9 29.2 29.0 29.0] 28.9 29.2 289 283 29.1 28.8[28.2 28.2 29.0 26.8 27.2 28.0
Average 29.0 29.0 29.3 26.8 29.0 28.1 28.5 29, ‘J| 29.0] 29 1| 29, U| 28.9] 28.9 132.5

19 |L2411 |HRB  |Front 94.8 94.8 94.9 94.8 94.8 94.7 94.8 945 950 95.0[ 94.8 950 94.7| 94.8 94.7 95.0194.5 94.2 95.0[ 94.7 94.8 94.6|

8/18/10 Rear 93.2 94.6 94.3 93.1 93.8 94.0 93.8 91.0 93.9] 948 94.2 94.8] 923 95.0 94.5/93.2 93.2 93.0] 945 94.8 94.9
Average 94.0 94.7 94.4 93.9 94.7 94.7 94.4 94.5] 94, 8| 94.8] 93.6] 94 9| 94.8] 93.9] 93.7 94.0] 97.6

20 |L2421 |HRB _ |Front 82.1 80.7 82.0 80.7 80.7 82.1 81.4 80.7 827 830 792 818 81.0] 816 817 827|788 81.2 820 81.6 828 82.0

9/7/10 Rear 80.6 80.0 81.2 80.4 80.0 79.9 80.3 79.0 812 816/ 79.1 79.8 81.0/ 80.3 815 81.979.2 809 81.0f 79.0 79.8 81.0
Average 81.4 80.3 81.6 80.5 80.3 81.0 80.9 79.9| 82.0/ 823 80.8/ 81.0/ 81.0/ 8l.€ 79.0| 81.1| 815/ 80.3| 81.3 81.5| 73.0

21 |L2412 |HRB Front 90.4 91.7 91.5 91.4 91.6 915 91.4 87.8 92.0 915 915 91.8 919| 911 915 92.0{91.0 91.1 92.2 91.1 915 91.8

8/18/10 Rear 91.7 92.0 92.0 91.4 91.9 91.8 91.8 91.1 920 92.0[ 920 920 91.8| 91.8 91.8 91.3/91.0 91.2 91.9[ 91.8 91.7 92.0|
Average 91.1 91.8 91.6 91.4 91.8 91.7 91.6 89. 5| 92.0] 91.8] 91 8| 91 9| 91.9] 91.5] 91 7| 91.7(91 (“| 91 Z| 921 91.5] 91.6][91.9 91.2

22 |L2413 |HRC |Front 21.4 21.9 222 225 22.2 22.5 22.1 215 210 218 228 221 226| 218 232 233|218 220 222 223 232 23.0

8/18/10 Rear 22.0 22.4 225 22.6 22.8 22.8 22.5 21.0 227 22.4| 222 228 227| 228 228 243|222 23.0 22.0( 228 229 23.0
Average 21.7 22.5 23.0 22.2 225 | 229 22.5 2 J| 21.9] 22.1 22.7 23.1 115.5

23 |L2433 |HRB Front 90.9 91.2 91.6 89.9 91.2 91.2 91.0 90.1 91.8 90.7) 91.2 915 909| 915 915 91.7(89.1 90.4 90.2 91.6 90.8 91.1

9/10/10 Rear 90.5 90.0 90.0 91.7 90.0 | 90.3 90.4 90.3 90.3 90.8] 89.2 90.6 90.2] 89.4 90.5 90.2|/91.7 91.7 91.8[ 90.9 90.8 89.3|
Average 90.7 90.6 90.8 90.8 90.6 90.8 90.7 90.2| 91.1] 90.8f 90. 2| 91, 1| 90.6] 90.5] 91 D| 91.0f 90 ,1| 91 l| 91.0] 91.3] 89.4

24 |L2397 |HRC |Front 26.0 26.3 25.7 25.7 | 263 25.0 25.8 26.0] 260 26.0 26.0 270 26.0 26.0 26.0 25.0 250 26.0 26.0 24.0 26.0 25.0

Rear 28.0 25.3 26.7 253 | 253 25.0 25.9 29.0/ 29.0 26.0 250 250 26.0 27.0 27.0 26.0 26.0 250 25.0 24.0 26.0 25.0|
Average 27.0 25.8 26.2 25.5 25.8 25.0 25.9 27.5 26.0 26.0 26.0/ 26.5 25.5/25.5 2 26.0 25.0] 124.6

