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FOREWORD

This report is the seventh in a series of Quarterly Technical Progress
Reports on "Al |l oy Devel opnent for Irradiation Performance"” (ADIP), which
is one element of the Fusion Reactor Materials Program conducted in
support of the Magnetic Fusion Energy Programof the US Departnent of
Energy. Qher elenents of the Materials Program are:

» Dammge Anal ysis and Fundanental Studies (DAFS)
* Plasma-Materials Interaction (PMI)
*  Spectal-Purpose Materials (SPM

The ADIP programelenent is a national effort conposed of contri-
butions froma nunber of National Laboratories and other government
laboratories, universities, and industrial laboratories. |t was organi zed
by the Materials and Radiation Effects Branch, Ofice of Fusion Energy,
DCE, and a Task Goup on Alloy Devel opment for Irradiation Perfornance,
whi ch operates under the auspices of that Branch. The purpose of this
series of reports is to provide a working technical record of that effort
for the use of the program participants, for the fusion energy program
in general, and for the Departnent of Energy.

This report is organizad along topical lines in parallel to a
Program Plan of the sane title so that activities and acconplishnents
may be followed readily relative to that Program Plan. Thus, the work
of a given |laboratory may appear throughout the report. Chapters 1, 2,
7, and 8 review activities on analysis and eval uation, test methods
devel opment, status of irradiation experinents, and corrosion testing
and hydrogen perneation studies, respectively. These activities relate
to each of the alloy devel opnent paths. Chapters 3, 4, 5 and 6 present
the ongoing work on each alloy devel opnent path. The Table of Contents
is annotated for the convenience of the reader.

This report has been conpiled and edited under the guidance of the
Chairman of the Task Goup on Al loy Devel opnent for Irradiation Performance,
E. E Bloom (k Rdge National Laboratory, and his efforts, those of the
supporting staff of ORNL and the many persons who made technical contri-
butions are gratefully acknow edged. T. C Reuther, Mterials and Radiation
Effects Branch, is the Department of Energy Counterpart to the Task G oup
Chairman and has responsibility for the ADP Programw thin DCE

Klaus M 2wl sky, Chief,
Materials and Radiation Effects Branch
O fice of Fusion Energy
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tensitic stainless steels as structural materials for
tokamak reactors were studied by analytical neans. For
purposes of solving the associated non-linear 3-dimensional
magnetostatic field problens a conputer program based on
an integral equation nethod was inplemented. The program
was primarily geared for geonetries that are envisioned in
connection wth the future design of martensitic steel
bl ankets of tokamak fusion reactors. The field perturba-
tions and magnetic loads due to both toroidal and pol oi dal
currents were conputed and discussed

Essentially the solutions are obtained by discretizing
only the magnetized body and solving the associated |ine-
arized equations iteratively by matrix inversion for each
i nproved value of the magnetizing vectors and suscepti-
bilities.

The results show that the field perturbations caused
by the magnetization of the blanket are in general snal
within the plasma region. This is due to the high degree
of saturation which makes the effective permeability to
approach that of vacuum A further small decrease in
permeabi lity is caused by the poloidal field exited by
field control and plasma currente. The |argest perturba-
tions which aﬁpear in the region of blanket penetrations,
that is port holes for fueling, diagnostics, etc., are
still small, particularly when the penetrations are m dway
between the toroidal coils. The eylindrical Structures
anal yzed tend to be self-supporting and the forces create
pressures of the order of a few atmospheres. Al the
results indicate that the use of magnetic materials in
fusion reactors should not present any feasibility ques-
tions. The effects introduced by the magnetic bl anket
structure can be countered by proper engineering design
and selection of control paraneters.

TEST MATRI CES AND TEST METHCDS DEVELOPMENT S 15
2.1 Application of the El ectropotential Technique to J-Integral

Measur enents (Hanford Engi neeri ng Devel opnent Laboratory) . 16

The electropotential technique has been applied to
devel op single specimen J-integral neasurement ecapability.
Calibration curves for voltage change versus crack exten-
sion have been obtained at room tenperature. Using these
calibration curves, J versus Aa curves were generated at
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room tenperature from single specimens of A286 and HTY.
These curves conpare favorably Wth nmultiple specinen
results on the same materials. Based on these encouraging
results, irradiation test matrices can be fornulated to
provide approximately five times as many fracture toughness
nmeasurenments for a given test volume than with the nultiple
specimen technique

Devel opment of the Mniature Fatigue CGrack G owth Mchine
(Hanford Engi neeri ng Devel opment Laboratory). S

A baseline study of Path 4, Path E, and Path D alloy
has been initiated. Results of anmbient tenperature fatigue
crack growth testing on 20% cw 316 SS, alloys El, B2, B3,
B4, B6 and HT-9 are presented. The miniature fatigue
machi ne designed as a prototype for high volunme |ow cost,
in-cell operation was used for testing these alloys.

El evated tenperature tests performed on Path A 316 SS at
260°c and 595°C are conpared with results of other investi-

gators.

El evat ed Tenperature Fatigue (rack Propagation Testing of
2.54 mm Thick CT Specinens (Naval Research Laboratory)

El evated tenperature fatigue crack propagation tests
were conducted to determne the nature of specinen thick-
ness effects in preparation for postirradiation testing
The results show that the crack propagation rate in 2.54 nm
(0.10 <n.) thick Type 316 stainless steel was in agreement
with results produced by conventional crack propagation
specimens at 593°C.

Design and Construction of Irradiation Experinents in the
ORR Using Spectral Tailoring and Reencapsul ation (Gk Ridge
Nat i onal Laboratory). S S S

The design for ORRMFE-4 is now conplete, and parts
are being machined. Fine tuning calculations are being
made to determne the optinumtime for removing the first
core piece. Neutronics calculations will continue as
dosi metry data become available during the irradiation of
ORR-MFE-4. Specimen fabrication is also under way.

Results of Prototypic Testing for the MFE-5 In-Reactor
Fatigue Orack Propagati on Experinment (Hanford Engi neering
Devel opnment Labor at ory) S o o

Prototypic testing of key conponents of the in-reactor
fatigue crack propagation eaperiment has been conpleted. A
prototypic pressurization system designed to actuate a
speci nen chain by cycling the pressure inside of a bellows,
has been denonstrated. Chains of mniature center-cracked-
tension specinmens were tested on a conventional MS nachine
to investigate the viability of chain testing. The results
of each chain test adequately define one crack growh
curve. when only the initial and final crack Iength val ues
are known, the same crack growth curve can be constructed
through statistical analysis
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2.6 Mniature Tensile Testing (Hanford Engi neering Devel oprent
Laboratory) ... . . . . 66

The apparatus and techniques required to carry out
postirradiation tensile tests on miniaturized Wre Speci-
mens have been developed and tested. Results of tests on
nine Arsr 316 stainless steel wire specimens denonstrate
that the test machine operates in a reproducible manner and
that the specinmen geonetry yields results conparable to
conventional specimens.

This report will briefly describe the apparatus,
speci men geonetry and prelimnary test results

3. PATH A ALLOY DEVELCPMENT - AUSTEN TI C STAINLESS STEELS . : 79

3.1 Fatigue Behavior of 20%-Cold-Worked Type 316 Stainless
Steel After Irradiation in the HFIR (Gk R dge Nati onal
Laboratory) . o o . o 80

Work IS now in progress to eatend our preV|ously
reported fatigue data to the high-cycle regime. W have
tested control specimens before testing irradiated speci-
nens. Data fromthe high-cycle tests correlate well wth
| ow-cycle strain controlled data for control epecimens.

3.2 Fabrication of Hombgeneous Path A Prime Candi date Al oy
(Gk Ridge National Laboratory). o . o 83

Previous work identified inhonogeneity in the as-
received Path A Prime Candidate Alloy (PCA) plate stocks
(and probably other finished fornms as well). Fabrication
experiments indicated that hot working had produced
titaniumrich MC precipitation and that although initially
fine and wniform, thie phase could coarsen during further
hot working. Solution treating to dissolve titaniumrich
MC precipitate particles requires tenperatures above
1150°C.  The TZ(C,N)S and titaniumrich MN particles
di ssolve only at tenperatures near nelting, if at all
Homogenization before fabrication is essential. Qur
I nvestigations addressed and solved all the problens
encount ered when producing final form material for speci-
nens [0.25-mm-thick transmission el ectron mcroscope (TiM)
di scs punched from sheetj. Sheet 0.5 nmthick was al so
fabricated for thermal aging response studies of the
Path A PCA.

3.3 Tine-Tenperature-Precipitation CQurve Determination of the
Path A Prine Candidate Alloy for Mcrostructural Design
(Gk R dge National Laboratory) = . . ... . . 103

Thermal aging of the Prime Candidate Alloy (PCA) wth
no cold working and with 10 and 25% cold working for time-
tenperature-precipitation (TTP) curve determnation shows
that MC precipitate particle distribution, either at the
egrain boundary or in the matrix 1S considerably nore sen-
sitive to initial dislocation density than to either time
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or tenperature. Fine spacial and size distributions of
matrixMC precipitate particles can be achieved in 25%-
cold-worked PCA after as little as 5 min at 750°C. The
formation of MC precipitate particles helps control phase
instability by retarding intragranular precipitation of
M93Cg, eta, and Laves phases in the PCA as in titanium
nmodi fied type 316 stainless steel. The increases in nickel
and decrease in chromum of the PCA relative to titanium
nodi fied type 316 al so appear to retard intergranular
M93Cg and/or eta phase formation, thus allow ng titanium
rich MC to replace themas the grain boundary phase in the
PCA. Cccasional Laves phase particles precipitate at the
grain boundaries of the PCA, as they also do in titanium
nodi fied type 316. These differences in response of the
PCA relative to titaniumnodified type 316 forced us to
reevaluate the conceptual preirradiation mcrostructura
design. However, the ease of MC precipitation and the
variety of particle distributions available, together wth
better resistance to formation of undesirable phases, nake
the PCA superior to types 316 or titaniummodified 316
stainless steel. Thermal-mechanical treatments have been
devel oped to yield the deS|gned preirradiation mcro-
structures.

