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1 Introduction

This covers the investigation of ‘Alloy 800 H’ material and weldments. The task is the part of the work
package 4.2 (WP42) of the large European project ARCHER, which is mainly targeted at extending the
state-of-the-art European technology basis for (Very) High Temperature Rectors, (V)HTR. The objective of
the work is to characterize the reference mechanical properties (creep/creep-fatigue interactions) of the Alloy
800 H (base and weld material) at temperatures ranging from RT to 750°C and to carry out the micro-
structural studies on the base and weld materials. The main activities are associated with (i) material
procurement, (i) sample fabrication, (iii) microscopy, (iv) mechanical testing and finally (v) reporting of the
total work. In view of the level of funding, the focus has been kept on studying the creep-fatigue interactions
with low cycle fatigue (LCF) tests with hold time (at peak stresses) for only one chosen temperature in
air/vacuum and the microscopic investigations using OM, SEM and/TEM. Preliminary microscopic studies
have also been performed on the weld Alloy 800H material using OM and SEM. No irradiation experiments
will be performed in this part of project. The original work scope included an additional contribution from JRC
but due to resource reductions this contribution was no longer available and the contribution form NRG has
been used for this work. A summary of the results at NRG is given in section 2 and contained in Appendix A.
Section 3 summarises a comparison of available tensile results against recent published results from the
ASME LLC on the development of Allowable Stresses in ASME Section Il NH for Alloy 800H [Ref 1].

2 Results from Tensile & Fatigue tests and Microscopy at NRG
(Attachment A)

The objective of ‘this work is to characterize the reference mechanical properties (tensile and
creep/creep-fatigue interactions) of the alloy 800H base and weld material at temperatures ranging from
temperatures of RT to 800°C and to carry out micro-structural studies on the materials. The primary focus
was to study the base material properties and according to an agreement reached between the project
partners, the testing of weld material depends upon the availability of leftover material and budget.
Following discussion at the first ARCHER progress meeting in Julich, the following was agreed:

e Perform tensile testing at 3 different temperatures in air environment.

e Perform low cycle fatigue (LCF) tests with and without hold time at the peak stresses (for creep-
fatigue interaction study); to be performed at one single temperature in air environment and at 4
different strain ranges.

e Perform limited scale microscopic studies using optical microscopy (OM), scanning electron
microscopy (SEM) and transmission electron microscopy (TEM).

e Compile the results of the tensile and fatigue/creep-fatigue interaction tests, including the results
from the micro-structural investigation into a report.

The results of the investigations are given in Attachment A

The findings are compared with available ASME information as discussed in section 3 below.

3 Comparison with Allowable Stresses in ASME Section III NH for
Alloy 800H

3.1 Tensile & Yield stress results

Tensile tests on Alloy 800H base and weld materials have been performed at RT, 700°C and 800°C. In both
the base and weld materials, a considerable decrease of the strength properties (YS and UTS) has been
observed with increasing the temperature, particularly with the reduction in UTS from 700°C to 800-C.
Below a comparison of the results is made against the available ASME results given in Ref [1]. The ASME
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results have been extracted from Part Il of Ref [1] and are shown below in Figures 1a) and 1b). The
corresponding NRG test results are shown in Figure 1c¢).
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Figure 1 (a) ASME results: Comparison of weldment yield strength
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The results show that the measured sharp fall off in tensile strength between 700 and 800°C is consistent
with the results presented by ASME. The weldment strength is greater than that of the parent material and
again consistent with the ASME values. An analysis of the tensile and yield data used within the ASME
Section NH is given in Ref [2] using a trend curve based on the ratio of the elevated temperature strength to
the room temperature strength. The resulting allowable stress values for the material over the range RT to
900°C are given in Ref [2] and compared with other alloys used in ASME NH in Ref [3]. The recommended
allowable stress intensity values for Alloy 800H up to 900°C from Ref [2] are shown below in Table 1.

The current values for Y-1 and U in ASME Section Il, Part D should be retained to their current temperature
limits (1000 °F or 525°C).

The value for Y-1 at 1000 °F (525°C) Section Il, Part D should replace the newly calculated
Sy1 values in Table I-14.5 until the newly calculated SY1 values fall below the Y-1 value at
1000 °F (525°C).

The Sm values are based on the lower of 90% Y-1 and U/3 from ASME II-D Table Y-1 and Table U
for temperatures to 1000°F and 525°C. Above these temperatures, values based on 90%SY1 and SU/3
from the below table are recommended:

The following values to 900°C then apply:

Temp Ry S/Ry Sy1 Rr 1.1S7RT Su Sm
°C MPa MPa MPa MPa MPa
425 104
450 102
475 101
500 99.0
525 97.2
550 0.651 112 108 0.816 402 402 97.2
575 0.646 111 108 0.793 391 391 97.2
600 0.639 110 108 0.766 378 378 97.2
625 0.631 109 108 0.735 362 362 97.2
650 0.621 107 107 0.700 345 345 96.3
675 0.608 105 105 0.661 326 326 94.5
700 0.593 102 102 0.618 305 305 91.8
725 0.575 99.1 99.1 0.572 282 282 89.2
750 0.554 95.6 95.6 0.524 258 258 86.0
775 0.531 91.5 91.5 0.473 233 233 77.8
800 0.504 86.9 86.9 0.422 208 208 69.3
825 0.475 81.8 81.8 0.369 182 182 60.9
850 0.442 76.3 76.3 0.318 157 157 52.2
875 0.408 70.3 70.3 0.268 132 132 44.0
900 0.371 64.0 64.0 0.221 109 109 36.4

Table 1 ASME Recommended Allowable Stress Intensity Values (Sy, Sy, Sm) for Alloy
800H: (425 to 900°C), from Ref [2]

3.2 Values for S:

Within the ASME Code the short-time values for S; are controlled by the value of the hot tensile curve at 1%
strain over much of the temperature range from 425 to 725°C. Most of the values at intermediate
temperatures and the longer times and higher temperature values are controlled by the

time to initiate tertiary creep. Although no specific tests have been performed within this task to compare
against these ASME S; values, the recommended ASME S; values have been reproduced here for
information to provide a comparison with the values used for the design of the compact and full size IHX
investigations in WP43. Recommended ASME values for S, from Ref [2] are shown diagrammatically in
Figure 2 and in tabular form in Table 2.
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Table 2 ASME Recommended Allowable Stress Intensity Values (S;,) for Alloy 800H:
(425 to 900°C), from Ref [2]
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Figure 2 ASME Recommended values for St verses Temperature for Alloy 800H
(taken from Ref [2])