25 |L2434 |HRB Front 93.2 93.3 93.3 93.3 93.5 93.5 93.4 935 930 93.0] 93.0 938 93.2| 935 938 93.2/93.8 93.5 945/ 932 92.6 93.6

9/10/10 Rear 94.0 94.3 94.4 94.1 94.1 93.7 94.1 93.9 939 94.3 95.0 94.0[ 93.2 938 93.2/93.8 94.1 94.3[ 93.9 93.7 93.5
Average 93.6 93.8 93.5 94.0 93.8 93.4 93.7 9 1| 93.6] 93.4] 93 f‘,| 93.2{ 93 f‘,| 93, f‘,| 94.4 93.2] ¢ 95.9

26 |L2386 |HRC |Front 22.0 22.1 21.5 221 | 221 22.4 22.0 22.0] 218 221 219 217 214 212 22.0 217 21.8 227/ 223 227 22.1

Rear 22.1 22.3 21.8 22.0 | 223 22.1 22.1 22.1| 223 219 224 222 224 216 217 220221 219 220 219 223 222
Average 22.0 22.2 21.7 22.0 22.2 22.3 22.1 22.1| 22.1 22.0| 225 221 22 21.5 215 22.0/21.9 21.9 224 22.1 225 22.2 114.5

27 |L2423 |HRB _|Front 88.8 90.7 90.1 87.3 90.7 90.8 89.8 88.2 893 89.0 91.0 90.1 91.1] 89.0 90.5 90.8/87.3 86.5 882 90.8 91.2 90.5|

9/7/10 Rear 89.6 88.7 89.5 89.7 88.7 89.3 89.3 90.2 89.2 89.5| 89.5 882 88.5| 885 90.1 89.8/90.2 89.6 89.4| 89.7 88.3 89.9
Average 89.2 89.7 89.8 88.5 89.7 90.1 89.5 89.2 89.3 89.3] 90.3 89.2 89.8 888 903 90.388.8 88.1 88.8 90.3 89.8 90.2] 87.0

28 |L2422 |HRC |Front 21.1 22.1 21.7 21.9 22.1 22.1 21.8 20.0 218 21.6] 21.9 224 22.0] 20.8 22.0 224|214 223 22.0[ 222 220 22.1

9/7/10 Rear 21.4 21.2 21.6 22.1 21.2 19.9 21.2 202 212 228 209 216 211 212 215 22.0/22.0 21.8 224 19.9 19.0 20.8|
Average 21.3 21.7 21.7 22.0 21.7 21.0 21.5 20.1) 21.5 22.2| 21.4) 22.0/ 21.6| 21.0/ 21.8| 222/21.7/22.1| 222 21.1] 20.5| 21.5] 113.2

29 |L2424 |HRB Front 93.6 94.0 93.8 92.7 94.0 94.0 93.7 935 932 94.2| 932 935 952| 93.2 935 94.7/92.2 92.8 93.2 945 93.1 945

9/7/10 Rear 93.5 93.4 92.9 93.7 93.4 93.2 93.3 93.5 932 93.8/ 93.0 936 93.6] 92.7 93.1 92.9{94.8 93.1 93.1f 93.0 93.2 93.4
Average 93.6 93.7 93.4 93.2 93.7 93.6 93.5 935 932 940 931 936 944/ 930 933 938/ 935 93.0 93.2/ 93.8 93.2 94.0] 95.5

30 |L2429 |HRB _|Front 92.9 94.9 95.1 94.3 94.9 95.0 94.5 942 932 91.2| 948 949 950/ 942 950 96.0/94.0 952 93.8[ 94.7 95.0 95.2|

9/13/10 Rear 96.2 96.3 96.6 96.9 96.3 96.7 96.5 96.6 959 96.0[ 954 96.0 97.5| 964 96.5 96.9)/96.8 96.8 97.2[ 98.0 96.7 95.4]
Average 94.5 95.6 95.8 95.6 95.6 95.8 95.5 954 94.6 93.6| 95.1 96.3| 953 95.8 96.5 95.4 96.0 100.3