3.4 The Influence of Irradiation on the Properties of Path A
Al oy Weldments (Qak Ridge National Laboratory). .. 128

Weldment sanples have been irradiated in the HFIR in
the tenperature range 55 to 620°c to fluences producing
4.5 to 12 dpa and 100 to 410 at. ppm He in the weld neta
zone. Tensile tests at tenperatures near the irradiation
tenperatures showed appreciable strengthening up to 375°C.
At 475 to 620°c the strength values were close to those of
the control material. Tensile elongation showed a broad
mnimmin the range 300 to 400°c, with the |owest recorded
total elongation of 3.5%

4. PATH B ALLOY DEVELCPMENT - H GER STRENGIH Fe-Ni-Cr ALLOYS . . . 135
5. PATH C ALLOY DEVELGPMENT - REACTI VE AND REFRACTORY ALLOYS . . . 137

5.1 Preparation of Vanadi um and N obi um Path C Scoping Al oys
(Westinghouse El ectric Corporation) = . o139

Three vanadium alloy and two niobium all oy conposi-
tions are being prepared for consumable arc nelting and
processing to plate, sheet, and rod for the Fusion
Material s Stockpile. These are the Path C (V, wmb) Scoping
Alloys selected for initial evaluations as candidate fusion
reactor structural materials. Al rod materials have been
previously shipped to ORNL. During this reporting period,
the plate and sheet materials of the niobiumalloys have
been prepared and are currently being readied for shipment.
Final secondary processing to flat product finish sizes
(2.5 mmplate and 1.5 nmand 0.76 nm sheet) is underway for
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the vanadiumalloys. Al materiale associated Wth this
contract will be shi pﬁed to ORNL by md-Cctober. An infor-
mal final report which provides detailed documentation of
processing histories and final product chem cal analyses
will be prepared and forwarded to ORNL within thirty days
of contract conpletion.

5.2 Mechani cal Property Testing of Unirradi ated Path C Al l oys
(Gk R dge National Laboratory).

The multipurpose system designed for testmg Path C
scoping alloys in high vacuum has been completed and is
in operation. A series of strain-controlled fatigue tests
of ¥b—1% Zr has been initiated. Results of two room tem-
perature tests in high vacuum showed that ¥»—1% Zr is
significantly more fatigue resistant than 20%-cold-worked
type 316 stainless steel when tested in the same condition
at a cyclic strain rangae of 0.5%.

PATH D ALLOY DEVELCPMENT - | NNOVATI VE MATER AL CONCEPTS
STATUS OF | RRADI ATI ON EXPER MENTS AND MATER ALS | NVENTORY
7.1 lrradiation Experinment Status and Schedul e

The schedule for irradiation experimnts being con-
ducted by the Alloy Devel opment Programis presented.

7.2 ETM Research Materials Inventory (Oak Ri dge Nat i onal
Labor at ory) .

Procurement status and inventory of Path A, B, and C
Alloys are reported.

CORRCS|I ON TESTI NG AND HYDROGEN PERMEATI ON STUDI ES

8.1 The Conpatibility of Type 316 Stainless Steel with
N trogen-Contam nated Static Lithium (Qak Ri dge Nati onal
Laboratory) = = . e e e e s

Data on the weight Ioss and grain boundary penetration
of type 316 stainless steel exposed to lithiumwith varying
concentrations of nitrogen are presented. W observed no
Eenetratlon at 600 and 7ooec for nitrogen concentrations
el ow 3000 ppm

8.2 Thernal - Convection Loop Tests of Fe-N-O Aloys
(Gk Ridge National Laboratory). o

The status of the various |ithium therrral convection
loops (TCLs) is reviewed. The effect of prior |oop opera-
tion on the corrosion of new type 316 stainless steel
slpeC| mens was slight: the corrosion rate of this steel in

owing lithiumwas not greatly enhanced when o-ferrite was
al so present in the system Additionally, the reaction of
alumnumin lithiumwith type 316 stainless steel at 500 to
600°c was very rapid and resulted in thin surface filns.
This process is consistent with the observed kinetics of
the growh of aluminum-steel reaction |ayers.
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Corrosion Rate of Type 316 Stainless Steel in Fl ow ng
KNO3-NaNO9-NaNO3 (Cak Ridge National Laboratory) : : . 175

The status of the molten-salt thermal-convection |lOOpPS
(LiF-BeFg, KNOz-NaNOg9-NaNOz, and LiF-LiBr-LiCl) iS
revieved. The corrosion rates of type 316 stainless steel
in KNOz-NaNO9-NaNOz and the composition of the salt are
reported as a function of time and temperature. Corrosion
rates varied from about 5 mg/m’h (4 um/year) at 430°C to
66 mg/m?h (59 um/year) at 550°C.



1. ANALYSIS AND EVALUATI ON STUD ES

The designs for power-producing fusion reactors are in a very
enbryonic and rapidly changing state. Requirements for naterials
performance are thus not well defined. However, regardless of the
final designs, the environment will clearly be extrenely demanding
on materials in regions of high neutron flux. e cannot identify a
class of alloys on which the devel opnent efforts should focus —thus
the parallel paths of the Aoy Devel opnent Program  The conbi nation
of reactor designs that are evolving and the necessity for including
alloys with widely different physical, chemcal, and nechanical prop-
erties in the programcould lead to an inpossibly |arge nunber of
potential problens and possible solutions. Analysis and eval uation
studies are an essential part of the Aloy Devel opnent Programin
order to translate fusion reactor performance goals into nateri al
property requirements and to identify crucial and generic probl ens
on whi ch devel opnent activities should be focused. As the Aloy
Devel opnent Program proceeds and a better understanding of the behavior
of materials in potential fusion reactor environnents is attained,
these studies will also identify problems that will necessitate design

sol uti ons.



1.1 FERRITIC STAINLESS STEELS FOR FUSI ON APPLI CATIONS - W Y. Chen,
U A Peuron, P. H Mller, Jr., J. M Rawls, L. D Thonpson and
S. N Rosenwasser (General Atom c Conpany)

1.1.1 ADIP Task
ADIP Task I.A.1, Define material property requirenments and nake

structural life predictions.

1.1.2 Objective

The objective of this study is to assess the feasibility of incorpo-
rating ferromagnetic (martensitic) steels in fusion reactor designs and
to evaluate the advantages of this class of naterial with respect to
first wall/blanket lifetime. The pertinent experience base is being
eval uated, and the irradiated and unirradi ated property data needed for
the application of ferritic stainless steels in fusion designs are

bei ng defined as part of this task.

1.1.3 Sunmmary
The magnetics aspects of utilizing ferronmagnetic nmartensitic stain-

less steels as structural materials for tokamak reactors were studied by
anal yti cal means. For purposes of solving the associated non-linear
3-dimensional magnetostatic field problenms a conputer programbased on an
i ntegral equation method was inplenented. The programwas prinarily
geared for geonetries that are envisioned in connection with the future
design of martensitic steel blankets of tokanmak fusion reactors. The
field perturbations and nmagnetic |oads due to both toroidal and pol oi dal
currents were conputed and di scussed.

Essentially the solutions are obtained by discretizing only the
magneti zed body and solving the associated |inearized equations
iteratively by nmatrix inversion for each inproved value of the nagnet-
izing vectors and susceptibilities.

The results show that the field perturbations caused by the
magneti zation of the blanket are in general snmall within the plasna

region. This is due to the high degree of saturation which nmakes the



effective perneability to approach that of vacuum A further snall
decrease in perneability is caused by the poloidal field excited by field
control and plasna currents. The largest perturbations which appear in
the region of blanket penetrations, that is port holes for fueling,

di agnostics, etc., are still snall, particularly when the penetrations
are mdway between the toroidal coils. The cylindrical structures

anal yzed tend to be self-supporting and the forces create pressures of
the order of a few atnospheres. Al the results indicate that the use of
magnetic nmaterials in fusion reactors should not present any feasibility
questions. The effects introduced by the nagnetic bl anket structure

can be countered by proper engineering design and sel ection of control

parameters.

1.1.4 Progress and Status

The work during this reporting period enphasized a conputer study to
evaluate the design inpact of enploying ferromagnetic materials in first
wal | / bl anket applications. The conputer code, IRON, was utilized to
anal yze the toroidal field ripple resulting fromferronagnetic first
wal | / bl anket configurations corresponding to TNS, ETF, and Starfire. The
additional effects created by blanket penetrations such as neutral beam
ducts were also studied. The interactions of the ferronmagnetic bl anket
with the plasma shaping and control system in particular the field-
shaping coils, were analyzed. The nbst inportant question fromthe
point of view of engineering inpact appears to be the magnetic forces on
the blanket. The magnetic forces on bl anket sections of different
geonetries were analyzed and the inplications of the resultant forces

wer e det er m ned.

1.141 Introduction

Martensitic 9-12% chromum steels nmay offer significant advantages
as a first wall/blanket material in terns of greater wall lifetine in
conparison with cononly considered materials such as 20CW316.! However,
it is inportant to evaluate the nmagnetics inpact of a ferronagnetic
bl anket on a tokamak reactor. Studies reported here have focused on

two potential problemareas: the effects on plasna perfornmance and



the inpact on the mechanical design of the blanket. A 3-D field code
IRON all owing the presence of saturable ferronagnetic naterial was
used for the investigation.

