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Purpose of Calculation: (Define why the calculation is being performed.)

This calculation qualifies that reorienting the NSTX-U CS Casing from Horizontal to Vertical, or visa versa, will not overstress
the Tiles due to imposed displacements from net beam bending behavior of the Casing.

(This calculation does not qualify the lift itself, which was done as part of the Lift Package for L-D-NSTX-1035
and its associated documents.)

References (List any source of design information including computer program titles and revision levels.)

See Attached

Assumptions (Identify all assumptions made as part of this calculation.)

See Attached

Calculation (Calculation is either documented here or attached)

See Attached

Conclusion (Specify whether or not the purpose of the calculation was accomplished.)
Inboard Divertor Horizontal Section Tiles are assumed to be removed to install the Casing Lift Fixtures.

Upending the CS Casing with the other CS PFCs installed is safe.

Although practical issues are not addressed in this calculation, adequate care must be taken to ensure
that temporary supports and rigging (e.g. when the Casing is in the horizontal position) do not apply local
contact forces to the Tiles. Previously qualified Procedures and Fixtures must be used for Lifting.

Cognizant Engineer (or designee) printed name, signature, and date
Digitally signed by Michael Mardenfeld

.
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I have reviewed this calculation and, to my professional satisfaction, it is properly performed and correct.

Checker’s printed name, signature, and date
Digitally signed by Art Brooks

A rt B roo kS DN: cn=Art Brooks, o=PPPL, ou=Engineering, email=abrooks@pppl.gov, c=US

Date: 2016.11.18 13:31:58 -05'00"

Printed copies of this document are considered UNCONTROLLED Information Only  copies. The official document
at http://bp.pppl.gov/PPPL_docs.shtml The Best Practices and Outreach Department maintains the signed originals.
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Attachment 2

Minimum Requirements for Checking of Calculations Page 1 of 1

TCR-ENG-033,R5-002
1. Assure that inputs were correctly selected and incorporated into the design.
2. Calculation considers, as appropriate:

- Performance Requirements (capacity, rating, system output)

- Design Conditions (pressure, temperature, voltage, etc.)

- Load Conditions (seismic, wind, thermal, dynamic)

- Environmental Conditions (radiation zone, hazardous material, etc.)
- Material Requirements

- Structural Requirements (foundations, pipe supports, etc.)

- Hydraulic Requirements (NPSH, pressure drops, etc.)

- Chemistry Requirements

- Electrical Requirements (power source, volts, raceway, and insulation)
- Equipment Reliability (FMEA)

- Failure Effects on Surrounding Equipment

- Tolerance Buildup

3. Assumptions necessary to perform the design activity are adequately described and
reasonable.

4. An appropriate calculation method was used.

5. The results are reasonable compared to the inputs.

NOTE: IT IS THE RESPONSIBILITY OF THE CHECKER TO USE METHODS THAT
WILL SUBSTANTIATE TO HIS/HER PROFESSIONAL SATISFACTION THAT THE
CALCULATION IS CORRECT.

BY SIGNING CALCULATION, CHECKER ACKNOWLEDGES THAT THE
CALCULATION HAS BEEN APPROPRIATELY CHECKED AND THAT THE
APPLICABLE ITEMS LISTED ABOVE HAVE BEEN INCLUDED AS PART OF THE
CHECK.

Printed copies of this document are considered UNCONTROLLED Information Only  copies. The official document is
at http://bp.pppl.gov/PPPL_docs.shtml The Best Practices and Outreach Department maintains the signed originals.



Summary

During the original fabrication of the NSTX-U Centerstack (CS) various assembly steps required reorienting the
CS Casing from Vertical to Horizontal, and from Horizontal to “Upside Down” Vertical. Previously this
upending was qualified and performed without the Plasma Facing Components (PFCs or Tiles) installed. This
calculation qualifies that these same hoisting operations may be performed with the PFCs installed, and that the
beam bending deflection during the lift will not overstressing them. It is assumed that appropriate techniques
are used during rigging and supporting the Casing in the horizontal position to avoid local contact stresses with
the Tiles — for example removing any Tiles which would bear load when the Casing is supported on cradles in
the Horizontal position. Specific details of these practical matters are beyond the scope of this document.

General Assumptions
e Linear Elastic
e Small Displacement Theory
e (asing Stiffness dominates global response
0 This justifies separate sub-models of the Casing and a representative PFCs assembly
0 Casing only model determines overall deflections
0 PFCs assembly sub-model with imposed displacements bounds stresses within the Tiles
e Inboard Divertor Horizontal Section Tiles are removed before the lift
e Inboard Divertor Vertical Section and Angled Section Tiles have Grafoil shims behind them

References
1. Drawing E-ED1312 and child assemblies: Highest level CS Assembly Drawing

2. NSTXU-CALC-133-05-01: Halo Current Analysis of Center Stack

3. NSTXU-CALC-11-03-01: Stress Analysis of ATJ Centerstack Tiles and Fasteners

4. Lift Procedure L-C-NSTX-1035

5. NSTX-CRIT-0001-02: NSTX-U Structural Design Criteria

6. Installation Procedure D-NSTX-IP-3360, NSTX-U CS PFC Preassembly and Installation
Attachments

1. Drawing E-ED1312 “Center Case Tile Assembly and Row Orientation”

Drawing E-ED1261 "Centerstack Upgrade ... Tile ... Style 1 Assembly"