10




Attachment 1 (Cont’d)

Table Al.1. Hardness Results for Rolls-Royce Alloys

31 |L2430 |HRC |Front 24.0 23.4 23.1 22.6 23.4 23.4 23.3 239 241 23.9| 23.0 231 240| 228 227 238[228 22.0 229| 23.0 23.6 23.6
9/13/10 Rear 22.8 22.3 21.8 22.0 223 215 22.1 233 221 230| 222 229 21.7] 21.2 222 22.0/22.0 220 22.0] 21.0 21.5 22.0|
Average | 23.4 22.8 225 223 | 228 | 225 | 227 | 236 231 235 226 230 229 220 225 229 224 22.0 226 228] 1161
32 |L2398 |HRC Front 26.3 26.7 26.0 26.0 26.7 223 25.7 26.0 27.0 26.0 26.0 27.0 27.0 26.0 26.0 26.0 26.0 26.0 26.0 22.0 21.0 24.0
Rear 25.7 26.0 26.0 25.7 26.0 24.7 25.7 26.0 26.0 25.0 26.0 26.0 26.0 26.0 26.0 26.0 250 26.0 26.0 25.0 25.0 24.0
Average 26.0 26.3 26.0 25.8 26.3 235 25.7 6.5 25.5| 26.0 6.5 26.5 26.0 26.0/25.5 26.0 26.0) 23.5 23.0 24.0] 123.9
33 |L2420 |HRB |Front 96.6 96.9 96.7 95.0 96.9 96.5 96.4 979 96.0 96.0) 97.1 96.5 97.0| 96.0 97.2 97.0{94.2 957 95.0| 96.0 96.3 97.2
8/16/10 Rear 97.2 95.9 96.0 94.9 95.9 95.2 95.9 98.7 96.5 96.4| 96.5 95.3 96.0/ 952/ 96.1 96.7|93.0 95.8 96.0] 95.7 94.1 95.9|
Average 96.9 96.4 96.4 95.0 96.4 95.9 96.2 98.3| 96.3| 96.2| 96.8/ 95.9/ 96.5| 95.6/ 96.7| 96.9]/93.6) 95.8/ 95.5| 95.9| 95.2| 96.6] 102.0
34 |L2419 |HRB Front 94.9 95.8 94.2 94.2 95.8 95.3 95.0 93.8] 95.1| 95.8| 97.8| 94.5] 95.0| 93.0| 94.8| 94.8/93.4[94.4 94.8| 95.6| 95.0[95.2
9/7/10 Rear 95.4 95.4 95.0 95.3 95.4 94.9 95.2 94.0[ 96.0] 96.1) 95.9| 95.4| 95.0] 94.7| 94.3| 96.0|95.0[95.0 95.9| 95.0| 94.8|95.0
Average 95.1 95.6 94.6 94.8 95.6 95.1 95.1 95.6{ 96.0 95.0] 95.0 1.6] 95.4/ 94.2]94.7 95.4| 95.3] 94 99.4
35 |L2399 |HRB |Front 96.7 96.0 96.3 96.0 96.0 96.0 96.2 98.0] 96.0] 96.0] 96.0] 96.0] 96.0] 95.0| 96.0| 98.0| 96.0[ 96.0| 96.0| 96.0| 96.0[96.0
Rear 97.7 95.7 97.3 96.0 95.7 96.3 96.4 99.0[ 99.0] 95.0) 95.0f 96.0] 96.0] 98.0] 98.0| 96.0| 96.0[ 96.0| 96.0] 96.0] 97.0[96.0
Average 97.2 95.8 96.8 96.0 95.8 96.2 96.3 98.5] 97.5| 95.5] 95.5] 96.0] 96.0] 96.5| 97.0] 97.0] 96.0] 96.0] 96.0] 96.0f 96.5]| 96.0] 102.4