3.3 Values for Smt

The low temperature short time values of S;;; are controlled by the value of S;,,. For Alloy 800H, most of the
remaining values are controlled by the stress corresponding to the time to initiate tertiary creep. The
recommended values within ASME for Alloy 800H are given in Ref [2]. Although no specific tests have been
performed within this task to compare against these ASME S; values, the recommended ASME S,; values
have been reproduced here for information to provide a comparison with the values used for the design of
the compact and full size IHX investigations in WP43. Recommended ASME values for Sy from Ref [2] are
shown diagrammatically in Figure 3 and in tabular form in Table 3.
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Figure 3 ASME Recommended values for Smt verses Temperature for Alloy
800H (taken from Ref [2])
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Table 3 ASME Recommended Allowable Stress Intensity Values (Sp,) for Alloy

800H: (425 to 900°C), from Ref [2]

Page 9/14



ARCHER — Compilation of reference mechanical & micro-structural data for 800H & weldments D42-12

3.4 Values for S:

Minimum recommended ASME values for stress to rupture for Alloy 800H are also listed in Ref [2] for
temperatures from 425 to 900°C. Again no specific tests have been performed by NRG within this task of
ARCHER for comparison. The recommended values provided by ASME have been reproduced below for
information and for comparison with the values used for the design of the compact and full size IHX
investigations in WP43. Recommended ASME values for S, from Ref [2] are shown diagrammatically in
Figure 3 and in tabular form in Table 3.

FIGI-14.6C MINIMUM STRESS-TO-RUPTURE - Ni-Fe-Cr (ALLOY 800H)
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Figure 3 ASME Recommended values for Sr verses Temperature for Alloy 800H
(taken from Ref [2])

The extension of ASME IlI-NH to higher temperatures and longer times is also dependent on resolving
issues related to weldment performance. Weld Strength Reduction Factors (SRF) currently provided in
ASME III-NH for alloy 800H are not adequately supported by the available database for temperatures in
excess of 730°C Ref [3]. No strength tests were performed by NRG within Task 2 of WP42. Within
ARCHER some testing of Alloy 800H welds and weldments are planned to assess representative weld
factors for application to the Plate type IHX as part of the work of WP43. Results from these tests will be
used to check against the weldment factors used in ASME Il NH when these are available.
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Table 3 ASME Recommended Allowable Stress to Rupture Values (S,,) for Alloy
800H: (425 to 900°C), from Ref [2]
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3.5 Cyclic testing and Fatigue results

The cyclic stress-strain behaviour of Alloy 800H specimens (0.6% total strain range) has been obtained with
and without hold time (Appendix A). The hold time has been applied in tension only. For presentation of the
cyclic stress-strain behaviour, only 4 cycles (i.e. cycle number 2, the cycle in which the saturation stress has
been reached, and the cycles in which the peak tensile stresses () have dropped by 25% (N25) and the 50%
(N50) cycle have been illustrated. The conclusion from the NRG tests is that a considerable strain softening
can be seen in all the tests after an initial hardening followed by a plateau regime. In the case of hold time
tests, a clear drop in the maximum stress is observed during the hold period at the maximum tensile strain ()
indicating a clear stress-relaxation behaviour for the material at 800°C. This behaviour leads to a
considerable reduction in low cycle fatigue life of this material in hold time tests at all 4 strain ranges at
800°C (Figure 4.1).
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Figure 4.1 Comparison of the strain-life curves of the no-HT and HT tests at 8000C.

Tests performed by NRG are for strain ranges of 0.6 % or greater. The data base at Petten includes
continuous cycle data with limited information on stabilised hysteresis loops and stress ranges. Information
on continuous cycling behaviour and creep-fatigue behaviour are also available in the ASME IlI-NH Code
with information up to 850°C. Ref [3] refers to poor hardening characteristics of solid-solution nickel based
alloys above 800°C that can contribute to instability in fatigue specimens when tested and that for the HTR
fatigue information at low strain ranges and long times will be the most appropriate with regard to operation
behaviour.

3.6 Other Issues

Other issues to note from Ref [3] that may need clarification are effects of stabilisation heat treatment, strain
rate effects on strength and ductility, diffusion creep and multi-axial creep rupture. Several austenitic alloys,
including alloy 800H and Alloy 617 are susceptible to “relaxation cracking” in the service temperature range
of 575 to 700°C (750°C for the case of alloy 617). Failures have been observed in the process industry and a
second “stabilization heat treatment” at 980°C after the solution heat treatment is recommended to avoid
relaxation cracking in alloy 800H. If introduced in ASME IlI-NH, the stabilization heat treatment could have
an effect on the yield and ultimate tensile strengths. Ref [3] therefore recommends that the extent of the
effect should be established from a few tensile tests over the range of temperatures covered by Sy and S;.

Page 12/14



ARCHER — Compilation of reference mechanical & micro-structural data for 800H & weldments D42-12

4 Conclusions

Results from tests perfomed at NRG on Alloy 800H parent plate and weld are presented. The scope of the
tests includes tensile tests at room temperature, 700°C and 800°C in air to address monotonic behaviour;
low cycle fatigue tests (with and without tensile hold times at four different strain ranges) on parent plate
material to investigate cyclic behaviour and influence of hold time on strain-life behaviour; and their
reference microstructural investigations.

The tensile results show a significant reduction in strength properties between 700 and 800°C. Fatigue life is
substantially affected by tensile hold time with the maximum reduction occuring at the lowest starin range.
Microstructural studies on the parent plate and weld show a high concentration of small spheroidal inclusions
(mainly Nb-Ti) in the weld consistent with an effective shielding of the weld pool (from oxygen) during the
GTAW process.

For the tensile results a good agreement is seen with recent published results from the ASME LLC on the
development of Allowable Stresses in ASME Section Il NH for Alloy 800H and which indicates that in all
cases the weld strength is better than that of the parent plate.

Design data recently derived for Alloy 800H for application in the ASME Code are presented for the
allowables stress values S, S;, Smi, Sy up to 900°C. The NRG results for fatigue tests with tensile holds are

presented and show a considerable strain softening and stress-relaxation behaviour for the material above
800°C.
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Appendix A: NRG Report on Reference Characterisation of
Alloy 800H
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Summary

This report summarize the results from mechanical testing and preliminary microscopy study of Archer
Alloy 800H.

This report is organized as follows. First, a brief description about the project is given including the scope
and various activities agreed in this project. Then, the details about specimen preparation, test matrix and
experiments are given. Finally, all the mechanical testing and microscopy results are summarized and

conclusions are drawn with some recommendations for future work.
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1  Project description

1.1 Background

ARCHER is a large European project, launched mainly with a target of extending the state-of-the-art
European technology basis for (Very) High Temperature Rectors, (V)HTR. Total project is divided into 6
sub projects (SPO-SP5) including a total of 19 work packages (WP). Project ‘Alloy 800H’ is defined for
NRG’s contribution to tasks 4.2.1 and 4.2.2 within the work package 4.2 (WP42: High temperature alloys
and instrumentation) of SP4. The goal of WP42 is to study materials suitable for application in heat
transfer circuit components for (V)HTR reactor systems, i.e. (i) gas to steam generator unit (SGU) with a
maximum operational temperature between 650 -700°C and (ii) gas to gas intermediate heat exchanger
(IHX) with a maximum operational temperature between 700 - 850°C. Alloy 800H is identified as a

candidate material for IHX components.