Drawing E-ED1262 "Centerstack Upgrade ... Tile ... Style 2 Assembly"

Excerpt from report NASA CR-66933: Typical POCO Graphite Elastic Properties (various grades)
Certified Material Test Report from Req#411529

Excerpt from Special Metals Inconel 626 Datasheet showing Elastic Properties

L-D-NSTX-1035 LDS run copy dated 10/9/2014 showing measured weights of Casing with 2x PF1B
and PFCs installed.

Nowkwd
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Assumptions for Casing Sub-Model

Casing material is Inconel 625

Casing is modeled as monolithic solid

0 No additional joint compliance due to welds

0 Casing and Welds structural integrity have already been qualified by design basis (NSTXU-CALC-
133-05-01) and previous Lifting Procedures (L-C-NSTX-1035).

Boundary Conditions

0 Quarter Symmetry model

0 Casing is supported through a single bolt hole on each end flange
= “Compression Only Support” allows end rotation
= Support holes are above part centerline

Loading
0 Total Weight supported by Casing is 5000 Ibf (Casing + PFCs + 2x PF1B Coils)
0 Load is distributed uniformly over CS Casing

Assumptions for Tile Sub Model

Materials
0 Tile Material is POCO Graphite, per attached CMTRs
0 Mounting Hardware (Backing Plate, Locating Pin) are Inconel 626

Tile Assembly is simplified into two parts
o0 Tile is a single part
0 Mounting Bracket and Pin are considered as a monolithic part with conformal mesh

Clearances

0 No clearance between Bracket and Pin

0 .004” clearance between Pin OD and Tile Hole ID

0 .005” clearance all around between Tile and Bracket (gap assumed not to close)

Boundary Conditions

0 Quarter Symmetry model

Bracket has imposed displacement under Bolt Head to simulate preload
Bracket edge has imposed displacement to simulate effect of Casing deflection
Frictionless Contact between Pins and Tiles

O OO

Other Geometric Considerations

0 Pin is initially positioned to make contact at the bottom of the Tile’s Hole (b/c the Pin is drawing the
Tile downwards to seat on the Casing)

0 Pin is stepped so that contact with Tile only occurs locally towards the center of the Tile

0 Note that there are no Bellevilles Washers or Grafoil for the CS Vertical Section Tiles assemblies, so
all of the compliance must come from deformation of the Bracket
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Discussion: Casing Sub Model

The Casing is effectively a simply supported beam. However there were two conditions which could
deviate from simple beam theory. First, the t/r ratio is sufficiently small that shear deflections and/or warping
and/or ovalization may be significant. Second, the Casing will likely not be supported through the neutral axis.
By modeling the actual geometry in FEA these effects, as well as the added stiffening due to the end flanges
and locally increased thickness at the frustums regions, could be considered.

Since the overall structural integrity of the Casing has already been qualified the goal of this portion of
the calculation is to determine the deflection imposed on the tile assemblies by the beam bending behavior of
the Casing. Note that the key parameter for this is not the deflection of the Casing from its original position, but
rather the “chordal tolerance” — the distance between the local curvature of the beam and a secant line which is
the length of a single tile (approximately 5.5”).

This “chordal tolerance” is more than an order of magnitude smaller than the global displacement of the
beam. It was calculated by plotting the global displacement of the Casing along a path at the outermost fiber
and outputting the value of these displacements to an excel spreadsheet. The length along the casing was split
into 12 “buckets” with each bucket of approximately 5.5 representing the span of a single tile. For each tile
span a secant line was fit such that it intersected the beam deflection curve at each endpoint of the
corresponding span, and then the distance between the secant line and the beam deflection curve calculated.

The maximum value of this chordal deviation is a good approximation of the deflection imposed on the
tile by the casing bending under load. This imposed deflection can these be used as a boundary condition for

the tile submodel. The peak magnitude of this deviation was computed to be about .0001”".

Discussion: Regarding Various Tile Types

The Inboard Divertor Horizontal Section Tiles need to be removed to install the CS Casing Lifting
Fixtures (LF#330 and #331) and therefore do not need to be qualified. According procedure D-NSTX-IP-3360,
the Inboard Divertor Vertical Section and Inboard Divertor Angled Section Tiles have Grafoil installed behind
them. It is clear that this Grafoil will have sufficient compliance to absorb deformations on the order of .0001”
without impacting the Tile Loading. Therefore, the Tile Sub Model is only required for qualification of the CS
Vertical Section Tiles to show that there is sufficient compliance in the Inconel Bracket to serve the same
function. Since the load path for the “Underlap Tiles” is also through the Inconel Bracket mounting their
neighboring “Overlap Tile” (through the cantilevered pins), they will have similar compliance as the Overlap
Tiles. Therefore it is assumed that showing adequacy of the Overlap Tiles is sufficient to qualify the Underlap

Tiles without explicitly modeling them.
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Discussion: Tile Sub Model

There are two primary scenarios of concern which could endanger the PFCs due to the loading during
Upending. First, the deflection of the Casing could cause Tiles edges to touch. Second the deflection of the
Casing could impose strain controlled loads onto the PFCs. Both of these scenarios are driven by displacements
imposed on the Tiles by the Casing deformation, which has been bounded to be less than about .0001”.