36 |L2425 |HRB |Front 89.5 88.7 87.9 88.7 88.7 89.1 88.8 89.4 90.0 89.0) 90.2 889 87.1] 885 86.8 88.3/88.8 88.6 88.6] 90.0 88.4 89.0
9/10/10 Rear 87.6 88.3 88.3 87.9 88.3 89.0 88.2 86.9 88.0 880| 874 88.8 88.8| 8382 87.8 88.8/87.2 88.2 88.3] 88.1 88.9 89.9
Average 88.6 88.5 88.1 88.3 88.5 89.1 88.5 88.2 89.0 88.5| 888 889 88.0/ 884 87.3 88.6/8380 834 885 89.1 88.7 89.5 85.1
37 |L2426 |HRB Front 97.0 97.6 97.2 96.7 97.6 98.5 97.4 98.0 96.1 97.0| 97.8 97.0 98.1] 97.2 975 96.8/96.4 97.0 96.8 98.5 98.4 98.5
9/10/10 Rear 96.8 97.6 97.2 98.7 97.6 97.8 97.6 96.5 96.8 97.2| 98.0 97.3 97.6/ 97.0 97.2 97.5/98.0 99.1 99.0] 97.5 97.5 98.3
Average | 96.9 97.6 97.2 977 | 976 | 981 ] 975 | 973 965 97.1 97.2| 97.9| 97.1| 97.4) 97.2/97.2/98.1 97.9| 98.0| 98.0 105.7
38 |L2427 |HRB |Front 89.3 89.5 89.2 90.2 89.5 89.9 89.6 895 889 89.6) 89.8 894 894| 895 88.6 894899 90.6 90.0] 89.3 90.3 90.2
9/13/10 Rear 89.3 87.7 87.6 88.0 87.7 87.9 88.0 [88.0-8 89.0 89.5 87.8 87.0 88.3] 88.0 88.0 86.7/86.9 885 88.7| 87.8 88.1 87.8
Average 89.3 88.6 88.4 89.1 88.6 88.9 88.8 89.5/ 89.0/ 89.6| 88.8/ 88.2| 88.9| 88.8| 88.3| 88.1|88.4) 89.6 89.4| 88.6| 89.2] 89.0) 85.7
39 |L2400 |HRB |Front 94 94 96 94 94] 94 945 94 95 94 94 95 94 94 96 97, 94| 95 94 94 94| 94
Rear 98| 95| 97| 95 95 94| 95.7 99| 98 98! 94| 95 95| 97| 96 99 95 95 95| 95 94| 94
Average 96| 95| 97 95| 95 94] 95.1 o7f o7f 96 94 95| 95| 98] 96| 98 95| 95 95| 95| 94 94 99.4
40 |L2428 |HRB Front 95.8 96.4 95.9 94.0 96.4 95.5 95.7 96.1 953 96.1) 97.1 96.2 96.0| 958 96.0 96.0/92.0 949 95.0 96.0 95.0 95.6|
9/13/10 Rear 95.8 95.4 95.8 96.8 95.4 95.6 95.8 94.8 957 97.0] 950 949 96.3] 954 958 96.1/96.6 969 96.8/ 959 94.9 96.0
Average | 95.8 95.9 95.9 954 | 959 | 956 | 957 | 955 955 96.6| 96.1 956 962/ 956 959 96.1/94.3 959 959/ 96.0 95.0 O 101.0
41 |L2431 |HRB |Front 94.1 93.9 94.0 93.5 93.9 94.5 94.0 941 941 941) 941 940 935] 939 940 940{932 935 93.8] 948 94.2 945