1.2 Scope of the Alloy 800H project

The objective of ‘Archer alloy 800H’ is to characterize the reference mechanical properties (tensile and
creep/creep-fatigue interactions) of the alloy 800H base and weld material at temperatures ranging from
RT to 800°C and to carry out the basic microstructural studies. The primary focus was to study the base
material properties. According to an agreement reached between the project partners, testing of weld
material is conditional and depends upon availability of both leftover material and additional budget. No
irradiation experiments will be performed within this project. Because of the limited budget of this

project, during the first ARCHER progress meeting in Julich, it was agreed the following:

o tensile testing to be performed at 3 different temperatures in air environment.

e |ow cycle fatigue (LCF) tests without and with a hold time at the peak stresses (for creep-fatigue
interaction study) to be performed at one single temperature in air environment and at 4 different
strain ranges.

e limited scale microscopic studies using optical microscopy (OM), scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) to be performed.

o the results of the tensile and fatigue/creep-fatigue interaction tests, including the results from the

microstructural investigation to be reported.
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1.3 Activities planned

The following activities are planned within this project as a NRG contribution to tasks 4.2.1.and 4.2.2.

8/57

1.

Material procurement: Alloy 800H, both base material (BM) and weld material (WM) to be
procured for mechanical testing and microscopy investigation.

Specimen fabrication: Limited number of tensile and LCF specimens to be manufactured for
mechanical testing.

Microscopy work: Limited microstructural studies (OM +SEM) to be used for material
characterization.

Mechanical testing: Tensile and Low Cycle Fatigue (LCF) + hold time testing to be performed
for creep-fatigue interaction phenomena studies in reference material state.

Reporting: The mechanical testing results and the micrographs to be analyzed and reported.

Confidential NRG-22907/14.119847revC



2 Experimental

2.1 Material

ThyssenKrupp VDM, one of the partners of the Archer project, supplied the alloy 800H (base and weld)
material. Two plates are received by NRG for testing purposes: a 100 mm x 150 mm x 16 mm alloy 800H

base material plate (Figure 2.1 (a)) and a 100 mm x 300 mm x 16 mm tungsten inert gas welded (WIG)
alloy 800H material plate (Figure 2.1 (b))

Figure 2.1 Alloy 800H (a) base material and (b) welded material received from ThyssenKrupp VDM.

The material data sheets supplied by ThyssenKrupp VDM for base and weld material are given in
Appendix A. Details on the composition and the mechanical properties of these particular heats can be
found in the sheets. General overview about the high temperature alloys produced by ThyssenKrupp, such
as alloy characteristics, composition, heat treatments, designations and standards, physical properties and
mechanical properties can be found in reference (1).

2.2 Mechanical characterization

2.2.1 Tensile tests

The tensile tests are performed on Instron servo-mechanic machine equipped with a 10 kN dynamic load
cell and a high temperature furnace, with maximum operating temperature of 1100°C. The temperature of
the furnace can be controlled precisely within +2°C. All the tests are done in accordance with ASTM
E8M. The tensile tests are performed at a constant actuator velocity, resulting in an initial strain rate of
5x10* s™. The specimen geometry of the NRG tensile test specimen is given in Figure 2.2.
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Figure 2.2. Geometry of the tensile specimen. Dimensions are in mm.

2.2.2 Low-cycle fatigue (LCF) test

The LCF tests with and without hold time are performed on the Instron servo mechanic machine equipped
with a 10 kKN dynamic load cell and a high temperature furnace - same as mentioned above. Strain
controlled LCF test are performed using an axial, high temperature capacitive extensometer for the strain
measurement. The furnace has custom cut-outs for the extensometers, which are controlled by Eurotherm
900EPC series temperature controllers. The LCF tests are performed in accordance with ASTM E606-92.
The specimen geometry of the NRG LCF test specimen is given in Figure 2.3.

R12.0

’q—T 75 ¢

Figure 2.3. Geometry of the LCF specimen. Dimensions are in mm.

All the LCF tests are performed in air at 800°C and at a strain rate of 1x10™> The cyclic strain ratio R
(&min/ €max) Of -1 is employed. The applied total strain ranges (4e:,:) include 1.5%, 1.2%, 0.9% and
0.6%. Tests are performed without and with a hold time (HT) only in tension (for creep-fatigue
interaction study) at the 4 strain ranges given above. The number of cycles for 50% drop (Nso) in the

initial stress is used as a failure criterion for end of life cycles (Ng). Once the LCF test is finished (i.e.
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after reaching Nsy) the sample is separated into two pieces by monotonic loading under tensile stress.
Figure 2.4 shows the broken LCF sample at the end of the test.

- LCF sample
extensome ' i

Figure 2.4. Picture of the broken sample (P417) at the end of the LCF test. In the figure, high temperature capacitive
extensometer used for the axial strain measurement can also be seen.

2.2.3 Test matrix

During the 1* ARCHER progress meeting in Julich, it was agreed between the partners that NRG will
perform in total 3 tensile tests and 8 LCF tests with/without hold time on base material. Although testing
of weld material was not committed during this first meeting, it was agreed to eventually perform weld
metal characterization in case budget would be available after base material testing campaign is
completed. Table 2.1 shows the test matrix of tensile and LCF tests accomplished in this project. The
specimens are cut using electro discharge machining (EDM). Initially, tensile and LCF samples were cut
in the transverse direction (TD) from the base material that was delivered at first. The weld material
which was received later was welded across the rolling direction (RD) of the plate. To be able to compare
directly the results between the base and weld materials, it was decided to re-cut both base and weld

specimens in RD from the welded plate.

Table 2.1. Test matrix of tensile and LCF tests performed in this project.