Since the Tile to Tile nominal horizontal gaps are at least .010”, the differential displacement between
the Tile and the Casing is .0001”, and the horizontal displacement which tends to close the gap between tiles
will be a fraction of the differential displacement, it is clear that the first scenario will not be an issue for any of
the Tile types.

The second scenario is only applicable to the CS Vertical Section Tiles because the other sections will
either be removed, have Grafoil installed to provide sufficient compliance, or do not use an Over/Underlap
alternating fastening scheme. An FEA simulation was used to quantify the incremental change in stresses in the
Tiles due to imposed casing deformations. This model includes several simplifying assumptions which require
explanation.

Note that there are many variants of Tiles, with two primary types: Overlap and Underlap tiles. The
overlap tiles are housed within an Inconel Bracket, fastened to the Bracket with pins, and the Bracket is
mounted on the Casing using “nut caps” and studs welded to the Casing. The Underlap tiles do not have any
fasteners themselves; rather the edges of the Overlap tiles’ pins extend on top of the Underlap tiles and bear
down on them. This provides a clamping load which retains the Underlap Tiles in place. There is no Grafoil or
Belleville washers to provide compliance. Only a single representative Overlap Tile Assembly was modeled:
the Casing, fasteners, and Underlap tiles were not explicitly modeled.

The end edge of the Inconel Bracket is assumed to make contact with the Casing. The region of the
bracket underneath the nut cap had an imposed downward displacement to simulate the preload in the fasteners.
Consider that in a physical part the curvature of the of the Bracket will never exactly match the curvature of the
Casing and therefore as preload is applied to the Stud joint some local deformation occurs until the gap is
closed. Before this gap is closed the stud preload causes reaction forces at the contact between the pins and
edges of the Underlap Tile and this clamping force secures the Underlap Tile. However, once this gap is closed
the remainder of the preload is reacted directly by compressive forces at the contact between the Bracket and
the Casing at the region immediately near the nut cap. Therefore, only a small portion of the Stud Preload is
actually applied as a Clamping force to the Underlap tiles. For this model, three assumptions were made
regarding this phenomenon. First, it is implicitly assumed that the outer edges of the Bracket make contact with
the Casing and that before preload some gap exists immediately near the Nut Cap. This is the most adverse

scenario because it maximizes the bending moment in the bracket. Second, the magnitude of the downward

NSTXU-CALC-133-18-00 Mardenfeld Page 4 of 19



deflection required to close this local gap near the Nut Cap was assumed to be .003”. This somewhat arbitrary
deflection was chosen to provide some modest preload (approximately 175 Ibf per tile) between the Tiles and
their retaining pin while keeping the Tile stresses in a reasonable range.

Since the tiles have already been qualified and successfully operated with the as installed preload, the
intention of the analysis is simply to show that the incremental change due to the displacements imposed by the
Casing is small. Therefore the exactly modeling conditions regarding the preload and contact between the Tile
and Casing are not important. In order to show this, the model was run three times. First, the edge of the
bracket was held fixed (with the downward displacement near the bolt) to simulate preload with the Casing in
an un-deflected configuration (the Casing standing vertically). In the second iteration, the edge of the Bracket
was deflected upwards by .0001” to simulate the imposed displacements for a Tile on the concave side of the
Casing during bending. Lastly, the model was rerun with the edge of the Bracket deflected downwards by
.0001” to represent a Tile on the convex side of the Casing during Bending. The change in preload and Tile
stress can be compared between the first case and the second two cases the imposed displacements from the

Casing beam bending deflection have small effects.
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Material Properties
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Figure 1: Assumed Material Properties for POCO and Inconel 625

&

This specification defines the material characteristics for TM and TM-1 grades of graphite furnished by Poco

Graphite,

2.1.1

Inc. (POCO).

PROPERTY

Flexural Strength
Compressive Strength
Electrical Resistivity
Shore Hardness
Apparent Density (A.D.)
C.T:E:

Ash (TM)

Ash (TM-1)

** Get at -1 SD

Figure 2: CMTRs from Req#411529

UN

psi
psi
p-Q-in.
Unitless
g/cm’
x10%/°C
ppm

ppm

MIN.
6,000%*
11,600
410
59
1.70
7.2

300

AX.