9/10/10 Rear 94.2 93.9 94.4 93.8 93.9 94.0 94.0 948 934 945 938 941 938| 945 946 94.0/93.2 935 94.8/ 93.9 93.9 94.1
Average 94.2 93.9 94.2 93.7 93.9 94.2 94.0 945 93.8 94.3| 940 941 93.7| 942 943 94.0/932 935 943 944 96.7
42 |L2432 |HRB _|Front 97.0 97.7 97.7 96.9 97.7 97.9 97.5 96.6 972 97.2| 97.8 97.2 98.0| 978 975 97.9/96.6 97.0 97.1] 97.3 98.1 98.2
9/10/10 Rear 96.7 96.4 97.4 96.6 96.4 97.0 96.8 98.0 96.0 96.1) 965 96.3 96.5| 975 975 97.2/98.0 96.1 95.6| 97.0 97.9 96.1
Average 96.9 97.1 97.6 96.7 97.1 97.4 97.1 97.3 96.6 96.7| 97.2 96.8 97.3| 97.7 97.5 97 96.6 96.4| 97.2 98.0 ¢ 104.6
43 |L2437 |HRB Front 96.3 95.6 96.7 96.1 95.6 96.0 96.1 95.8 96.0 97.1) 958 94.9 96.1] 97.8 96.2 96.1|96.0 96.1 96.2| 97.0 955 95.6|
8/16/10 Rear 98.2 97.9 97.0 97.7 97.9 95.8 97.4 97.8/ 99.5 97.2| 97.0 97.0/ 99.8| 95.8 97.2 97.9/96.0 97.9 99.2| 94.0 96.2 97.2
Average 97.2 96.8 96.8 96.9 96.8 95.9 96.7 96.8| 97.8| 97.2| 96.4| 96.0) 98.0| 96.8] 96.7| 97.0/96.0|97.0] 97.7[ 95.5] 95.9 103.6
44 |L2438 |HRB |Front 98.1 97.1 98.1 97.6 97.1 97.6 97.6 98.0 98.0 982 97.2 97.0 97.1] 974 98.0 989|975 975 97.8| 97.6 97.8 97.5
8/13/10 Rear 96.3 96.9 99.2 96.6 96.9 95.5 96.9 96.0 97.9 950| 964 97.1 97.1] 99.1 99.9 98.7|/96.5 96.2 97.2| 950 95.9
Average 97.2 97.0 98.7 97.1 97.0 96.6 97.2 97.0 98.0| 96.6] 9 97.1) 97.1| 98.3] 99.0/ 98.8/97.0) 96.9 96.9 104.9
45 |L2439 |HRB |Front 101.1 | 100.1 [ 100.6 99.3 [ 100.1 | 99.4 100.1 | 102.0 100.9 100.4{ 100.1 100.0 100.1f 101.5 100.0 100.2| 99.2 98.5 100.2| 100.0 98.8 99.4
8/16/10 Rear 100.2 | 100.2 | 100.0 98.5 | 100.2 | 100.4 99.9 99.9/ 100.2/ 100.5| 100.0 99.7) 100.9] 99.8 100.1 100.0| 97.8 98.0 99.8| 101.5 100.1) 99.7
Average 100.7 | 100.1 | 100.3 98.9 [ 100.1 | 99.9 ] 100.0 | 101.0. 100.6. 100.5/ 100.1 99.9' 100.5| 10 100.1] 100.1) 98.5/ 98.3| 100.0 10C 99.5| ¢ 1129
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Table Al.1.