(ne major concern in the area of plasma performance is the effect
of the ferromagnetic blanket on toroidal field ripple. The code |RON
was utilized extensively to analyze the toroidal field ripple of
tokanak reactors with axisymmetric ferromagnetic (FV) blankets. The
reactors considered have sizes and configurations corresponding to
TNS?, ETF®, and STARFIRE“*. The additional effects created by bl anket
penetrati ons such as neutral beamducts were al so studied.

Anot her concern is the interaction of the ferronagnetic bl anket
with the plasma shaping and control system in particular the field-
shapi ng coils. The code IRON was used to study the poloidal field
configurations in the presence of toroidal field, which tend to put
the FMblankets into a high level of saturation. The perturbations to
the poloidal fields introduced by the FMbl ankets were conputed, and
the inplications on the required conpensations in the poloidal field
controls are discussed. The possible tine delay in poloidal field
control caused by the presence of the FMblankets was al so studi ed.

The most inportant question fromthe point of view of engineering
i npact appears to be the nagnetic forces on the blanket. The
magnetic forces on bl anket sections of different geometries were
anal yzed using the code IRQON, which was benchmarked by conpari son
with analytic calculations for axisymetric geonetries. The inplica-
tions of the resultant forces on the mechani cal design of the bl anket

are di scussed.

1.1.4.2 The |IRCN Conputer Code

The 3-D saturable iron field code IRON was devel oped based on a
nurerical formulation very sinmilar to that utilized in the field code
GFUN3D devel oped by the Rutherford Laboratory.> However, |RON was not
desi gned for the generality GFUN3D was inplenented for, so a consider-
ably sinplified coil geormetry was assuned. In the present version,
only a set of toroidal coils and a set of axisymretric poloidal coils

are considered. The second sinplification is in the nmanner in which
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the shapes of the ferronmagnetic elenents are specified. Analytic
expressions are used to specify the three-dinensional boundary
surfaces of the ferromagnetic elenents. Typically the surfaces are of
cylindrical, spherical or ellipsoidal shapes and the bodies may be
further separated into snmaller, usually periodic structures, by means
of planes. A large nunber of insulating gaps may be defined by neans
of pairs of cutting planes. Such a schenme can nost effectively take
into account the inherent toroidal and pol oidal symetries of the
reactor geonetries.

The field H and magneti zation Mare sol ved based on an int egr al
equation schene simlar to GFUN3D. The scalar potential ¢_is given

by
> o
1 M-
¢m = hr rSr av s (].)
and the field due to the magnetized body is

-+ -

Hm: : V(i)m : (2)
The total field is the sumof the field due to the current flowf{'c
and _I:|m

-+ > >
H=H. +H . (3)

Furthernore, the nmagnetization Mis related to ﬁby

The nunerical schenme involves subdividing the FM region into
subel ements (denoted by Geek indices, a, g, ...) each assigned a
constant nagneti zation Na. The subdivision should be suffici ently
fine so that discretizing errors are mnimzed, while keeping the
nunber of subel enents below a limt so that conputation tinme does not
become excessive. If _ﬁa and ﬁca are the total field and the field
due to coil currents at the center of the subelenent a, respectively,
then for the case with N subel enents
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The conponents of the denagnetization tensor J(—:Lp are given by
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where i,j denotes the coordinate indices (xvy,z), and 6(?) is the Drac

delta function. Then the problemis reduced to iteratively solving for

_}.
the local field Hy and susceptibility x, from the set of 3N equations

N 3 /
320 M cRae 1% Saghy Mo, iE Heays (7)
3=1 j=L \ ]

As conpared with GFUN3D in which the basic subelements are
tetrahedral in shape, in IRON the subel ements are defined by cutting
the FM region with planes perpendicular to the rectangul ar coordinate
axis. In the optional case where cylindrical coordinates are used, the
boundari es of subelenents are sinply constant r,z or 6 surfaces. The
nunerical conputati on of the demagnetizati on tensor ?OLB is sinply
a summation of Eq. (6) over a nunber of lattice points, and the
integrand is a sinple power expression free of the singularity and
mul ti val uedness probl ens which plague the anal ytically integrated
expressions for the demagnetization tensor of tetrahedral subelements.®
Notice that the singularity in Eq. (6) when the field point and source

poi nt coincide can be easily cut off because the integration of the



first two terns of the integrand in Eq. (6 yields zerowhen the field
point is situated at the geonetric center of a rectangular cube. It was
di scovered that for a finite sized elenent such a nurnerical schene
converges rapidly because the integrand behaves as r~3. Such an approach
also avoids the difficulty in inplenenting the analytical integration
schene for tetrahedral el ements which requires a |arge nunber of

coordi nate transformations.

The accuracy of |IRONwas checked against anal ytical conputations for
sinpl e geonetries such as a sinple ferromagnetic sphere in uniform
external field. In general the agreenent was quite satisfactory.
Accuracy to within a fraction of a percent can be achieved typically
with about 50 subelements. The fact that nost of the cases studied
i nvol ved highly saturated FM elenents inplies fairly rapid convergency
in the iteration. Typically less than five iterations were required
to achieve the desired accuracy. The inherent toroidal symretry also
hel ps greatly in reducing the anount of conputation time needed to

sol ve the problem

1.1.4.3 Results: Toroidal Feld R pple

Toroidal field ripple conputations were based on reactor geonetries
representing three conceptual designs denoted as GA TNS, ETF and
STARFIRE.  The characteristic parameters nost relevant in this context

are given in Table 1. The blanket naterial was assuned to have a
saturation magnetization of 1 T; this is reached when the anbient field

is above 2 T, which is the case for all three exanpl es.



TABLE 1

Paraneters Used for Field Perturbation
and Force Conput ati ons

GA

TNS ETF STARFIRE
Plasma maj or radius, R 3.6 50 6. 92
Plasma current (MY 11.4 5 13.5
Nunber of TF-coils 12 12 12
Total TF anpere turns (10° A-turns) 90 132 183
Bl anket thickness (m) 1 1 13
Quter blanket inside radius (m 4.6 7.1 8.4
Quter blanket outside radius (m 5.6 81 9.7
I nner bl anket inside radius - 2.8 4.5
I nner bl anket outside radius - 3.0 4.9

Figure 1 is a plot of the mdplane toroidal field ripple versus
the radius for STARFIRE, for the three cases: (1) non-nagnetic
bl anket, (2 axisymmetric FM blanket, and (3) FMbl anket with
0.5 mx 0.5 mpenetration. |t can be seen that the axisymmetric FM
bl anket causes insignificant nmodification to the field ripple. Even
for the case with penetrations, the ripple over the plasna region is
very nodest. Smlar results were obtained for studies rmade on the
GA TNS and ETF. Thus, it can be concluded that due to the high | evel
of saturation, the FMbl ankets have effective perneability close to
unity, and therefore do not cause any significant changes to the

toroidal field ripple.
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Fig. 1. STARFIRE toroidal field ripple showing the
effects of a ferronagnetic bl anket with and
W t hout penetrations.

Results (Cont'd): Pol oidal Field Perturbation

The perturbations in the poloidal fields introduced by the FM
bl ankets have been studied by conparing the poloidal field distributions
for the sane poloidal current distribution with and without the FM
bl anket s. Because the currents in the poloidal systemare much
snaller than those of the toroidal systemand act on a nore open nagnhetic
circuit, the poloidal nmagnetization cannot change the perneability sig-
nificantly. This means the paranetric coupling between the tw systens
is very small. Furthernore, it is clear fromenergy considerations
that the perneability reached when building up the final state of currents
i s independent of the order in which the poloidal and toroidal currents
are built up. This is due to the fact that hysteresis effects are

negligible at the high level of saturation that the final toroidal
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currents generate. Al of these expectations were verified during the
course of the conputational studies. Hysteresis effects were not nodel ed,
however, but it is clear that the mnor hysteresis loop nornally traversed
by the high magnetic field will be very mnor indeed if neasurable at

all.

Figure 2 is the plot of poloidal field perturbation versus the
z-coordinate for various radii in the plasnma region for STARFIRE. It can
be seen that throughout the plasnma region field perturbations as high
as 3% can be generated by the presence of the FMblankets. However,
since in practice all the poloidal coils are actively controlled for
the stability and position control of the plasma, such a snall perturba-

tion can be easily countered by adjustment of the control parameters.

STARFIRE
30  POLOIDALFIELD
PERTURBATION
BY FM BLANKET

I oL asma = —134 MA

N
o

ABpqomaL’ BpoLoipar %
=
o

0.0 1.0 2.0
Z (m)

Fig. 2. STARFIRE poloidal field perturbation
due to a ferronagnetic bl anket.
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Anot her concern about the possible effects on plasna control is
i ntroduced by the delay needed by the control field to penetrate the FM
blanket. S nce the blankets are highly saturated with the effective
perneability very close to unity, a FMblanket shoul d behave just |ike
an ordinary netallic blanket in that regard. |t nust be noted that
any such netallic blankets whether FMor not nust be partitioned by

insulating breaks for the ohnmc heating coils to function properly.

Results (Cont'd): Magnetic Loads

The analysis of stationary and transient body forces was linited
in nost cases to sinple cylindrical structures. Two nethods were used,
both of which utilized the Maxwel|l stress tensor. An option in the
| RON programpernits the conputation of all force conponents in a body
of sonmewhat arbitrary but analytically definable shape through nunerical
integration over a loosely fitting surface that encloses the magnetic
body. A sinpler analytical nmethod gives the radial body force and the
equi val ent external pressure over an infinitely long cylindrical shell.
The methods generally agree (for sufficiently long cylinders) wthin
15-25% The sinple anal ytical nethod always gives the higher wvalues.
Since the nunerical nethod is nmuch nore tine consuning, the results
that are given in Table 2 have been conputed analytically. Thus the
forces are sonmewhat on the pessimstic side.