745
76

9.4

3,000

This appears, but has not been confirmed, to be the actual material for the CS Tiles
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Casing Model

[&] symmetry Region
[Bl symmetry Region 2

0.000 15.000 30.000 (in)
| EEEaaa——  ES—

7.500 22500
Figure 3: Quarter Symmetry Boundary Conditions

B: casing, hex mesh
Force

Time: L s

10/4/2016 1:30 PM

[ Force: 1250. Ibf

Com{onents: 0.,0.,1250, Ibf
20,00 40.00 (in)

10,00 30,00

Figure 4: Gravity Loads from Casing, PF1B Coils, and Tiles applied uniformly to the Casing.
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B: casing, hex mesh
Compression Only Support
Time: L s

10/4/2016 L:31PM

. Compression Only Support

0.00 30.00 60.00 (in)
[ |

15.00 45.00

Figure 5: Compression Only Support Condition

B: casing, hex mesh
Stress Intensity
Type: Stress Intensity
Unit: psi

Time: 1

10/4/2016 1:48 PM

4958.3 Max
3261.2
28539
2446.7
2039.4
1632.1
1224.8

811.5

41021
2.926 Min

0.00 20.00 40.00 Gin)
I E—

10.00 30.00
Figure 6: Stress Intensity in CS Casing
(Casing Stress already qualified by NSTXU-CALC-133-05-01)
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2.05622e-3
1.53890e-3
1.02158e-3 Min

0.00 20.00 40.00 (in)
IS I

10,00 30.00

Figure 7: Global “Beam Bending” Deflection of Casing

Unn g fenin

—— Wlg  sennf 7 Ml EBun

Figure 8: “Chordal Deviation” is key deflection parameter
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Deflection of Casing vs Length

Position Along Casing Length (in)
0.00E+00

20 30 40 50 60 70

-1.00E-03

-2.00E-03

-3.00E-03

-4.00E-03

Vertical Deflection (in)

-5.00E-03

-6.00E-03

Figure 9: Casing Vertical Displacement plotted along top outermost fiber

Chordal Deviation

1.2E-04

1.0E-04

8.0E-05 ﬁ

6.0E-05
4.0E-05

2.0E-05 M *
0.0E+00 . M

0 10 20 30 40 50 60 70
Distance Along Casing Length (in)

Chordal Deviation (in)

Figure 10: “Chordal Deviation” plotted along length of Casing (top outermost fiber)

Casing was split into 12 “buckets” each of which approximately span the length of a single tile. A
secant chord was fit to the enpoints of each span and the deviation shown in Figure 8 calculated
algebraically.
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Tile Submodel

o __ De&TER TnE

; ) Omperiario Tz

Figure 11: Horizontal “Gap” Closing Displacement

Since the chordal deviation is of order .0001” and the tile to tile gap is of order .010”, Tiles will not touch.

Symmetry Region 2
10/11/2016 10:28 AM

[B symmetry Region 0.000 0.500 1.000(in)
Bl Symmetry Region 2 [ ——  ESSS—
0.250 0.750

Figure 12: Quarter Symmetry Boundary Conditions
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Frictionless - Pin_Cyl To Tile_Cyl
10/11/2016 10:30 AM

[ Frictionless - Pin_Cyj TgqTile_Cyl 0500 1,000 )
H . )

0.250 0.750
Figure 13: Frictionless Contact between Pins and Tiles

Note that the pin makes initial contact with the bottom of the Tile’s through hole, and that contact only occurs at a

centralized region because the Pin is stepped. There is no contact between the Pin and Bracket because they are
assumed to be a monolithic part.

C: tile preload only
Displacement for Load
Time: 1.5

11/15/2016 3:24 PM

[B] Fised Support
Displacement for Load

0.000 0500 1.000 i)
I 1

2250 0.750

Figure 14: Supports and Imposed Displacements
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C: tile preload only
Displacement for Load
Time: 1.5

11/15/2016 3:26 PM

. Feed Support
Displacement for Load

0250 0.750

Figure 15: Supports and Imposed Displacements, Second View

A: Fixed Support

This represents the edge of the Bracket contacting the Casing. In a real
part, the curvature of the Bracket will not exactly match the curvature of
the Casing and some raised point will make contact first. This simulation
was rerun with three different assumptions at this boundary condition.
First it was modeled as a fixed support, then an upwards displacement of
.0001”, and finally a downward displacement of .0001”. These
respectively simulate the undeflected casing, tiles on the compressive side
of the Casing during bending, and tiles on the tensile side of the Casing
during bending. They are denoted in the screenshots as “Preload Only”,
“Tile Up”, and “Tile Down”, respectively.

B: Displacement for Load

This downward displacement of .003” represents a preload applied by the
stud joint which provides the clamping force to hold the Underlap Tile in
place. It is assumed that after .003” the bracket makes contact with the
Casing in a region closer to the Nut Cap, the gap closes, and further
tensioning of the Nut Cap results in direct compressive forces between the
Bracket and the Casing without providing additional clamping load on the
Underlap Tile.