LCF in air at 800°C

Test name Tensile
No-HT HT (1000 sec)
Base TD | 3 (RT, 700 and 800 C) - -
No. of samples | Base RD | 3 (RT, 700 and 800°C) 4 8
Weld RD | 3 (RT, 700 and 800 C) - -

NRG-22907/14.119847revC Confidential 11/57
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2.3 Microscopic examination

Preliminary microscopic studies were performed on base alloy 800H material using OM, SEM and TEM.
Weld material was investigated only by SEM. Details about the microstructure are discussed in the next

section.
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3 Results

3.1 Tensile tests

The stress-strain results from tensile tests performed at room temperature (RT), 700°C and 800°C are
compared for base TD, base RD and weld RD specimens in Figure 3.1, Figure 3.2 and Figure 3.3,
respectively. The 0.2% offset Yield Stress (YS), Uniform plastic Elongation (UE), Total Elongation (TE)
and strength data from specific plastic strain intervals are calculated from the load-displacement curve.
The fracture elongation and reduction of area are measured on the specimen halves after testing. The total
elongation data obtained from the load-displacement curves show no systematic deviation from the
measured fracture elongation (see Figure 3.4), though some scatter exists. The total elongation data
obtained from the load-displacement curves are used in this report. The specimen data for all the tests are
given in the Appendix B.1.
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Figure 3.1. Engineering stress-strain curves of the base material specimens in transverse direction (TD) at 3 different

temperatures.
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Figure 3.2 Engineering stress-strain curves of the base material specimens in rolling direction (RD) at 3 different temperatures.
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Figure 3.3. Engineering stress-strain curves of the weld material specimens in rolling direction (RD) at 3 different temperatures.
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Figure 3.4. Comparison of (a) yield strength, (b) ultimate tensile strength, (c) total elongation and (d) uniform plastic elongation

properties as a function of temperature for base TD, base RD and weld RD materials.

As can be noticed in Figure 3.4, the tensile properties of base materials in rolling and transverse directions
are very similar at all 3 temperatures - RT, 700°C and 800°C except visible difference in UE at 800°C.
However, there is considerable difference between base and weld material properties. A substantial drop
in strength properties is observed at 700°C and 800°C compared to RT values in both base and weld tests.
The drop in UTS and UE (as well as work hardening regime) is more pronounced between 700 to 800°C
(Figure 3.4 (b)). Relatively small reduction in TE is observed in 700°C tests of base materials compared
to RT tests. Results at 800°C showed significantly higher ductility for base material tests. However, only

a very small uniform plastic elongation regime is observed in all the tests at 800°C.
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3.2 Low cycle fatigue (LCF) tests

LCF tests are performed on the base material samples with and without hold time (HT) at 800°C at four
different total strain ranges (4es,¢) i.e. 0.6%, 0.9%, 1.2% and 1.5%. The primary objective is to study the
influence of the hold time on strain-life behavior of this alloy in order to understand the creep-fatigue
interaction phenomenon. Consequently, the LCF results including cyclic stress-strain behavior, evolution
of maximum positive and negatives stresses and the strain-life behavior are compared between tests with

no-hold time and with 1000 sec hold time in tension. All LCF tests data are given in the Appendix B.2.

3.2.1 Cyclic stress-strain behavior

The cyclic stress-strain behavior of 0.6% total strain range specimens tested without hold time and with
1000 sec hold time in tension are shown in Figure 3.5 (a & b), respectively. No hold times are applied in
compression. In the figures, only 4 cycles (i.e. cycle number 2, the cycle in which the saturation stress is
reached, and the cycles in which the peak tensile stresses (0,,4,) are dropped by 25% (N25) and 50%
(N50)) are shown for clear visualization of the curves. A considerable strain softening can be seen in all
the tests. In case of hold time tests, a clear drop in the ,,4x 10 Ormax 1S Observed during the hold period
at the maximum tensile strain (gf,,,) indicating a clear stress-relaxation behavior of this material at

800°C. The influence of the tensile hold time on the fatigue life is shown later in section 4.2.

Specimen P419 (0.6% 4&,,+ no-HT)
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Specimen Tes4 (0.6% A&+ 1000 sec HT)
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Figure 3.5. Cyclic stress-strain behavior of 0.6% total strain range specimens at 800°C (a) without hold time and (b) with 1000

sec hold time in tension.

3.2.2 Evolution of the maximum cyclic tensile and compressive stresses and influence
of the hold time

Figure 3.6 (a, b, c & d) compares the evolution of the maximum cyclic tensile and compressive stresses
(Fmax & omin) as a function of the number of cycles for each strain range. In all the tests, a slight
hardening is observed during the first few cycles before the stress reaches a saturation point, called
‘saturation regime’. Then a plateau in the stress is observed. Finally, a regime of cyclic softening is
detected as the test progresses after the plateau regime. Various regimes of the curve are shown in Figure
3.6 (a). The maximum tensile and compressive stresses are symmetric until the start of cyclic softening
behavior at all strain ranges for both no-HT and HT tests. The rate of softening in tensile peak stress is
more than the compressive peak stress after the onset of cyclic softening. It is observed that the saturation

stress increases with increasing the total strain range in all the tests.

In addition to the above common observations in no-HT and HT tests, a clear influence of the hold time is
seen on the evolution of maximum cyclic tensile and compressive stresses and total fatigue life. First of
all, the onset of softening starts much earlier than the no-HT test in both tensile and compressive regimes.
Relatively shorter plateau regime is seen in all 1000 sec HT tests. Moreover, softening rate of maximum

tensile stress in the cyclic softening regime is slow in all 1000 sec HT tests. Contrastingly, in general
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more rapid softening after a comparatively long plateau is detected

in case of no-HT tests.

The

difference could be explained due to the extra damage contribution introduced by the stress relaxation in

HT tests.
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Figure 3.6. Comparison of evolution of maximum tensile and compressive cyclic stresses (0,,qx & Omin) between no-hold time
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3.3 Microstructure of Alloy 800H base ans weld materials

3.3.1 Microstructure of Alloy 800H base material

Samples are cut from the Alloy 800H base material (shown in Figure 2.1(a)) and mounted in a specimen
holder using epoxy resin. Consequently, the samples are first ground on a series of abrasive papers
starting from grit sizes of 320, 400, 600 to P2400 and then polished using 6 micron and 1 micron
diamond paste. Finally, samples are etched for 5 sec in Marble's Reagent (10 gr CuSo, +50 ml HCL+ 50
ml H,0). Two drops of H,SO, is added to increase the activity of the etchant. Immediately after etching
the sample are rinsed with water and then cleaned with ethanol. Using this method allowed for very good
resolution of the microstructure of this alloy. The optical micrographs of the base Alloy 800H material are

shown in Figure 3.7.

Figure 3.7. Microstructure of the Alloy 800H base material taken by optical microscope. Figures (a and b) show the overall grain
structure and (c) shows a uniform distribution of the y* precipitates. Few big cuboid shaped Ti(C,N) precipitates can also be seen
in the figure (c). Samples are etched for 5 sec in Marble's Reagent (10 gr CuSo, +50 ml HCL+ 50 ml H,0) mixed with two

additional drops of H,SO, for increased activity of the etchant.
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The microstructure reveals a large equiaxed grains (y phase) with uniform distribution of ordered vy’
precipitates (NisAl) throughout the microstructure. Few big cuboid shaped Ti(C,N) precipitates can also

be seen in the Figure 3.7 (c). The mean grain size of the base material, in the investigated sample

measured by linear intercept method is ASTM grain size 1.9 (167 pm).