The table shows that the static pressures amount to only a few
atmospheres. S nce the forces are directed towards the axis it shoul d
be possible to design the blanket nodules so that a sel f-supporting
"keystoned" structure is achieved. The wedge-shaped nodul es will be
under conpression. Even in the case of an ellipsoidal blanket this
shoul d be possible. The STARFIRE design was al so anal yzed with the
IRON programwith a nostly ellipsoidal shell and it was found that the
average radial body-force density (wthout the inner wall) armounts to
1.4 x 10% n/m3 for M= 1 tesla as can be expected fromthe analyti cal

results.
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Figure 3 shows a series of analytically conputed equival ent nagnetic
pressures as a function of nagnetization tines packing factor. This
product was chosen as the argunent because in the reactor blanket
whi ch serves both for breeding and energy conversion, a |arge
fraction of the volume is occupied by the breeding material s and
coolant flow channels, and the FM material only occupies typically
10-20% of the volune. The low packing factor effectively reduces

the nmagnetic | oadi ng on the bl anket.

10.0
EQUIVALENT MAGNETIC PRESSURE
£ g0 ETF SINGLE MODULE
= 0.8 m WIDTH
E 0.9 m HEIGHT
S 60 [— TYPICAL
o BREEDING
= BLANKET TARFIRE
c©c 40 [~ DESIGN
|_
L
=
[da]
L 20
= AXISYMMETRIC
BLANKET
0.0 i | 1 I I
0.0 0.2 0.4 0.6 0.8 1.0
Mgt X Fpack (TESLA)

Fig. 3. Magnetic |oading on the férrorragneti C
bl ankets for the GA TNS, STARFIRE and
ETF '

Wth regard to the transient |oads generated on the bl ankets
due to plasma disruption, a FMblanket should behave al most the same

as conpared to a non-FM bl anket .
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2. TEST MATR CES AND TEST METHCDS DEVELCPMENT

An important part of the alloy devel opnent effort is the definition
of test matrices and devel opment of test nethods. The alloy devel opnent
strategy will proceed through stages requiring tests of generally in-
creasing difficulty and conplexity.

1. Scoping tests will be used to nmake relative judgnents between
materials and netal lurgical conditions and to identify critical properties,
Such tests, which will be used where |arge nunbers of variables are
invol ved, nust be rapid, sinple, and decisive.

2. Developnental tests wll be used for optimzation of the Prine
Candidate Alloys. They will be broader and nore extensive than the
scoping tests. In-reactor testing will be an inportant part of this
wor K.

3. Engineering property tests will be devised to provide the broad
data base needed for reactor design.
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2.1 APPLI CATION CF THE ELECTRCPOTENTI AL TECHNI QUE TO J-INTEGRAL
MEASUREMENTS - F. H Huang, B. A Chin, and G L. Wre (Hanford
Engi neering Devel opment Laboratory).

2.1.1 ADIP Task
ADIP Task 1.B.5.1 "Devel opnent Specinens and Test Methods. "

2.1.2 Objective
The objective of this work is to evaluate the use of the el ectro-

potential technique in obtaining single specinens J-integral fracture
t oughness measurements. This technique can reduce the |arge nunber of
speci mens needed for a conventional nulti-specimen R-curve nethod and
hence reduce the irradiation space required for a given data set. The
ultimate goal is to characterize the fracture behavior of ferritics to

establish their viability as fusion first wall materials.

2.1.3 Summary
The el ectropotential technique has been applied to devel op single
speci men J-integral neasurenent capability. Calibration curves for voltage

change versus crack extension have been obtained at room tenperature.
Using these calibration curves, J versus Aa curves were generated at room
tenperature from single specimens of A286 and HI9. These curves comnpare
favorably with multiple specinmen results on the sane nmaterials. Based on
these encouraging results, irradiation test matrices can be formulated to
provi de approximately five times as many fracture toughness measurenents

for a given test volume than with the nultiple specinmen technique.

2.1.4 Progress and Status

2.1.4.1 Experinental Technique

Test specinmens were sectioned froma hot rolled 12.7 mm (0.5 inch)
A286 bar stock and 1.62 mm (0.06 inch) HI9 sheet stock. The sheet stock
was prepared by forging and subsequent rolling from33.3 nmCD starting

st ock. The schematic diagram of the A286 m ni ature conpact specimen (0.12

inch thick) is shown in Fig. 2.1.1(a). The HI9 specinen cross section
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size is a 75% proportional reduction fromFig. 2 1.1. After nmachining, the
A286 test specinens were aged at 720°C for 16 hours, and the HT9 specinens
were solution-treated at 1038°C for 1 minute and subsequently aged at 760°C
for one-half hour. It is not anticipated that this will be the reference

t her monechani cal treatment (TMT) for HT9 use in fusion applications. Prior
to fracture testing, all test specinens were fatigue precracked using a
conventional servo-hydraulic MIS system The precrack length was 1.6 mm

and the maximum stress intensity factor was 28 MPa /m .

5.08 DIA

~hy
\lz

24.38 i

nm—Hllé—J

25.40 —=
(a)

x| O

POVER .
2 3 Y
O 0. 025"

SUPPLY -
0.1

(b)

|

HECL 7910-257.6

Fig. 211 (a) Compact tension test specinmen of A286; (b) schematic
drawi ng of Electric Potential Technique.
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Fracture toughness tests were performed using an Instron testing
machine. The details of the technique utilized to construct nultiple
speci men J-integral curves on the mniature specimens are given in Refer-
enc 1. Briefly, load and |oad-line displacenent are recorded on a x - y
recorder during specinmen |loading. After the specinen displacenent has
reached the desired level, the specinen is unloaded and heated to 538°C
for one hour to heat tint the crack area. Fracture of the specinen is
conpl eted at roomtenperature and crack |engths are measured optically
using a traveling mcroscope.

The el ectropotential technique was applied here to obtain continuous
crack |ength neasurenents during each test. The theory of this technique is
described in References 2 and 3. The current input and potential measure-
ment |eads were positionedas in Fig. 2.1.1(b). Cack extension increases
the resistance near the crack and hence produces increases in V;. The
| ead positions were chosen to give good sensitivity (large changes in V)
and reproduci bility, based on resistance paper mockups of the specimen |ead
configuration. The voltage vV, fromthe crack was nmeasured to account for
possi bl e resistivity changes in the specinen. During the actual tests, a
constant DC current of 15 anps was applied across the specimens. V; and
V, were recorded using a microvoltmeter.

The values of J were calculated from|load versus |oad-line displace-
ment curves using the follow ng equation. [4

T
where A is the area under |oad versus |oad-line displacenent curve, B is
speci men thickness, and b is unbroken liganent size. Measurenment of crack
extensi on was obtained by neasuring the nmaximum di stance from the fatigue
crack nark to the end of the heat tint mark, Fig. 2.1.2. On the plot of J
versus crack extension Aa, the Jic values are found by construction as
the value of the intersection of |ine ZOH,OWX Aa, and the least squares
fit line through all points of J versus Aa where Otpow = ayS ta .-
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(b) 0.2mm

HEDL 7910-257.4

Fig. 2.1.2: Crack extension as revealed by heat tinting for (a) A286
(b) HT9.

2.1.4.2 Results and Discussions
Typical potential changes observed during fracture tests on A286 are
shown in Fig. 2.1.3. The potential changes are plotted against the load-line
displacement to provide a measure of crack extension versus sample exten-
sion. The voltage curves for this material increase smoothly with load
line displacement as might be expected for crack growth in a ductile aus-
tenitic material at low temperature. The dimensionless ratio VIIVIO, where

V1o 1s the voltage measured for the initial crack length after precracking,
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was used as a paraneter to correlate with crack extension. This ratio
should be material property independent so that calibration established
for a given specinen geometry should be valid for other conposition and
temperatures, etc. O course, this assunption will be tested in detail

as this work progresses.

4.6
A-286

4.5+

Vl {mv

T5

- A

4.2

4.1

T
L

4.0 J J .
0 1 2 3 2

-2
LOAD-LINE DISPLACEMENT (10 “INCH)
HEDL 7910-257.9

Fig. 2.1.3: Eectrical potential V; versus |oad-line displacement
for A286.

The calibration for tests done on A286 are shown in Fig. 2.1.4. Only
three tests were done on this material with the goal of establishing
feasibility of the nmethod by linking to existing J-integral results. (1]
A straight line fit to the curve was used for sinplicity and enphasis
was placed on the region where direct optical crack |engths neasurenents
were available. Detailed calibration curves obtained for HI9 wll be

di scussed | ater.
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Fig. 2.1.4 Electrical potential calibration curve for A286.

The maj or point to be nade with the A286 data is that using the cali-
bration and el ectropotential neasurenments for a single specinen, a J versus
Aa could be derived. Fig. 2 1.5 shows a comparison of the nultiple specimnmen
plot with the electropotential nmeasurements. The electropotential results
are within better than 10% of the overall R curve based on all specinens
tested and within 2% of the values for the three specinmens actually used
for the calibration. The curve fromthe el ectropotential measurenment was
extrapol ated back to the crack blunting line to estimate the Jy., and as
shown in Fig. 2.1.5, agreenent is very good. This result proved experi nental
feasibility for the technique, and the decision was nade to obtain a
detailed set of data on a ferritic naterial to provide a stronger test of
the technique on nmaterials where fracture properties are of greatest

concern for potential first wall applications.
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Fig. 2.1.5: J versus Aa tested at 25°C for 3 mmthick A286 specinens..
The |ower curve was obtained through the use of the calibration curve in

Fig. 2.1.4.

Fifteen mniature specimens of HI9 were tested to obtain a conplete
calibration curve correlating the crack extension to electric potential
increase. Three nondi mensional ratios Vi/Vy , V;/Vy and (Vy/V,)/ (Vy /V2)
were conpared in correlating crack extensions and voltage measurements.
Because of relatively larger scatter, V;/V, was not found useful. There
was little difference between v,/v, or (Vi/Vy) I (v, /v, ) as to the
quality obtained. Hence, the forner was selected for ut heupresent as it
would require fewer leads attached and would be sinpler for future in-cell
testing.