Attachment 1 (Cont’d)
Hardness Results for Rolls-Ro

ce Alloys

45 L2439 |HRB Front 101.1 100.1 100.6 99.3 100.1 99.4 100.1 [102.0 100.9 100.4| 100.1 100.0) 100.1] 101.5 100.0 100.2) 99.2 98.5 100.2| 100.0 98.8 99.4|
8/16/10 Rear 100.2 100.2 100.0 98.5 100.2 | 100.4 99.9 99.9 100.2 100.5| 100.0/ 99.7 100.9] 99.8 100.1 100.0{ 97.8 98.0 99.8| 101.5 100.1 99.7
Average | 100.7 | 100.1 | 100.3 | 98.9 [ 100.1]| 99.9 | 100.0 | 101.0 100.6 1005/ 100.1 99.9/ 100.5/ 100.7 100.1 100.1] 98.5 98.3/ 100.0/ 100.8 99.5 99.6] 112.9
46 L2401 |HRC Front 31 30 30| 30| 30| 29| 30.1 32.0/ 31.0f 31.0 31.0f 30.0] 30.0] 30.0f 30.0| 30.0 30.0{30.0] 30.0f 28.0| 29.0f29.0
Rear 31 30 30| 30| 30| 30] 30.1 30.0] 30.0f 32.0 29.0f 30.0] 30.0] 30.0f 30.0| 30.0 30.0{30.0] 30.0f 30.0| 30.0f{31.0
Average 31 30| 30| 30 30 30] 30.1 31.0) 305 31.5 30.0] 30.0] 30.0] 30.0] 30.0] 30.0/30.0{30.0] 30.0] 29.0] 29.5]30.0] 137.8
47 |L2440 |HRB  |Front 93.9 96.8 96.7 96.1 96.8 96.6 96.2 928 945 943) 96.8 96.9 96.8] 96.5 96.8 96.7/96.3 959 96.1| 96.7 96.1 97.0
9/7/10 Rear 97.0 97.3 96.8 97.1 97.3 97.2 97.1 96.8 97.2 97.0) 97.8 96.7 975 97.0 96.5 97.0/96.8 98.1 96.4( 96.8 97.4 97.5
Average | 95.4 97.1 96.8 96.6 | 97.1 | 96.9 | 96.6 | 948 959 957 973 968 972 96.8 96.7 969 9 96.3 96.8 97 103.3
48 |L2444 |HRC |Front 22.4 23.0 22.4 228 23.0 227 22.7 224 225 222| 229 231 230[ 22.0 230 221224 233 227 229 231 222
9/7/10 Rear 20.9 21.1 21.2 216 21.1 21.2 21.2 202 215 21.0| 206 21.8 209 20.8 20.8 22.0{21.0 220 21.7( 21.8 20.8 20.9
Average 21.6 22.1 21.8 22.2 22.1 22.0 21.9 21.3 220 21.6| 21.8 225 220/ 214 219 221|217 227 222 22,0 21.6] 114.2
49 |L2442 |HRC |Front 23.5 22.8 21.9 217 22.8 22.1 22.5 238 22.8 240] 221 242 221| 215 215 22.6(221 21.3 21.8[ 208 225 23.1
9/7/10 Rear 20.8 21.0 20.9 22.2 21.0 19.6 20.9 19.7 215 21.2[ 20.1 220 21.0f 208 21.0 20.9|21.9 209 23.7| 19.0 19.6 20.2
Average 22.2 21.9 21.4 22.0 21.9 20.9 21.7 21.8| 222 226/ 21.1) 231 21.6| 21.2| 21.3| 21.8/22.0/21.1 19.9| 21.1| 21.7] 113.6
50 |L2443 |HRC |Front 23.4 23.2 23.7 20.2 23.2 23.0 22.8 225 237 24.1) 221 239 237| 235 238 239(18.0 239 187 228 23.1 23.0
9/7/10 Rear 24.6 24.5 24.9 20.4 24.5 24.4 23.9 240 249 250| 240 244 252| 248 250 24.9(20.8 20.0 20.5( 24.0 24.5 24.7
Average 24.0 23.9 24.3 20.3 23.9 23.7 23.4 23.3| 24.3| 24.6| 231 24.2| 24.4) 24.4|/19.4|22.0 23.4| 23.8) 23.9| 117.7
Calabralioan *‘Bioﬁk HRB Date 8/13/10( 8/16/10| 8/18/10| 9/7/10 | 9/9/10| 9/10/10| 9/13/10
74.0 74.6 75.2 74.8 74.0 74.5 74.8
747 74.8 74.9 75.8 74.0 74.8 74.8
74.5 74.0 75.0 75.4 74.2 74.5 75.0
Average 74.4 74.5 75.0 75.3 74.1 74.6 74.9
Calabration Block HRC
54 s1n Date 8/18/10| 9/7/10 | 9/9/10| 9/13/10
249 25.4 24.8 251
25.0 25.2 25.2 255
25.3 25.1 25.2 25.8
Average 25.1 25.2 25.1 25.5
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Attachment 2
Examples of Optical Metallography for Rolls-Royce Alloys

PR

10-1221-01 L2407F near center mX5oum

Alloy #7 <«=RD 2% Nital

10-1222-02 L2407R near center Z&10uym

2% Nital

Alloy #7 <= RD

Figure A2.1. Optical micrographs of RR alloy no. 7, showing a
generally bainitic microstructure with some ferrite. The
hardness of this alloy correlates to an estimated ultimate
tensile strength of 86.0 ksi (592 MPa).
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10-1353-01 L2415 F near center ==50um
Alloy #13 RD mp £xtial

10-1354-02 L2415 near center &10um
A"Oy #13 RD ==p 2% Nital

Figure A2.2. Optical micrographs of RR alloy no. 13,
showing a bainitic microstructure with some martensite.
The hardness of this alloy correlates to an estimated
ultimate tensile strength of 130.1 ksi (896 MPa).
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