Figure 16: Explanation of Support Conditions and Imposed Displacements shown in Figures 13 and 14
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C: tile predoad only
Total Deformation
Type: Total Deformation
Unit: in
Tirne: 1
TAE2016 3:43 PM

0.0030155 Max
0.0026504
0.0023454
0.0020103
0.0016753
0.0013402
Q.000052
0.00067011
0.00033505

0 Miin

0.000 0500 1.300¢in)
| ]

0.250 0.750

D tile up

Total Deformation
Type: Total Deformation
Unit: in

Time: 1

N/1E206 343 PM

0.00 30095 Max
Q002678
0.0073464
0.0020143
Q00TeE34
00013518
00010203
0.00068378
0L00035726
2.5731e-5 Min

0.250 0.750

E: tile down

Tatal Deformation
Type: Total Deformation
Unit: in

Time: 1

/162016 3:43 PM

0.0030089 Max
0.0026666
0.0023684
0.0020422
0.0m72
0.0013878
0.0010755
0.00075333
0.00043111
000010889 Min

Figure 17: Tile Assembly Deflected Shape

The deflected shape of the assembly is driven by the deflection of the bracket during initial preload of the stud joint
fastening it to the Casing. The differential displacement due to the reorientation of the Casing is extremely small.

The figures show the Casing with just stud preload and then with stud preload + imposed displacement from the

Casing’s deflection under load. The upwards displacement represents a tile on the concave (compressive) side of the
Casing and the downwards displacement a tile on the convex (tensile) side of the Casing.
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Figure 18: Tile Assembly Contact Conditions

The three figures illustrate the contact behavior of the pins inside of the Tile. Note that
there is little change between the scenario with only preload and the scenarios with
imposed deflections from the Casing.
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D= e up
Musmism Prancipsl Stress - Tie
Type: Musirerum Principal Stress
Unit: g

Time: 1
T/1S/2016 340 PM

E: tile down

Musirm Priescipal Sress - Tile
Type: Musinmam Princips! Sress
et pai

Tirree: 1
T INI0NE 345 PM

Figure 19: Local Max Principal Stress at Pin/Tile Contact

The only stresses of interest occur at the local contact between the Pin and Tile. Note that the S1 stress is
relatively benign compared to POCO Material flexural strength of 6000 PSI. Again, there is only a small
change between the deflected and deflected cases.

(S - tructural Design Criteria allowable 1s 72 to 74 Ultimate Strength depending on application.
The NSTX-U S 1 Design Criteria allowable is % to % Ulti Strength depending on applicati
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Figure 20: Local Minimum Principal Stress at Pin/Tile Contact

The only stresses of interest occur at the local contact between the Pin and Tile. Note that POCO Graphite
compressive strength is 11600 PSI and the Structural Design Criteria allows % to % of this depending on
application. Again, there is only a small change between the deflected and deflected cases, which is more
important than the absolute value given the simplified boundary assumptions for preload application.
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Figure 21: Tile Stresses are Low Except Near Pin/Tile Contact

These figures illustrate that stresses of interest for the Tile only occur near the Pin contact regions. The S1 plot
only shows stresses which are above 100 PSI and the S3 plot only shows stresses which are below -100 PSI.
Both plots show the load scenario “Tile Up”, but the circumstances are similar for the other two load cases.
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Stress Intensity - simpleFrame e
Type: Stress Intensity /"’
Unit: psi 4

Tirne: 1 V.

Max: 47022 4
Min: 0.12431
MAG2016 11:19AM

47022
41797
36573
31348
26123
20899
15674
10449
52248
012431

0.500 1.000 (in)
| I E—
0.250 0.750

Figure 22: Stress Intensity in Bracket

This figure indicates that the Stress Intensity in the Bracket and Pins is relatively benign. The local peak is at a
discontinuity at the edge of an applied boundary condition (imposed displacement).

Inconel 625 has a yield stress of approximately 60+ KSI. This shows the scenario “Preload Only”, but stresses are
equally benign or slightly lower for “Tile Up” and “Tile Down”.
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TABLE 3.

Specimen
Number

POCO
POCO
POCO
POCO
POCO
POCO
POCO

POCO
POCO
POCO
POCO
POCO
POCO
POCO

ATJS-
ATJS-
ATJS-
ATJS-
ATJS-
ATJS-
ATJS-

5Q-1
5Q-2
5Q-3
5Q-4
5Q-5
5Q-6
5Q-AVG.

9Q-1
9Q-2
9Q-3
9Q-4
9Q-5
9Q-6
9Q-AVG.

1
2
3
4
5
6
AVG.

Young's Modulus

(lO6 psi)

1.844 + 0,004
1.880 = 0.001
1.811 + 0,003
1.831 * 0.004
1.859 = 0.031
1.859 * 0.001
1.847 * 0.024
1.741 * 0.005
1.630 = 0.002
1.571 * 0.005
1.680 = 0.005
1.530 + 0.005
1,723 + 0.003
1.646 = 0.084
1.730 * 0.006
1.805 + 0.005
1.604 * 0.006
1.764 + 0.004
1.692 = 0.004
1.777 * 0.004
1.729 = 0.073