A TEM study was performed on the base material using extractive replica method. This replica method is
commonly used to extract the precipitates for further microscopic analysis. After grinding and polishing
of the sample (as mentioned previously) a selective etching is performed using 5% bromine solution. A
thin carbon layer is then sputtered on to the etched surface of sample in vacuum. The carbon layer
(together with the precipitates) is removed out of the surface by dipping in 10% bromine solution for few
minutes. This thin replica is then carefully cleaned in alcohol and eventually placed on a copper grid for

TEM analysis of the precipitates.

Preliminary micro-analysis of the precipitates performed using EDS detector in the TEM indicated
presence of the Ti, Cr, Fe, Cu, Ni, Al and Si peaks (Figure 3.8). No quantitative composition analysis is
performed here. Presence of the Cu peaks might be coming from copper grid whereas C peak can be
coming from either replica or metal carbide precipitates of type MC, M,3Cs, MsC. For example, presence
of clear Ti and C peaks seen in Figure 3.8 (a,b) indicate the possible presence of TiC precipitate. Ni, Ti
and Al peaks indicate the presence of NizAl or Niz(Al, Ti) precipitates (though Ni peaks are overlapping
with the Cu peak leading to a single broad peak). A future TEM analysis is needed to fully characterize

the precipitates present in this alloy.
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Figure 3.8. (a) TEM image of the replica taken from the Alloy 800H showing various precipitates. (b-f) EDS spectra of the

precipitates shown in (a).

An EDS analysis is also performed on SEM to analyse the precipitates (see Appendix C.1). It is observed
that the base material inclusions consist mainly of Si-oxides and Ti(CN) inclusions. The typical Si-oxide
inclusions are smaller than 1 um, which explains why also considerable amounts of the base material
composition is measured. Most inclusions are Ti(CN), which are typically more angular-shaped and a few
microns in size. This is normal for this type of material, as Ti is included as an alloying element. Apart
from Ti(CN) inclusions also a few TiNb(CN) inclusions were observed. These inclusions are more
spherical in shape. Again no evidence of y’ has been observed, however, using EDS only inclusions of
1 pm and larger can be identified unambiguously.

3.3.2 Microstructure of Alloy 800H weld material

Preliminary microscopic studies are performed on the weld Alloy 800H material using OM and SEM
techniques. The samples are prepared perpendicular to the welding direction as shown in Figure 3.9.
Preparation of the sample is done by standard metallographic methods and colloidal silica final polish.
Etching is performed at room temperature for 3 minutes in a V2A etch for a general etch of the
microstructure (100ml Demi-Water, 100cl conc. HCI, 10ml conc HNOs, 0.3ml Vogels-Sparbeize). The
optical micrograph of the weld cross section revealing the top 5 weld passes are shown in Figure 3.10 (a).
The grain structure was clearly resolved in the base material part similar to the previous observations in
Section 3.3.1. However, the grains were not resolved in the weldment. Base-weld fusion line (FL)
showing dendritic structure along the fusion line is visible in Figure 3.10 (b). The dark spots in the BM

are results of etching around TiC or Ti(CN) inclusions.
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[ Grundwerkstoff:  Nicrofer 3220 H SchweiBzusatzwerkstoff S 7020 So 3 @ 1,2 mm
Charge: 156122 Charge: 126161
Werkstoffiummer,  1,4948 Werkstoffaummer: 2.48066
Gas: AW2 FA: 103442167
Linge: 500 mm Priifdatum: 13.05.2011
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Figure 3.10. (a) Optical micrograph of the weld cross section showing the top 5 weld passes (weld beads 10-23 in Figure 3.9) out
of the 11 reported in the welding procedure. (b) Zoom in on the base-weld fusion line (FL) showing dendritic structure along the

fusion line. The dark spots in the BM are results of etching around TiC or Ti(CN) inclusions.

EDS analysis is performed in SEM on both base and weld materials. The results of the overall EDS
analyses of the weld and base material are reported in Table 3.1. The certificate values are added as well

for convenience.
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Table 3.1. Results of EDS analyses of base and weld materials in comparison with material certificate values (given in italic).

Chemical composition

c| s | P |c|Fe|Ni|vn|si|Ti|No|cu|Mg| Co [TalAl
Nicrofer 3220H base material
s
1.4958 0.06 |<0.002|0.010120.5|46.7| 30.5 | 0.7 |0.50|0.34|0.01| 0.1 | Nd 0.1 nd |0.27
base mar
1.4958 ] .
base mat-|  DSOWEDS o 50671303 07 | 05| 03| 00| 00 | Na| 0.0 |Nalo02
analyses limits
EDS
Filler material
2.4806 3 7 77 2 7 M =
filler 0.003 0.002 |0.002120.4| 0.2 72.9| 3.2 |0.1110.32| 2.7 |0.0] |0.002] <0.01 |0.0]
2.4806 ) ,
weld Below EDS 1, ¢l 36169.5( 31 | 01| 03|27 00|00/ 00 |00]0.0
analyses limits
mat-EDS

Several inclusions are analysed in the weld metal as well. All data are included in Appendix C.2. A

summary of the results is given below.

A high concentration of small spherical inclusions is observed in the weld metal. The size is in the order
of 1um and smaller. Most of these inclusions are NbTi-inclusions. A high concentration of Mg is
measured in some of the inclusions. No other oxide inclusions are observed in the weld metal, which can

be expected considering the applied welding process . GTAW is known to result in clean weldments.

The observed Nb-Ti inclusions can be expected because of the presence of Nb in the weld filler metal and
Ti in both the filler and the base material. Normally, it is expected that Ti forms oxides during the
welding process. However, in this case this appears to be only a limited process as Ti is still observed in
the inclusions. This indicates a good shielding of the weld pool form oxygen from the environment. No y’

are observed as in the case of base material.

3.3.3 Hardness Alloy 800H base and weld material

Figure 3.11 shows the HV1 Hardness profiles measured 1 mm below the cap and 1 mm below the
halfway the weld. The hardness profile starts halfway the weld and stops in the base material. The

average hardness in Weld, HAZ and BM are given in the table as well.
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Hardness profile over weld-HAZ-BM
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Figure 3.11. HV1 hardness profiles over weld-HAZ-BM.