The detailed calibration curve obtained for HI9 is shown in Fig. 2.1.6.

The shape of the curve and magnitude of the voltage ratio change are in
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[21

qualitative agreement with theory. However, one feature of the present
result was unexpected--the fact that the curve does not extrapol ate snoot h-
ly to a v,/v, = 1.0 fromhigher crack extensions. This proved to be a
highly troubl esome point as it was difficult to obtain |low crack extension
data (where there was an apparent change in slope) on HI9 due to a tendency
for sudden crack extension in the material. Some data were obtained at |ow
crack extension on a slightly different TMT of HT9; the authors feel

that it nust be established that this data can be used along with data from
the reference TMI. Further experinental and theoretical work is planned to
describe the |ow crack extension region, and enphasis here wll be placed

on the correlation for crack extension above 0.5 nm

1' 1 T T I I
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Fig. 2.1.6: Electrical potential calibration curve for Hr9.,
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The nature of the crack extension process in the ferritic is less
uniformthan in A286, as might be expected at this tenperature. The
el ectropotential technique is ideally suited to show the variety of be-
havi or observed. Plots showing two different nodes of behavior are shown
in Fig. 2.1.7. The sharp potential increaseoncurve HX 19 resulted from
crack extension as reflected by the load drop for the same speci men shown
in Fig. 2.1.8. The variation of crack extension rate in test specinens nmay
be due to scatter in fracture toughness anong test specinens in the brittle--
ductile transition region. The electropotential technique is ideally

suited to detect these effects.

6.0 T T
HT-9

59 .

5 sl HX 19 |

HX 16
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Vl {mv)
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55 - 4

54 - -

53 | I
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HEDL 7910-257.2

Fig. 2.1.7: Electrical potential V| versus load-line displacement
for HTO.
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Fig. 2.1.8 Load versus |oad-line displacenment for HI9.

The nmul tiple specinmen J-integral curve for HI9 is conpared in

Fig. 221.9 with J versus Aa curves derived for single specinmens using the
el ectropotential technique. In this plot, no results from speci mens exhi bi -
ting load drops were included. The dotted lines below 0.5 mm crack exten-
sion reflect current uncertainty in the calibration at |ow crack extension.
However, the J versus Aa curves are in good agreenment with the nultiple
speci men techni que above 0.5 mm crack extension, and the scatter between
the electropotential J - Aa curves nerely reflects the speci nmen-to-speci men

variation in the J-integral value (x\10%). It should be noted that once
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detailed calibration data are obtained below 0.5 nmm crack extension, the
el ectropotential nmethod will provide detailed J - Aa data at |ow crack
extension even if fast cracking occurs. The multispecimen nethod, in
contrast, would require an untenably |arge nunber of specinens for irra-

di ation testing.

CRACK EXTENSI ON, | NCH
0.01 002 003 004
T I

™ T
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-1 600
- 50
4400 .
[ ]
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s =]
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= £
= 430 :
-4 20
- 100
i

I
0.5 1.0
CRACK EXTENSION, mm

HEDL 7910-257.7

Fig. 2.1.9: J versus Aa tested at 25°C fo. 1.5 nmthick HI9 specinens,
The curves were obtained through the use of the calibration curve in
Fi gure 6.
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2.1.5 Concl usi ons

1. The test results of fracture toughness tests on A286 and HI9 at
roomtenperature using the single specinmen electropotential technique agree
to within #5% wi th those obtained fromthe nultipl e-speci men net hod.

2. The el ectropotential technique allows instantaneous detection of
crack extension rate, and hence can provide for exanple crack initiation
and arrest data not available from post-test crack nmeasurenents.

3. The authors feel that these initial tests prove that the single
speci men J-integral neasurenents using the electropotential technique are
feasible and irradiation test natrices for fusion first wall applications

shoul d be planned accordingly.

2,1.5.1 Future Wrk

Fracture toughness tests at roomtenperature on HI9 using the electri-
cal potential technique will continue to characterize the |ow crack exten-
sion region. Tests at elevated tenperature will follow A circular
conpact tension specinen will be designed for efficient stacking in EBR-IT,
and enphasis wll be placed on calibrating the el ectropotential technique
for this geonetry. A variety of ferritic conpositions and thernomechani cal
treatnments will be studied to ensure that any potential material vari-
ability effects on calibration are well docunmented prior to irradiation

of these specinens.
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2.2 DEVELOPMENT COF THE M NI ATURE FATIGUE CRACK GROMTH MACHINE - D. A
Mervyn, M M Paxton, and A M Ermi (Hanford Engineering Devel op-
ment Laboratory).

2.2.1  ADIP Task
Task 1.A.2, define test matrices and test procedures.

2.2.2 O ective
M niature specinmen technology has heen developed to provide the

hi gh volume, |ow cost postirradiation testing capabilities necessary to
characterize the fatigue crack growh behavior of first wall materials.
This technology IS based on a mniature, weldable center-cracked-tension
specimen cyclicly tested with a fatigue test machine designed for in-
cell operation.

2.2.3 Sunmary o
A baseline study of Path A, Path B, and Path D alloys has been

initiated. Results of ambient tenperature fatigue crack growth testing
on 20% CW 316 SS alloys B1, B2, B3, B4, B6 and HI-9 are presented.

The mniature fatigue machine designed as a prototype for high volume
Tow cost, 1in-cell operation was used for testing these alloys. Elevated
temperature tests performed on Path A 316 SS at 260°C and 595°C are
conpared with results of other investigators.

2.2.4 Progress and Status

2.2.4.1 Introduction

Gven the inevitable presence of flaws in fabricated sheet struct-
ures, the fatigue crack propagation (FOP) behavior of a fusion first wall
material is a primry design factor for any cyclically operating mag-
netic fusion reactor. Therefore, the effect of irradiation on the FCP
behavior of candidate first wall materials nust be characterized.
Currently, an insufficient amount of data exists from which to draw
design criteria.
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Figure 2.2.1: Miniature Fatigue Test Machine
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M ni ature specimen technol ogy designed for high vol ume, |ow cost
postirradiation testing has been developed to provide the necessary
volume of data. A mniature weldable center-cracked-tension (CCT) speci-
men and electrical potential (e.p.) method of nmeasuring crack growth form
the basis of this technology. The CCT specimen and e.p. technique were
described in a previous quarterly.’ Anbi ent and elevated tenperature
data were also reported.

Using a mniature fatigue test machine designed for in-cell opera-
tion, a baseline study on several Path A B, and D candidate alloys has
been initiated. Anbient tenperature data is reported as well as elevated
tenperature results from Path A 316 SS in heliumand air.

2.2.4.2  Experimental Technique

Anbi ent tenperature testing was perforned in air on 20% col d worked
(O 316 SS (Path A reference alloy), nickel base alloys B1, B2, B3, B4
and B6 (Path B),and ferritic alloy HI-9 (Path D) using the mniature CCT
specimen and in-cell prototypic test machine. Alloy conpositions and
heat treatments are described in Table 2.2.1 while test conditions are
detailed in Table 222

To conmpare test results generated using the mniature specinmen
technology with conventional techniques, elevated tenperature tests were
performed on the reference alloy, 20% CW 316 SS in air at 25°C and 595°C
and in helium at 260°C

Crack length measurenents were made using the electricatl potential
technique adapted to the mniature specinen, described previously.
Qccasional visual measurements of crack |ength were made with a traveling
mcroscope to confirmthe e.p. mneasurements.

Tests were performed with the mniature fatigue machine designed
for the COCT specimen, Figure 2.2.1. The testing system consists of
three nodul es; a servohydraulic actuating conponent, a furnace and
environnental control unit, and an electronic control and data acquisi-
tion system
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Table 2.2.1  Alloy Composition and Condition
Nominal Conposition W%

Alloy Condition Fe Ni Cr Mo Nb Ti Al Mn C
Path A

316SS  20% Cold Worked Bal {13 } 18 | 2.5] - 0.5} - 1.9(0.05
Path B

B1 1025°C/5min/AC(SA) Bal |25 | 10 |1 - 3 1.5]1 {0.03

+50% CW

B2 SA + 50% CW Bal |40 | 12 |3 - 1.5] 1.5 [ 0.2]0.03

B3 SA + 50% CW Bal |30 | 12 |- 2 2 0.5{1 [0.03

B4 SA + 50% CW Bal |40 {12 |- 3 1.81 0.3]0.2/0.03

B6 SA + 50% CW Bal |75 |15 |- 1 | 25! 1.5}0.2(0.03
Path D W v si

HT-9 1050°C 30m n/ AC Bal 1.50'11.3'.85I .50 27" .38| 520 .22

+3.5 Hr/780°C/AC
Table 2.2.2  Test Conditions
Maxi mum  Stress  Cyclic(H,) Orienta-

Alloy Tenp. °C Load Ratio Frequency Vveform  tion
Path A

316SS 25 400 0.05 15 Sine WR

316SS 260 350 0.05 15 Sine VR

316SS 595 475 0.05 0.167 Sine WR
Path B

Bl 25 400 0.05 15 Sine WR

B2 25 475 0.05 15 Sine R

B3 25 400 0.05 15 Sine R

B4 25 400 0.05 15 Sine R

B6 25 400 0.05 15 Sine R
Path D

HT-9 25 475 0.05 15 Sine WR
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The servohydraulic system consists of the hydraulic actuator,
servovalve, and load frane. The test frame and assembly have been
optimzed for easy in-cell operation. The assenbly stands 100cm (39 inch)
high and is 36cm (14 inch) in diameter. Specinens are inserted through
a window in the conpression tube which acts as a fixed support for the
specimen.