NASA CR—66933

Shear Modulus

SUMMARY OF ROOM TEMPERATURE ELASTICITY RESULTS#*

(10° psi)
0.724

0.734 % 0.002
0.713

0.719

0.733 + 0.001
0.729 * 0.002
0.725 + 0.008
0.685

0.656 + 0.001
0.637

0.668

0.622

0.682

0.658 + 0.025
0.742 + 0.002
0.730

0.676

0.723 + 0.001
0.699 + 0.001
0.722 + 0.001
0.715 + 0.024

Poisson's
Ratio

0.273 = 0.003
0.280 + 0.001
0.269 * 0.002
0.275 % 0.003
0.258 + 0.025
0.274

0.272 + 0.008
0.274 + 0.002
0.242

0.235 * 0.005
0.258

0.230 + 0.005
0.265 * 0.003
0.251 + 0.018
0.164 = 0.004
0.235 = 0.005
0.191 = 0.002
0.221 x 0.002
0.211 *+ 0.003
0.230 + 0,003
0.209 * 0.027

*
The * values shown are one standard deviation; if none is shown the
standard deviation was less than one in the third decimal phase for
the listed walue.
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1.0 SCOPE

This specification defines the material characteristics for TM and TM-1 grades of graphite furnished by Poco
Graphite, Inc. (POCO).

2.0 MATERIAL CHARACTERISTICS

2.1  Material Properties Note: Test Level Definitions Given at Bottom of Page
211 PROPERTY UNIT MIN. MAX. TEST LEVEL*
Flexural Strength psi 6,000** -- ]
Compressive Strength psi 11,600 -- I
Electrical Resistivity u-Q-in. 410 745 I
Shore Hardness Unitless 59 76 |
Apparent Density (A.D.) g/cm® 1.70 1.88 I
C.T.E. x107%/°C 7.2 9.4 i
Ash (TM) ppm 300 3,000 v
Ash (TM-1) ppm 0 5 1

** Set at -1 SD

*  TEST LEVEL TESTING FREQUENCY

| The whole billet (a single block of graphite) is tested for the property in question.
The values shown are the acceptance limits.

| Each batch (a group of billets from a single, identifiable blend of raw materials) or
process lot (a collection of billets handled as a single units through an identifiable
process step) is sampled. The values shown are two standard deviations from the
mean of all tests done.

i Every batch or process lot is not tested. However, statistical analyses have been
made and the values shown are two standard deviations from the mean of those
tests that have been done. POCO does not certify that these values apply to each
or any process lot, batch, billet, or piece of material that it supplies.

v Every batch or process lot is not tested. These values are the extremes that have
been detected in the testing that has been done. POCO does not certify that these
values apply to each or any process lot, batch, billet, or piece of material that it
supplies.

__________________________________________________________________________________________________________________________________________|]
Poco Graphite, Inc.

Printed document may not be the latest version. Check online or with your Customer Service Representative for the

latest version level.
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2.2  Material Composition

2.2.1 Physical Composition

TM and TM-1 are isotropic graphites with a typical particle size of 10 microns. The typical pore
size is 1.5 microns and the typical open porosity is 85% (both by mercury porosimetry). No
specification limits are set for these properties.

2.2.2 Chemical Composition Characteristics

2.2.2.1 Standard Material Purity

TM is at least > 99.7% carbon with < 0.3% impurities.

2.2.2.2  Specialty Purified Materials (Optional at higher cost.)

Purified TM is given the grade designation TM-1 and has a 5 ppm or less impurity level
by ash analysis.

3.0  DISCLAIMER OF EXPRESS OR IMPLIED WARRANTIES

EXCEPT AS EXPRESSLY SET FORTH HEREIN, POCO GRAPHITE, INC. ("POCO") EXPRESSLY DISCLAIMS AND
BUYER EXPRESSLY WAIVES ALL WARRANTIES, EXPRESS OR IMPLIED, including any implied warranty of
MERCHANTABILITY under section 2.314 of the Texas Business and Commerce Code and any implied warranty of
FITNESS FOR A PARTICULAR PURPOSE under section 2.315 of the Texas Business and Commerce Code
and any other warranty pursuant to section 2.313 of the Texas Business and Commerce Code.

4.0 TRACEABILITY OF MATERIALS

At appropriate times throughout the manufacturing process, POCO identifies its product to ensure that
traceability is maintained throughout the production process. Various levels of traceability may be provided as
an agreed upon requirement by the customer’s purchase order.

5.0 CERTIFICATION

POCO will certify only that TM and TM-1 materials are manufactured in accordance with internal specifications
and controls that produce material having the properties as defined in Section 2.0. No other data, samples, or
records will be provided. Historical data on material will be maintained by POCO strictly at its own discretion
and for its own purposes. Data on processes, controls and other proprietary items will not be made available.

__________________________________________________________________________________________________________________________________________|]
Poco Graphite, Inc.

Printed document may not be the latest version. Check online or with your Customer Service Representative for the

latest version level.
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INCONEL® nickel-chromium aloy 625 (UNS
NO06625/W.Nr. 2.4856) is used for its high strength,
excellent fabricability (including joining), and out-
standing corrosion resistance. Service temperatures
range from cryogenic to 1800°F (982°C). Composition
isshown in Table 1.

Strength of INCONEL aloy 625 is derived
from the stiffening effect of molybdenum and niobium
on its nickel-chromium matrix; thus precipitation-
hardening treatments are not required. This combina-
tion of elements also is responsible for superior re-
sistance to a wide range of corrosive environments of
unusual severity as well as to high-temperature effects
such as oxidation and carburization.