The hardness profiles in Figure 3.11 show that the weld metal hardness is similar for the weld cap and the
centre of the plate (mid weld), namely 219-229 HV1. In the HAZ however, the hardness in the centre of
the plate tends to be a little higher than at the weld cap, namely 175 + 6 HV1 versus 199 + 13 HV1. On
the other hand, the base material at the cap side tends to have a little higher hardness than the plate
centre, namely 182 £+ 5 HV1 versus 164 + 8 HV1. This might be explained with the rolling process of the

plate - possibly residual stresses can be present in the plate.
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4  Discussion

4.1 Tensile properties

Alloy 800H microstructure contains hard cuboid y’ prime precipitates (ordered LI, structure) distributed
in relatively soft y-matrix (disordered FCC structure). The higher strength in y’ is a result of super
dislocations in LI, structure whose burgers vector (2b) is double the burgers vector (b) of normal
dislocation in a FCC structure. These super dislocations are 4 times more energy expensive because the
energy required to move a dislocation is proportional to the Gb? value. There are two contributing
phenomena to the strength properties i.e. solution hardening in the y-phase and precipitation hardening
resulting from the hindrance of dislocation motion by y’ precipitates. The relative contributions of these
two (solid solution and precipitation) hardening mechanisms in this alloy determines strength and
ductility properties. For example, the contribution from solution hardening in y phase diminishes with
increase in temperatures because of the thermally activated flow softening behavior resulting from the
increased dislocation velocity at higher temperatures. This explains the decrease in YS and UTS with

increase in temperature (shown in Figure 3.4 (a & b)).

On the other hand, it is know from the literature reports (2) that this drop in YS for Alloy 800H becomes
negligible between 500-800°C due to the increase in strength of the y> phase with temperature increase..
This behavior is known as a flow stress anomaly. This is because the super dislocation in an ordered LI,
structure (y’ phase ) dissociates into two super partials (normal dislocations) and an anti-phase boundary.
Each of the super partial again dissociates into two partial dislocations and a stacking fault. This
dissociated dislocation is initially glissile when it is in planar configuration. However, due to energetic
reasons, this becomes sessile dislocation with non-planar configuration (called Kear-Wilsdorf lock) when
there is sufficient thermal activation energy (i.e. at high temperatures). The drop in UTS from 700 to
800°C is steeper compared to drop from RT to 700 °C. This is because of the superior effect of flow
softening with increases in temperature beyond 700°C compared to relatively small contribution of
hardening coming from y’ precipitates. A very small UE with negligible hardening regime at 800°C is
also because of this reason. The long elongation regime after an early onset of necking at 800°C could be
a manifestation of inhomogeneous dynamic strain ageing causing the neck to extend along the gauge
length. In any case the presence of uniformly distributed strong y’ precipitates at high temperatures

provides the superior high temperature strength of this alloy. Comparatively, lower ductility and higher
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strength properties of the weld materials might be because of the sensitization of the microstructure
during welding. Further microscopic investigation is needed for confirmation of this reasoning.

4.2 Creep-fatigue properties

4.2.1 Effect of the hold time on the fatigie life

From the LCF results presented in section 3.2, it is clear that introduction of a HT causes a considerable
reduction in the number of cycles to failure at any given Ae;,;. This effect is clearly illustrated in the
strain-life diagram shown in Figure 4.1. In both the no-HT and HT tests, fatigue life decreases
considerably with increasing 4e;,, except for Ag;,, = 1.5%, where a slight increase in fatigue life is seen
compared to A&, = 1.2%. The difference in number of cycles to failure between no-HT and HT tests
increases with decreasing Ae;,.. From these results it is clear that creep (or stress-relaxation) plays an
important role in HT tests at 800°C and its relative contribution to total damage increases with decreasing

Agror

1,8

—&-No-HT

15 ---HT |

1,2
0,9

0,6 \

0’3 1 | | I N | | I N N N | | | I N N N |
10 100 1000 10000

Cycles to failure, N;

Total strain Range [%]

Figure 4.1. Comparison of the strain-life curves of the no-HT and HT tests at 800°C.
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5 Conclusions

Results of the reference mechanical and microscopic characterization of Alloy 800H base and weld
materials are presented in this report. Tensile tests on Alloy 800H base and weld materials were
performed at RT, 700°C and 800°C. In both base and weld materials, a considerable decrease of the
strength properties (YS and UTS) is observed with increasing the temperature. Particularly, the reduction
in UTS from 700°C to 800°C is pronounced. An another observation is that the ductility (% total
elongation) increases considerably from 700°C to 800°C while the uniform plastic elongation is
considerably reduced. These observations are attributed to the changes in the relative contributions of the

two (solid solution and precipitation) hardening mechanisms in this alloy.

The LCF tests are performed on base material with no-HT and 1000 sec HT in tension at 800°C at 4
different total strain ranges. No LCF tests on weld material are performed. Introduction of HT reduces the
fatigue life substantially at all strain ranges (with maximum reduction at the lowest strain range)
indicating the contribution of stress relaxation (or creep) mechanisms to the total damage at this

temperature.

Preliminary microscopic studies were performed on both base and weld materials. The microstructure of
the base material revealed an equiaxed grain structure of y matrix with uniformly distributed v’
precipitates. The results from the EDS analysis of the precipitates in both base and weld materials

revealed the presence of various precipitates contributing to the strengthening mechanisms in this alloy.
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6 Recommendations for the future work

e It should be noted that only one test is performed at each test condition. More tests are required
for the statistical representation of the data.
e Post-test microscopic investigation of the broken LCF specimens is needed for better

understanding the failure mechanisms.
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Appendix A

A.1 Material data sheet: Alloy 800H base material

ThyssenKrupp VDM A" ThyssenKrupp

2y ka0

ThyssenKrupp VDM GmbH
Postfach 1251 - Kleffstr. - 58742 Altena

MPA Stuttgart Otto Graf Institut Lieferschein

z.H. Herrn Dr. Andreas Klenk
Pfaffenwaldring 32b )

DE 70511 Stuttgart

Datum 08.08.2011
Ihre Bestellung Nr. vom Unser Zeichen / Bearbeiter Telefon-Durchwahl
04.08.2011 Kemper 02392/55-2882
Unsere Auftrags-Nr. Kontroll-Nr. Versandstelle Werk
63818 Altena
Versand erfolgt durch Versandtag
Kigwer | 08.08.2011
Pos. Liefergegenstand Nettogewicht Anzahl
Musterbleche fiir Versuche wie mit Frau Dr. Klower besprochen.
1 Nicrofer 3220 H 149580 Chg: 156122 19,9 2
Abm: 16 x 150 x 500 mm
Anlage: Werkstoffdatenblatt Netto
Werkzeugnis
1M PAKET 189 kg
Brutto Pakete
20,3 kg 1
Wir erklaren hiermit,
- dass die Sendung keine verbotenen Gegenstande gemaB der Anlage zur Verordnung(EG) Nr. 2320/2002 enthalt, ,
mit Ausnahme der Giter, die gemaB den gliltigen 1CAO/IATA-Gefahrgutvorschrifien fiir die Befgrderung

zuldssig sind,
- dass Verpackung und Inhalt der Sendung aus Sicherheitsgranden untersucht werden kdnnen
(z.B. Stichprobenkontrollen)