El evated tenperature testing capabilities are provided by a resist-
ance heating cylindrical furnace which fits over the load frane. Tenp-
erature can be controlled to within +1°C across the specimen. A portable
vacuum station and inert gas |ine supply a heliumatmosphere to the
furnace chanber. The leads used for e.p. crack growth neasurenments are
fed out of the chamber through a porthole to a junction box where they
are joined to the data acquisition system

Load control is exercised through a flat load cell using an MTS
feedback controller. The controller interfaces with the data acquisi-
tion system through a 16 bit parrallel interface and TTL counter which
provides eight digit count accuracy.

The data acquisition system consists of a desk top conputer (H>
9845) and digital voltmeter which monitor changes in potential across
the specinmen through a scanner/multiplexor joined to the speci men probes
at the junction box. The data acquisition system has been designed to
monitor a number of test stations. Equipped with scanning/multiplexing
capabilities, the conputer will bhe able to nmonitor up to 50 test
stations. Individual MS controllers and TTL counters will allow test
conditions at each station to be controlled independently.

By scanning and accessing each individual counter, the conputer
can be triggered to take e.p. measurements at predesignated count
intervals, and therefore, determne the fatigue crack growth as a
function of the number of cycles. Since the e.p. nmeasurenents are
averaged at cued count intervals, the conmputer can continuously monitor
each test without interrupting the load cycle.

On line neasurements substantially increase the anount of data
whi ch can be accumulated during a test; and test time is reduced. This
automized measuring capability will enable postirradiation tests to be
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monitored continuously, in-cell,with a high degree of accuracy. Sub-
stantial savings in capital investnent cost and technical labor are also
accrued.

2.2.4.3 Results: Path A

Testing was conducted using the mniature test assembly and data
acqui sition system A1l data was analyzed using a fracture mechanics
approach where the crack growth rate (da/dN) is described as a function
of the effective stress intensity at the crack tip (ak).

Crack growth was nonitored both visually and with the e.p. method
on the initial Path A 316SS room tenperature test. Both visual and
e.p. measurenents agree with data obtained using conventional test tech-
niques and a CT specinmen, James , Figure 222

Results of the 260°C test in helium are conpared with a convention--
al test, CT specimen, in air3 in Figure 2.2.3. Although data fromthe
mniature CCT specimen extends into a lower crack growth regime, agree-
ment is excellent in the 10-5to 10~* mm/cycle region. Environment
does not appear to effect the crack growth behavior of 316SS at this
tenperat ure.

The 593°C test was performed in air for direct conmparison with
Shahinian,* Figure 2.24. The single-edge-notched cantilever (SENG
specimen data agrees with the mniature OCT specinen results in the

2 X 107 to 5 x 10°* mm/cycle regime. Further tests will be conducted
to extend this region of conparison to a higher crack growth regine.

Results: Path B and D
Prelimnary data on the nickel base precipitation hardened Path B
alloys in the solution anneal +50% CWcondition is summarized in Figure
2.2.5. At room tenperature, none of these alloys in the SA + 50% CW
conditions exhibit better crack growth behavior than annealled 34 SS
Alloys B3, B2, and B4 exhibit higher crack growth rates than annealled
34 sS,and B1 and B6 approxinmately the sane.
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\When crack growth rate, for a constant aK, is plotted as a function

of wtg nickel for these alloys, some unexpected results are obtained,
Figure 226. Wth the exception of alloy Bl, an increase in nickel
content appears to enhance the crack propagation resistance for the

SA + 50% CWcondition. The high fatigue crack growh rate of B3 may be
due to phase instabilities encountered during its slow cool down from
the solution anneal.

The Path B alloys will be tested at roomand elevated tenperatures
in the solution treated and aged (STA condition to further investigate
the effect of nickel and microstructure on crack propagation resistance.
Mil1s® has shown a factor of 2.5 difference hetween the solution treated
and STA conditions of Inconel X718; therefore, the trend observed for
the SA + 50% CWcondition of the high nickel B alloys may change when
they are tested in the STA condition.

Very few crack growh studies have been performed on the high O
(29% () ferritic stainless steels. The preliminary results of this
study indicate that at roomtenperature in the solution annealled and
tenpered condition, HI-9 exhibits the same crack growth behavior as
anneal led 34 SS Figure 227  The baseline study on the ferritic
alloys will be continued. HI-9 witl be tested in different heat treated

conditions and at elevated tenperatures. Nine O, 1 M steel will also
be included in this study of the ferritic alloys.

2.2.5 Concl usion

1. Tests on Path A 316SS have confirmed the accuracy and reliability
of the mniature specimen technology in characterizing the FCP behavi or
of materials at anbient and elevated tenperatures.

2. Results of this investigation indicate that nickel concentration
in the Path B alloys may have an effect on their fatigue crack propagation

resi stance.

3. The fatigue crack propagation behavior of ferritic alloy HI-9 is
similar to that of 30435 at room tenperature.
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2.2.6 Future Wrk

The baseline study of candidate first wall materials will he ex-
tended to inciude Other heat treated conditions and el evated tenperature
testing of Path A, B, and D alloys. This will include further investi-
gation into the role of nickel content and mcrostructure in determning
the FCP behavior of the Path B alloys. Testing will also be iniated gn
other Path C, titaniumalloys; Path D, 9 O, 1 M steel; and Path A

PCA, alloys.

2.2.7 Ref erences

1. D A Mervyn, "Elevated Tenperature Fatigue Crack Gowh Testing
Using M niature Specimen Techni que," ADIP Quarterly Progress Report,
June 30, 1979.

2. J. L Straalsund and D. A Mervyn, "Adaptation of Electrical Poten-
tial Technique to Measure Fatigue Crack Gowth," ADIP Quarterly
Progress Report, December 31, 1978

3. L A James, "Fatigue-Crack Gowh in 20% Col d-\Wrked Type 316
Stainless Steel at Elevated Temperatures," Nuclear Technol ogy,

Vol. 16, Cctober 1972

4. P. Shahinian, "Creep-Fatigue Crack Propagation in Austenitic Stain-
less Steels," Trans. ASME, J. Pressure Vessel Technol ogy, Vol. 98,
1976.

5. W J. Mills, L. A James, "Effect of Heat-Treatnment on Elevated
Tenperature Fatigue-Crack Gowh Behavior of Two Heats of Alloy
718," ASME Paper 78-\W PVP-3.
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2.3 ELEVATED TEMPERATURE FATI QUE CRACK PRCPAGATI ON TESTING CF 2.54 nun
THK CT SPEOMENS -D J. Mchel and H H., Smth (Naval Research
Labor at or y)

2.3.1 ADIP Task
Task |1.B1, Fatigue Gack Gowh in Austenitic Aloys(Path a).

2.3.2 (jective
Experiments were performed to investigate the el evated tenperature

fatigue crack propagation performance of 2.54 mm thick conpact tension
speci nens intended for post-irradiation studies of first wall naterials.

2.3.3 Sunmary
H evated tenperature fatigue crack propagation tests were conducted

to determne the nature of specinen thickness effects in preparation for
postirradiation testing. The results show that the crack propagation
rate in 254 mm (0.10 in.) thick Type 316 stainless steel was in agree-
ment with results produced by conventional crack propagation specinens
at 593°C

2.3.4 Progress and Status

2.3.4.1 Introduction

The current magnetic fusion reactor design concepts indicate that
the reactor will operate in a cyclic node during its lifetime. There-
fore, it is recognized that fatigue crack propagation (FBP of first wall
materials may be the design limting factor in fusion systens. To assess
the effects of neutron displacenent damage and helium generation on FCP
of first wall materials, postirradiation tests wll be utilized to char-
acterize selected materials and to establish the design data base. Since
a first wall thickness of 2.52 mm (0.10 in.) has been proposed, initial
experinments wll be aimed toward FCP characterization of naterials with
this section thickness. This report describes elevated tenperature ex-
periments conducted to characterize FP results from 2.54 mm speci nens
of Type 316 stainless steel.
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2.3.4.2 Experimental Procedures

Testing of 2.54 m m thick compact tension (CT) specimens was perfor med
in air at 593" for comparison with results from both conventional CT
specimeng and single-edge-notched (SEN) speci meng . Annealed Type 316
dainless stedl plate material was utilized in specimen preparation. Details of
testing procedures have been previously reported 12. Briefly, the specimens
were cycled using a servo-hydraulic test machine at aload ratio of 0.05 and a
frequency of 017 Hz. The test temperature of 503"C was achieved by
induction heating. Crack lengths were visualy measured throughout the tests

using traveling microscopes.

2.3.4.3 Results

The results obtained for the 2.54 mm thick (0.1 T) specimens are
compared with results for conventional AT and 0.5T) CT and SEN specimensin
Fig. 2.3.. The data for the 0.1 T specimens show good agreement with results
from both SEN and conventional CT specimens over the da/dN versusédK region
investigated at 593"C. The results demonstrate that the 0.1T CT specimen
will provide reproducible F C P results consistent with conventional CT and SEN

specimens.

2.3.5 Conclusion
Fatigue crack popagation data from 2.54 mm (0.10 in) thick Type 316
stainless steel was found to be in agreement with data produced by

conventional crack propagation specimens.

2.3.6 Future Work

Pre-irradiation testing of dloys for ORR irradiation in Experiment M F E-
3 will be conducted in both air and vacuum environments at temperatures from
350 to 550° C to provide basdine data.