The properties of INCONEL alloy 625 that
make it an excellent choice for sea-water applications
are freedom from local attack (pitting and crevice cor-
rosion), high corrosion-fatigue strength, high tensile
strength, and resistance to chloride-ion stress-corrosion
cracking. It is used as wire rope for mooring cables,
propeller blades for motor patrol gunboats, submarine
auxiliary propulsion motors, submarine quick-
disconnect fittings, exhaust ducts for Navy utility boats,
sheathing for undersea communication cables, subma-
rine transducer controls, and steam-line bellows. Po-
tential applications are springs, seas, bellows for sub-
merged controls, electrical cable connectors, fasteners,
flexure devices, and oceanographic instrument compo-
nents.

High tensile, creep, and rupture strength; out-
standing fatigue and thermal-fatigue strength; oxidation
resistance; and excellent weldability and brazeability
are the properties of INCONEL aloy 625 that make it
interesting to the aerospace field. It is being used in
such applications as aircraft ducting systems, engine
exhaust systems, thrust-reverser systems, resistance-
welded honeycomb structures for housing engine con-
trols, fuel and hydraulic line tubing, spray bars, bel-
lows, turbine shroud rings, and heat-exchanger tubing
in environmental control systems. It is also suitable for
combustion system transition liners, turbine seals, com-
pressor vanes, and thrust-chamber tubing for rocket

Copyright© Special Metals Corporation, 2013 (Aug 13)

The outstanding and versatile corrosion re-
sistance of INCONEL alloy 625 under a wide range of
temperatures and pressures is a primary reason for its
wide acceptance in the chemical processing field. Be-
cause of its ease of fabrication, it is made into avariety
of components for plant equipment. Its high strength
enables it to be used, for example, in thinner-walled
vessels or tubing than possible with other materials,
thus improving heat transfer and saving weight. Some
applications requiring the combination of strength and
corrosion resistance offered by INCONEL alloy 625
are bubble caps, tubing, reaction vessels, distillation
columns, heat exchangers, transfer piping, and valves.

In the nuclear field, INCONEL alloy 625 may
be used for reactor-core and control-rod components in
nuclear water reactors. The material can be selected
because of its high strength, excellent uniform corro-
sion resistance, resistance to stress cracking and excel-
lent pitting resistance in 500°-600°F (260-316°C) wa-
ter. Alloy 625 is aso being considered in advanced
reactor concepts because of its high alowable design
strength at elevated temperatures, especialy between
1200°-1400°F (649-760°C).

The properties given in this bulletin, results of
extensive testing, are typical of the alloy but should not
be used for specification purposes. Applicable specifi-
cations appear in the last section of this publication.

Table 1 — Limiting Chemical Composition, %

NICKEL .. e 58.0 min

CRrOMIUML .. e e e e e ee e 20.0-23.0
PO, e e 5.0 max.
MolybdenUM.........ivtiii e 8.0-10.0
Niobium (plus Tantalum)............cooviiiii i e, 3.15-4.15
CarbON. ..o 0.10 max.
MaNGANESE. ... e 0.50 max.
SHICON. et e 0.50 max.
PhOSPhOrUS. .. ... 0.015 max.
SUIUN ... e 0.015 max.
ATUMINUM. ..o e e e e e e ee e 0.40 max.
Titanium..... ....0.40 max.
COoBAIT. .. e 1.0 max.
Af determined

INCONEL and INCOLOY are trademarks of the Special Metals Corporation group of companies.

The data contained in this publication is for informational purposes only and may be revised at any time without prior notice. The data is believed to be accurate and reliable, but Special
Metals makes no representation or warranty of any kind (express or implied) and assumes no liability with respect to the accuracy or completeness of the information contained herein. Alt-
hough the data is believed to be representative of the product, the actual characteristics or performance of the product may vary from what is shown in this publication. Nothing contained in
this publication should be construed as guaranteeing the product for a particular use or application.
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Table 4 — Modulus at Elevated Temperatures’