ThyssenKrupp VDM GmbH

Unterschrift des Spediteurs

ThyssenKrupp VDM GmbH Vorsitzender des Aufsichtsrats: Dr. Michaet Rademacher
Plettenberger Strasse 2, D-58791 Werdeht Geschaftsfithrung: DOr. Jargen Olbrich, Vorsitzender;
Postfach 1820, 58778 Werdohl Dipl.-Wirtsch.-Ing. Gerald Priegnitz,

Telefon: (02392) 55-0, Telefax: ((12392) 55-2137 Dr.-Ing. Franz- Josef Wahlers

E-mail: Handelsreqister: Amtsgericht iseriohn, HRB 5327
Internet:www thyssenkruppvdm.de Sitz der Gesellschaft: Werdohl
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A.2 Material data sheet: Alloy 800H weld material

ThyssenKrupp VDM

Schweifilabor

SchweiBprotokoll
| Priifstiick Nr. | 3286 |
Zusatzwerkstoff
Hersteller-Bez. Nicrofer S 7020 ASTM/AWS
Werkstoff Nr. 2.4806 Abmessung [mm@] 2,5/1,2
DIN Bezeichnung SG-NiCr20Nb Chargen-Nr. 380367
Grundwerkstoff
Hersteller-Bez. 1. Nicrofer 3220 H 2. Nicrofer 3220 H Blechdicke [mm] 16
Werkstoff Nr. 1.4958 1.4958 Nahtvorbereitung Hobeln
DIN Bezeichnung X5 NICrAITi 3120 X 5 NiCrAiTi 3120 Nahtliinge [mm] 500
Chargen-Nr. 156122 156122
Schweillparameter
Wurzellag Kapplag Fuell. 1-17 | Decklage 1-5
Stromqueile Messer Griesh. | Messer Griesh. . . . .
Heissdr. Fronius | Heissdr. Fronius
EURCMATIC- EUROMATIG | Trans TiG 450 | Trans TIG 450
SchweiBverfahren m-WIG [141] m-WIG [141] | v-WIG-Hd [141} | v-WIG-Hd [141]
Stromart / Polung DCr- DC/- DC/- DC/-
Spannung ™ 12 12 13 13
Stromstirke [A] 120 135 190 180
Pulsspannung I\
Grundstrom [A]
Pulsstrom Al
Grundzeit / Pulszeit [ms] I / / /
Frequenz [Hz)
Schweiligeschwindigkeit | [cm/min] 12 16 22 22
Streckenenergie [kJicm] 7.2 6,1 67 8,7
Drahtgeschwindigkeit [m/min} 1,65 1,65
Anzahl der Raupen 1 1 17 5
Pendelbreite fmm)
Zwischenl. temperat [°C} 22 45 45 35
Elektrodentyp / {mm) WT20/2.4 WT20/2. 4 WT20/3,2 WT20/3,2
Diisen &/ -Abstand {mm]) 16/10 16/10 20/12 20/12
Hilfsstoffe
Menge
Gase [imin] Handelsname Zusammensetzung
WIG-Brenner |14 Argon W2 Ar 98 He Hp 2 N CO, NOy
MSG-Brenner Ar He Hz N CO. NOx
Wurzelschutz | 10 Argon Ar 100 He Hz N COx NOx
Plasma Ar He Ha N CcO; NOx
Pulver Schiitthéhe
Typ Charge
Nahtvorbereitung Nahtaufbau
700 Siehe beigefugte Zeichnung:

Oliver Brauckmann {) £ 17.11.2011

Schweiller / Datum

NRG-22907/14.119847revC

Confidential

37/57



Dbl D62 DoSH 2692 X .

[10Z'S0°€1 ‘wnjepinig ww Qs 3uBT

LOITHPEOT vd TMY :sB0)

9908+'T IPUIINUIIOIS IO M SP6P’ ] ISWLINUIJOISNIO M

1919T1 ) TTI9S1 -8y

ww 7' & COS0T0LS  JJOISTIOMZIESNZGIOMYDS H 0ZZE 19JOIIN JJOISHIDMPUNID)

NRG-22907/14.119847revC

Confidential

38/57



N3G

_.uvaz wensaq nasafisapung YoBY 1BYENS Sj8 LUy a7 wap ne usqebuy uaususbinnag Japo uanpy

‘Uangs|e} uaa b 15 3] *VapIam Lamnpoidi) 1 TBIAY S0P SILQIEN3 YOS BULO 2URY Ul Jagne iy piep siinaynug aBianeiBiaq sasain
i Ll
0 o Sesesnnessyan vowessnend - i iR LBOZ16 JOquinN
|eacuddy v
ushipumsiaayIes isi sBRAYNYy Sap usucyeyyzadiayer
53p U7 uap yw B U3qo Sep SSEp "Nusex] usbnmseq
rw&t..i g ;.,W.UO
N 66 - BG6Y"] “Buniapel
W 0OG X 0GT X 9T 3y5aig €9 MBI
BunpueisuRag suyO :UYNIABLND DALY A|ANSIA PUN -SU0ISUALIQ
Bunpueisueag auyo siynyafiyninp apunm BunyrudsBunisyoass, ausuijeusepads
00t STINT 1 1-E6L LBEFSZE0T
J _E _E_nm 5 _+mm _sn _RN |14 _H +26L i £BE95ZE0]
o] Pl ] v [l v [eawl  [eaW]  [awl Dl “IN-eqoid 507
2 Bunwiag wy 00y Zody  dwey
SOTNI T aqo.dianyy / 1-2000T N3 1 4yniBebsbuns
SRy 235BLIoY YonsiaAdl PUBISNZUSGO),
I | ! | 1 | ] [T0 ] 820 [ 0100 ] 010 | G660 [ 160 | £0 1 60¢ | S0z |2000>] (00 | J-C6L [BERSZEOT  ZZIOSI|
{ ] ! L i [ | o T~ { d [ ™ | uw t s [ ue [ W | 0 [ s [ 5 T “necog s abieyy)
{ag-mag) asdeuspms
[ ] i ! | | 7o | «z'0 [ o100 | L'avd | ot'a | 10'0 | ve'0 | 050 ! ¢ | sof [ S0z [zZ000>[ 900 | [{YE] zzigst
_ ] I I ! o T w T o [ o9 [ m ["a [ uw | s [ ww | w | o | s [ 3 | Bunzowyos:y___ ateyd
(o ma0) askeuy
eualy 29,99 -
T6L N 90 | [6eAGCS01  ZZ1951 0005 00SL  Kop0at AR b
507 1SUBLUL
0Z TEILIVIING 66 0/75y TBADLOA WQA ddnayuassAyy
0Z-ZE VDN G X aL-OLY M3S
0Z 1€ 1wy
A oL e st s
Bmaspiaq "wnibakisbunsg) ‘zemabuuem ‘yoajqaysny
HOUSUIM uoneyyzads Mnposg
85674
@ UayRZIREISIaH H 02Z¢ YI40HOIN BZET
SYIBLUSIIPURH  tHIYISIRAN ‘usGegny
F— 7 vozot 5:8.&:55%.:9@5%:3 (I ya91g
DR LV0ZSS Z6ET 6+  ¥RJ BUSNY Zp[8S-0 '1GZT YIBASOg piasagpinpalg &..5_5“9#
TuonT aues ULELIT N VNIZ 280735 2667 6%+ 'L vy 20L8s-0 ‘£z ovensye  Howo won cannuassaq WA AANINUBSSAYL Lo dourieuissun us