2.3.7 References

L D. J. Michel, H. H. Smith, and H. E. Watson, "Effect of Hold Time on
Elevated Te mperature Fatigue Crack Propagation in Fast Neutron Irradi-
ated and Unirradiated Type 316 Sanless Sted," in Structural Materials
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for Service at Elevated Temperature in Nuclear Power Generation,

A. 0. Schaefer, ed., American Society of Mechanical Engineers, New
York, MpC-1, 1975, pp. 167-190.

D. J. Michel and H. H. smith, "Effect of Neutron Irradiatioin on Fatigue
Crack Propagation in Type 316 Sanless Sted at 649°c,” NRL

Memorandum Report 3936, Naval Research Laboratory, Washington, D.
C., March 14, 1979.
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2.4 DESIGN AND CONSTRUCTI ON CF | RRADI ATI ON EXPERI MENTS I N THE ORR USI NG
SPECTRAL TAI LOR NG AND REENCAPSULATION - K Thoms, T. A Gabriel,
B. L. Bishop, R A Lillie, J. A Horak, and M L. G ossbeck (ORNL)

2.4.1 ADIP Task
ADIP Task 1.A.2, Define Test Matrices and Test Procedures.

2.4.2 (bjective

The objective of this work is to produce the neutronic, thermal, and
nmechani cal design of experinents for material irradiation in the Gak R dge
Research Reactor (ORR core. The ORR-MFE-4 experinents will operate with
spectral tailoring to control the fast and thermal fluxes and thus the
di spl acenent and helium production rates. The capsules are also designed
for both discharging specinmens and reloading with irradi ated speci nens

several tines during the experinent lifetine.

2.4.3 Summary

The design for ORR-MFE-4 is now conplete, and parts are being
machined. Fine tuning calculations are being nade to deternmi ne the
optimum tine for renoving the first core piece. Neut roni cs cal cul ati ons
will continue as dosimetry data becone available during the irradiation

of CRRME-4. Specinen fabrication is also under way.

24.4 Progress and Status

2.4.4.1 Neutronics

The two new 7-group neutron cross-section libraries generated for
the VENTURE! code have been obt ai ned by using the AMPX2 code system
These libraries represent a subset of the 218-group Criticality Safety
Ref erence Li brary (CSRL)_3 or, where necessary, the 227-group CSRL library.l*
The difference between the two libraries involves the weighting spectra
used to collapse the fine group cross sections to the broad group cross
sections. The weighting spectra were obtained by either including or

excluding tantalum and tungsten from 1-D ANISN! calculations. Prelini nary
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conpari sons between the new and the old libraries are in progress as a
part of our effort to verify the new libraries. The VENTURE cal cul ations
obtained with the new libraries indicate only mnor changes infe-effective
(about 1 to 2% and in the neutron flux (about 10%. However, the analyses
involving the verification of the new libraries are not conplete.
Information on the core configuration anticipated for the first
reactor irradiation of the spectral tailoring capsule is currently being
gathered. As soon as these data have been finalized, VENTURE cal cul ati ons
will be performed to determine the amount of reactor time required before
the first core piece has to be changed and before the first samples are to

be renoved from the capsule.

2.4.4.2 Fabrication
Al conponents are now being nachined; they will be delivered
begi nning Novenber 1, 1979. Assenbly will also begin at that tine.
An apparatus for |oading specinmens for reencapsul ation has been

desi gned and agreed upon by the hot-cell operations staff.

2.4.4.3 Speci nmens

A procedure has been devel oped for heat treating the Path A Prinme
Candidate Alloy (PCA)> (see also Chap. 3.3 of this report). The alloy is
now being rolled into sheet. Drawing and tube drilling are being
investigated for the production of PCA tubing to be included in this

experiment.

2.4.5 Concl usi ons

The ORR spectral tailoring experinent is proceeding on schedule.
Construction is expected to begin on November 1, 1979, and to be conpleted
in January 1980.

2.4.6 Ref er ences

1. D R Vondy, T. B Fowler, and G W Cunningham VENTURE, A Code Block
for Solving Multigroup Neutron Problems Applying Fine-Diffusion-Theory
Approxi mations to Neutron Transport, ORNL-5062 (Cctober 1975).
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N M. Qeene et al., AMPX: A Modular Code Systemfor Generating

Coupl ed Multigroup Neutron-Ganmma Libraries from ENDF/B, ORNL/TM-3706
(1976) .

W E Ford, IIl, C C Wbster, and R M Wstgall, A 218-Group Neutron
Cross-Section Library in the AVWPX Master Interface Format for Criticality
Saf ety Studies, ORNL/CSD-TM-4 (July 1976).

B R Dggs, W E Ford, Ill, and C C Wbster, GCeneration of ENDF/ B-V
CSEL Neutron Cross Sections, Progress Report No. &, UCC-ND-IC

(August 14, 1979).

P. J. Maziasz, "Microstructural Design for Fusion First-Vall Applications
and Recommendations for Thernal - Mechanical Preirradiation Treatments,"”
ADIP Quart. Prog. Rep. June SO 1979, DOE/ET-0058/6, pp. 48-56.
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2.5  RESULTS OF PROTOTYPIC TESTING FCR THE MFE-5 IN-REACTOR FATIGUE CRACK
PROPAGATI ON EXPERI MENT - A. M. Ermi (Hanford Engineering Development
Laboratory).

2.5.1  ADIP Task
Task 1.B.1, Fatigue Grack Gowh in Austenitic Alloys (Path A).

2.5.2  (njectives
An apparatus to perform in-reactor fatigue crack propagation tests

on the Path A Reference Alloy is being devel oped. Effects of dynamc
irradiation on crack growh behavior will be evaluated by conparing the
results with those of unirradiated and postirradiated tests.

2.5.3 Sumary
Prototypic testing of key conponents of the in-reactor fatigue

crack propagation experiment has been conpleted. A prototypic pressuri-
zation system designed to actuate a specimen chain by cycling the
pressure inside of a bellows, has been demonstrated. Chains of mniature
center-cracked-tension specinmens were tested on a conventional MTS machine
to investigate the viability of chain testing. The results of each chain
test adequately define one crack growth curve. \hen only the initial and
final crack length values are known, the same crack growth curve can be
constructed through statistical analysis.

2.5.4  Progress and Status

2.5.4.1 Introduction

Fatigue crack propagation (FCGP) in the first wall of magnetic fusion
reactors may be a limiting criterion governing reactor lifetimes. All
previous studies of irradiation effects on FCP have been conducted out of
reactor on materials pre-irradiated in the unstressed condition. The
ORR-MFE-5 experiment is designed to investigate FCP during irradiation,
where dynamic irradiation may effect crack growh characteristics.
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2.5.4.2  In-Reactor Fatigue Machine Pressurization System

In order to performthe in-reactor FCP tests, a pneumatically
actuated fatigue machine is being developed. A description of the
apparatus and test plan was reported earlier.

An integral part of the fatigue machine is the pneumatics systens,
which will provide the pressure required to obtain the desired conditions
of load, frequency and waveform A schematic of the bellows pressurization
system showing only the key conponents, IS illustrated in Figure 2.5.1.
The chamber region of the fatigue machine surrounding the bellows will be
kept at a constant pressure of up to 300 psig with high purity helium
The I oading on the specinmens is then achieved by cyclicly varying the
hel iumpressure in the bellows. When the maxi mumbel | ows pressure is
| ess than the chanber pressure, a tension-tension load will be transmtted
to the specimen chain. Note that the Toad follows a path inverse to that
of the bellows pressure.

A sawtooth waveform at a frequency of 1 cycle/min was selected for
MFE-5.  The waveformis achieved by usage of a flow controller during
pressurization, and by using a series of throttling valves at the exit
during the venting sequences. The three exit valves are set at specific
flow rates for the range of pressures at which they are utilized. Thus,
what woul d normal |y be an exponential pressure-tine response using a sin-
gle exit valve is linearized using three exit valves.

Qperation of the pressurization systemis as follows. After the
chanber and bellows have been brought up to pressure, a tiner is acti-
vated. This closes solenoid valve 1, opens solenoid valve 3, and changes
the path of valve 2 froma-b to b-c. The bellows then vents at a rate
determned by the throttling valve at 3. \When the pressure in the bellows
drops to sone preset val ue, pressure switch B opens sol enoid val ve 4.
Venting continues through the throttling valves at both 3 and 4. Wth a
further drop in pressure, switch Copens valve 5, allowi ng additional
flow through the throttling valve at 5. At sone mini mum pressure, switch
A de-energizes all sol enoi d valves, returning themto their initial condi-
tion as shown in the diagram Flowinto the bellows i s now regul ated by
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the flow controller. At the end of the cycle, the timer triggers the
start of the next cycle. The load, waveform and frequency can be adjusted
by simply changing the operating pressures, throttling valves, tiner and
pressure swtiches.

Portions of a pressure-time plot obtained fromthe prototypic pressur--
ization System is reproduced in Figure 252
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Figure 2.5.2  Pressure-Time Response of the Prototypic
Pressurization System

The output was taken from a pressure transducer located at the end of
fifty feet of 178" tubing. The results indicate that the system does
produce a satisfactory waveform for FCP testing. In particular, during
the lower pressure portions of the cycle, the response is very good,
resulting in the triangular waveform desired during peak |oading.

2.5.4.3 Mniature CCT Specimen Chain Tests

The 4in-reactor FCP tests will be conducted on, a chain of eight
mniature center-cracked-tension (CCT) specinmens.  The specinmens will
be precracked to five different initial crack |engths; one crack |ength
wi |l be duplicated and another triplicated. |In preparation for the in-
reactor FCP experiment, tests on a chain of annealled 316 stainless steel
specimens (heat 81585) using a conventional MTS machine were conducted.
The experimental conditions for two such tests are listed in Table 2.5. 1.
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Table 2.5.1  FCP Chain Tests
Experimental Conditions

Material: Anneal | ed 316 stainless steel

Speci mens: M ni ature center-cracked-tension

Envi ronment : Room tenperature air

Test #: Test 1 Test 2
Chain Size: 5 specs. 4 specs..
Stress Ratio, R 0.05 0.50
Frequency, sec-!l: 7.5 10.0
Cycl es, AN: 265, 000 405, 000

The five specinens in the first test were precracked to different
crack lengths, and cycled until the specimen with the Targest precrack
conpl etely separated. The crack lengths for all specimens were monitored
every five mnutes during the ten hour test using the electrical potential
method.  In Figure 2.5.3, the crack length is plotted versus cycles for
the five specinens. The curve was derived by horizontally shifting over-
lays of individual crack length versus cycles curves until one smooth curve
was obt ai ned.