Modulus of Elasticity, 10° ksi Poisson’s Modulus of Elasticity, GPa
T‘Z‘;‘P Tension Shear Ratio Ti‘gll Tension Shear
Annealed S,l?ll_lel;it(;g- Annealed S,l?ll_lel;it(;g- Annealed S,;):lel;it(::l- Annealed S,l?:lel;itzg- Annealed S,l?ll_lel;it(;g-
70 301 29.7 11.8 11.3 0.278 0.312 21 207.5 204.8 814 78.0
200 29.6 29.1 11.6 11.1 0.280 0.311 93 204.1 200.6 80.0 76.5
400 28.7 28.1 11.1 10.8 0.286 0.303 204 197.9 193.7 76.5 74.5
600 27.8 27.2 10.8 10.4 0.290 0.300 316 191.7 187.5 745 717
800 26.9 26.2 10.4 10.0 0.295 0.302 427 185.5 180.6 717 68.9
1000 25.9 25.1 9.9 9.6 0.305 0.312 538 178.6 1731 68.3 66.2
1200 24.7 24.0 9.4 9.2 0.321 0.314 649 170.3 165.5 64.8 63.4
1400 233 22.8 8.7 8.8 0.340 0.305 760 160.6 157.2 60.0 60.7
1600 21.4 215 8.0 8.3 0.336 0.289 871 147.5 148.2 55.2 57.2
#Determined dynamically on samples from %4 -in. hot-rolled rod.
Mechanical Properties
Nominal room-temperature mechanical properties of
INCONEL alloy 625 are shownin Table 5.
For service at 1200°F and below, hot- 400 0758
finished, cold-finished, and annealed conditions o00 b 1270
(depending on requirements involved) are recom- =
mended. 2 1ot fos0 S
For service above 1200°F, either anneaded @ 80 [ 152 ¢
or solution-treated material will give best service. e T £
. s . @ 40 1276 @
The solution-treated condition is recommended for 2 .l o7 2
components that require optimum resistance to creep = o0 - {128 =
or rupture. Fine-grained (annealed) material may be
advantageous at temperatures up to 1500°F with re- ‘UD b 54 >
spect to fatigue strength, hardness, and tensile and
yield strength. True Strain, in./in.
MacGregor's two-load was used for deter- Figure 2 — True stress-true strain of round.
mination of the true stress-strain curve for aloy 625
at room temperature. The two-load test requires no
strain measurement during the test, and only the
maximum and fracture loads are recorded. Data for
both annealed and solution-treated materia are
shown in Figure 2.
Table 5 — Nominal Room-Temperature Mechanical Properties®
o coeat ooy | Eonsion | R T andnes,
Condition ksi MPa ksi MPa % % Brinell
ROD, BAR, PLATE
As-Rolled 120-160 827-1103 60-110 414-758 60-30 60-40 175-240
Annesled 120-150 827-1034 60-95 414-655 60-30 60-40 145-220
Solution-Treated 105-130 724-896 42-60 290-414 65-40 90-60 116-194
SHEET and STRIP
Annesled 120-150 827-1034 60-90 414-621 55-30 - 145-240
TUBE and PIPE,
COLD-DRAWN
Annesled 120-140 827-965 60-75 414-517 55-30 - -
Solution-Treated 100-120 689-827 40-60 276-414 60-40 - -
&/ alues shown are composites for various product sizes up to 4 in. They are not suitable for specification purposes. 3

For properties of larger-sized products, consult Special Metals Corporation.

INCONEL® alloy 625
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IEHAPTER 4 PERFORMING A CRITICAL LIFT

TCR-ES-MECH-007, R1-002

4.0 LIFT DATA SHEET BLANK

[TEMPREPARATION VERIFIED AND READY TO BE LIFTED PIC:_% ﬂabﬁ pov'\>

LIFT AREA: \\ T ¥ So/TH B Gw*{ Effective Datg: Repetitive Lift Expiration Date:
TITLE: T
7 / 4 | e/ s
N L) e = [
LIFT PROCEDURE NO. L -‘ )- netx 10 55 Approved: Repetitive Lift: 7
Sheet No (if applicable) LDS: LIFT MANAGER | Approved LIFT MANAGER
/

L Fd
i s
.
PROCEDURE PREREQUISITES COMPLETED QC:__ o * | « DmiTal/_ £«

— 15 X0 W\

_ (Print and Initiod-ORY for repgts lifts).
T R8s 5,300(b (PP Veo
2-Ttow GranFalle

l- /OISlm\S 5, 300“) .

LAF-1.03-y, 34she
U s £ 2917 3

DESCRIPTION: WEIGHT: 4,;)&0 nﬁ% DETERMINED BY: Wg.o\HaI’B +CBL.

Sketch of rigging shall include: Crane Capacity, Hook Load, AlIRigging, Load Angles
Sketch of equipment shall include: Dimensions, Allowable Tilt, Approx. CG

) bl
: . 2,000 \b.cpP ng<
L|~3Al Sh«a(/k\eﬁ q?'/c'TUVLP 3. q.S(w\ < Yoz En. S
BRY 45,300 Veel.L o P

(Print & CLCO(s) or ORS(s F Rigging Team

gy b ) T oot Aane

A :
D steyaig

(Print and Initial)" LIFT ENGINEER

N/A for repetitive lift

APPROVED: QETQ;;:( %I.{Smm ‘fJEF-e ez 5 Bl KA :o/jzolq A AR ©f

Jo- 7 _ /,7 (Rigged to sketch) (Equipment ready to lift) (Qualification/Inspection complete)

9feord

... PERFORM LIFT. .. PERFORM LIFT ... PERFORM LIFT...

Equipment is secure and rigging may be removed: PIC: Date Performed:

——

PIC SHALL SEND/RETURN COMPLETED ORIGINAL DATA SHEETS TO PPPL OPERATIONS CENTER.

;';Pn'nted copies of this document are considered UNCONTROLLED / Information Only copies. The official document is ;'
at http://bp.pppl.gov/PPPL_docs.shtml  The Best Practices and Outreach Department maintains the signed original, :
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