39/57

Confidential

NRG-22907/14.119847revC



40/57

ThyssenKrupp VDM

Produktbereich Draht - Service-Center

- Service Center
Posifach 16 40 - 58776 Werdohl|
Thyssen Krupp VDM GmbH |Bestell-Nr.: Musterbestellung Herr Kemper
Werk Altena \WDM-Auftrags-Nr.: 7600400845
Kleffstr. 23 Pos.: 1
Lieferschein-Nr.: B6B1624684
D -58762 Altena Pos.: 1
Zeugnis-Nr.: 7431170
Datum: 21.10.2011

ThyssenKrupp

Abnahmepriifzeugnis DIN EN 10204/01.05 3.1
Artikel-Ne. Werkstoff Produli/lieferrustand/Aufmachung
40174156 /51920010 NICROFER S 7020 503 SCHWEISSZUSATZ

2.4806 Runddraht

NICR20MN3NB gereinigt, blank, nachgezogen, gezogen

Ni 6082 SD 300 SCHWARZ
Abmessung  {mmj W.-NR. 2.4806 Liefervorschrift
1,200 ERNICR-3 DIN EN 1S0 544

ANSYAWS A5.14/A5.14M:2005 / 22.03.2005

Schmelzanalyse
Charge C S N Cr Ni Mn Si Ti Nb Cu Fe
126161 0,003 0,002 0,025 20,4 R729 32 0,11 0,32 2,7 0,01 0,2
Charge P Mg Co Ta
126161 0,002 0,002 <001 0,01

Mechanische/Physikalische Eigenschaften

Charge FA-Nr. Rp0.2 (N/mm?)

max min

Rm (N/mm?)  Bruchdehnung
lo =100 mm

max  min o max

min
126161 103442167 1042 1042 1121 1121 7 7

Gewicht (kg) Anzahi

30,1

Abnahmebeauftragter: Eva Petersmann
Tel:  +49 2392 55-2635

Fax; +49 2392 55-2636

EMail: eva.petersmann@thyssenkrupp.com

Dieses Zeugnis wurde maschinell erstefit und ist ohne Unterschrift giiltig

FhyssenKrupp YOM GmbH

Pradukthereich Draht - Service Center

Goethestr. 59, 58731 Werdoh!

Postiach 1640, 58776 Werdchl

Teiefon: {12392) 56-4116, Telef: (12392} 55-4121
Internet; www.thyssenkruppydm.de

Vorsitzender des Aufsichtseals: Clemens lller
Geschaksfihrung: Dr. Jargen Olbrich,

Seite 1 von 1

Dipl.-Wirtsch.-Ing. Gerald Priegnitz, Dr.-ng. Franz-Jasef Wahlers
Handel sregister: Amtsgericht Altena / Westf. HRB 606

Sitz der Gesellschaft: Werdahl
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@ KRUPP VDM /VDM,

VDM

Werk Altena
Schweifilabor

z .Hd .Herrn Hoffmann

58762 Altena

Besteller/Bostell-Nr./vom Unsere Zaichen/Baarbsiter Telafon-Durchwahl Datum
Purchasez/Order No /ol Raspansible Direct Line Dita
TQB-HU/mo (02382) 88- 2618 07.02.19%4

Abnahmeprifzeugnis B/ Inspection certificate B nach / according to EN 10204-3.1 B

Unsere Auftrags-Nr. Prilf-Nr. Ei isform Lieferzustand
535513“ U D 6 Temi No. ﬁw” Conditcn of Delivery
L-Nr. 5249 Stébe blank, nachgezogen
bl ek I An | Helebedigungen andioder snliche Vorschnnen
Nicrofer S 7020 2.4806 E
Ry (AR, (A |Ahmesmooe R RERIS (Eoguees (Sam
MPa MPa |-
2,50 mm x 1000 mm 75, kg
Probe Nr. Charge Clmcjacheu nencery L 1¢
- R e o Mn N Mo Fe TG Cu
380367 0,012 20,80 72,10 3,13 0,08 0,77 0,25 0,01
Nb+Ta 5 Co
2,700 0,003 0,0l
Krupp VDM GmbH A
§ Der Werk k dige/Work
2 &/2.9%
= Krupp VDM GmbH, Postfach 18 20, D-38778 Werdohl, Pletienberger Strafle 2, Telefon (G 23 92} 53-0, Telex 826 433-0 v d, Fax (02392) 55-2217
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Appendix B

B.1 Single specimen data of all the tensile tests
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7 E ne L S5 S 4 & w8 S R E L 5 &5 &
P345( un-irradiated Base TD RT 202 228 248 271 318 377 468 547 52.7 41.1 68 5.00E-04
P346| un-irradiated Base TD 700 123 139 149 167 207 257 320 333 46.5 27.9 56.1 5.00E-04
P344| un-irradiated Base TD 800 116 132 147 170 180 174 161 180 84.8 3.6 78.4 5.00E-04
P405| un-irradiated Base RD RT 223 238 254 275 319 380 474 550 49.6 39.4 58.3 5.00E-04
P406| un-irradiated Base RD 700 139 157 174 196 239 284 304 306 44.8 18.3 62.3 5.00E-04
P407| un-irradiated Base RD 800 118 130 145 166 177 171 159 178 73.5 4.1 73.1 5.00E-04
P397| un-irradiated Weld RD RT 439 468 489 510 545 584 586 614 25.8 16.7 64 5.00E-04
P398| un-irradiated Weld RD 700 303 321 339 359 384 365 387 17.1 6.7 42.2 5.00E-04
P399( un-irradiated Weld RD 800 247 249 249 244 235 215 3 251 20.3 0.4 63.5 5.00E-04
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B.2 Single specimen data of all LCF tests
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Appendix C

C.1 EDS results precipitate analyses of Base Material
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Electron Image 4
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B TiNbC(N)-inclusion
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B TiNbCN-2
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B spectrum 26
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B TiCN-Si0x-CrFe
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C.2 EDS results of weld material

Electron Image 7

Spectrum 38
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B spectrum 41
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