The individual crack growth curves are plotted in Figure 2.5.4,
exhibing a maxi num factor of difference of 1.2 in crack growh rate for
any given val ue of s}lress intensity range, well within the factor of 2
allowed by the ASTM = Fromthese results, or fromthe crack |ength ver-
sus cycles plot of Figure 253, it is possible to construct a single
crack growth curve for the entire test. However, in the actual in-reactor
and ex-reactor tests, it will not be possible to nonitor the crack |engths
since the specinens will be imersed in sodium Only the initial and
final crack lengths will be neasured. A crack growh curve fromthis
information can be determned by the fol | owing method.
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Figure 2.5.4: Qack Gowh Curve for a Five Specinmen Chain Test.
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Consi der the equation describing the Paris reginme of the crack
growh curve,

92 - Lak® (']
da _
wher e av - crack growh rate,
AK = stress intensity factor range, and
a,8 = constants

Solving for the coefficient a through numerical integration yields

a
1" M 2]
Qo ANL'GO AK(a)B
wher e a, = Initial crack length,

ag = final crack 1ength, and

Aa = crack growth increment.

For purpose of calculation, Aa was chosen as (ag-ao)/50.

Since any one specimen will have an infinite nunber of a and 3
pairs (Figure 2.5.5), the next step is to determne some optimum val ues
for a and 3 which best describes al1 specimens in the chain. Optim za-
tion of a and 3 for the test is initiated by assumng some value for
3 in [ and calculating a value of a for each specimen. The average
val ue of a is then conpared to each individual a through the conputation
of an error function. The value of 3 is then increnented until the error
is mnimzed for the desired amunt of significant figures in 3.

Plots for five different selections of 3 for three specimens is
given in Figure 256. The error function, defined as

n
ERROR = Y (ai/a-1)2 [3]
i=1
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Various Crack Gowh Curves for Three Specimens where
only the Initial and Final Cack Lengths are Known.

Figure 2.5.6:
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is plotted versus 3 in Figure 2.5.7.a, and graphically illustrates the
method of determining the optimum crack growth curve, Figure 2.5.7.b.

Application of this techniqueto the five specinmen chain test
results in the dashed curve in Figure 254  The curve was determ ned
fromthe knowledge of only the initial and final crack |engths from the
four specimens still intact, the fifth specimen having been separated.
The nethod gives the desired result as long as (a) the actual crack
growth rate is linear over the region of interest, and (b) all speci-
mens are subject to the sane test conditions. Violation of (a can be
handl ed by applying the technique to cover bilinear crack growh be-
havior. Violation of (b) is more difficult to deal with, and can best
be handled by mnimzing any variations in test paraneters from speci men
to specimen. Variations which cannot be eliminated nust at |east be
investigated as to their effects on crack growh. The inportant para-
meter which will vary for the in-reactor FCP test is the total fluence.
Specimens at the ends of the chain will receive roughly one-half the
peak fluence experienced by specinmens near the center of the chain. To
mnimze the effects of fluence, the specimens precracked to the five
distinct initial crack Tengths will be positioned in the high flux
regions of the chain. The difference in fluence between any two speci-
mens is reduced froma factor of 2 to a factor of about 1.3. The re-
mai ning three specinens, which have crack lengths duplicating others in
the high flux region, will then serve to reflect any significant effects
of fluence. In addition, the ex-reactor test, which will parallel the
in-reactor test, will enable one-to-one conparisons between any irrad-
iated specimen with an unirradiated specimen.

To further investigate chain performance, the test was continued
using a different stress ratio. This permtted investigation of |ower
crack growth rates during chain testing, as well as the effects of R
(min/max stress) on the overall FCP behavior. The results from both
chain tests (R=0.05and 0.50) are conpared in Figure 258 where the
data for all specimens at each Rvalue is plotted together. Again, the
reproducibility of the crack growth curve for R = 0.50 is evident since
the data represents four specinens.
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are Known.
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Figure 258 Cack Gowh Curve for Two Chain Tests at Different Stress Ratios,
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for Two Chain Tests at Different Stress Ratios.
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Effects of stress ratio on FCP have |ong been observed, pronpting
the development of various reiationships to incorporate this effect.
James  has reported that the use of the effective stress intensity factor,
K g instead of AK describes the effects of R for various austenitic
stainless steels:

W ee -
Kepf  mal! -R) (4]

where mis a constant determned empirically. The crack growh rate is
plotted versus vafin Figure 2.5.9 for the two chain tests in which a

val ue of m= 0.667 adequately describes a single curve. Fromthis result,
it appears that the data is consistant with observations made on the

| arger conventional specinens. The overall results indicate that success-
ful tests can be carried out on specinmen chains at the various stress
ratios, frequencies and crack growth rates reported above.

2.5.5  Conclusions

(@) A prototypic pressurization system which will provide
tension-tension [oading has been successfully denonstrated.

(b)  Successful specimen chain tests were conpleted at frequencies
of 7.5 and 10 sec™!, and at stress ratios of 0.05 and 0.50.

(c) Crack growth curves can be constructed fromonly initial and
final crack length information from specimen cahins.

2.5.6 Future Work

Fabrication of the prototypic fatigue machine to be tested at HEDL
IS 75% conplete. An eight specimen chain test on the Path A Reference
Al'loy, 20% cold worked 316 SS, is being planned for the prototype. The
experiment will be conducted in helium at room tenperature.  Four of the
specimens in the chain will be wired to monitor crack growh using the
el ectrical potential nethod.



2.5.7
1.

65

Ref er ences
A M. Ermi, "Status of an In-Reactor Crack Gowh Experinent,"
Sixth ADIP Quarterly Progress Report, 1979, DCH ET-0058/6.
L. A James, J. L. Straalsund and R E Bauer, "Optim zation of
Fatigue Crack Gowh Testing for First wall Materials Devel opment
Eval uations," presented at the First Topical Meeting on Fusion
Reactor Materials, Mam Beach, January 29-31, 1979; HEDL-SA-1621.
J. L. Straalsund and D. A Mervyn, "Adaptation of an Electrical
Potential Technique to Measure Fatigue Crack Crowth," ADIP
Quarterly Progress Report, Decenber 31, 1978, DCH ET-0058/ 4,
pp. 4-9.
ASTM Desi gnation E647-78T, Annual Book of ASTM Standards, Part 10
(1979) pp. 707.
L. A James, "Fatigue-Crack Propagation in Austenitic Stainless
Steels," Atomc Energy REview, 14, 1(1976) pp.53-57.



66

2.6 MNATURE TENSILE TESTING - E K (Oppernman (Hanford Engi neering

Devel opment Laboratory).

2.6.1 ADIP Task

Task 1.B.13, "Tensile Properties of Austenitic Alloys."

2.6.2 Objective
The objective of this work is to develop mniaturized tensile speci-

nmens and a conpatible test machine in support of Fusion Materials Testing.
The small specinen size is required in order to irradiate a statistically
meani ngf ul nunber of specinens in the limted volunmes avail able for Fusion
Material s Testing, such as RTNS-IT and FMIT. A small, tabletop, tensile
test machi ne was devel oped to accommopdat e m ni at ure speci nens by provi di ng
accurate and stable alignnent W| th speci nen size and handl i ng consi derati on

in mnd.

2.6.3 Sunmary
The apparatus and techni ques required to carry out postirradiation

tensile tests on mniaturized wire speci nens have been devel oped and test ed.
Results of tests on nine AISI 316 stainless steel wre specinens denon-
strate that the test machi ne operates in a reproduci bl e manner and that the
speci nen geonetry yields results conparable to conventional specinens.

This report wll briefly describe the apparatus, specimen geonetry

and prelimnary test results.

2.6.4 Progress and Status

2.6.4.1 Introduction

The present day accel erator based fusion neutron sources, such as
RTNS- 11, and the Fusion Materials Irradiation Test Facility (FMIT), all
have very limted irradiation volumes when conpared to materials test
reactors. In order to utilize small irradiation volumes, in a statisti-
cal ly meani ngful manner, the use of snall specinens sized to the flux

vol umes is required.
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In response to these conditions, HEDL has devel oped techni ques to
fabricate mniature wire tensile specinmens fromvarious alloys and a ten-
sile test machine specifically designed to load, grip and align snall
specinmens. Any ultimate mniaturization of nechani cal property speci nens
is limted by grain size considerations if "bulk specinen" results are

desired.

2.6.4.2 Specinens and Test Machine

The m niature tensile specinens are fabricated by chemcally mlling a
gage sectionfroma .76mmdi aneter wire. Figures 2. 6.1and 2. 6. 2illustrate
the size and shape of the mniaturized specinens. The overall |ength of
each specimen is 13 mmwi th a nomnal gage length of 4-6 nmand a m ni num
dianeter of 0.25 mm Speci mens have successfully been fabricated from
316 stainless steel, pure nickel and titani um 6AL-4V.

Chemcal mlling techni ques generally produce gage sections with
gradual ly varying diameter profiles. Therefore, accurate measurenent tech-
niques are required in order to characterize the specimen geonetry. Fi g.
2.6.3 shows a specimen diameter profile froma chemcally mlled stainless
steel specinen. The diameters were neasured using a Zygo 110-A noncont act -
ing laser telenetrix system The dianeter versus |length val ues are conpu-
ter processed for graphic display and to identify the "plastic gage length,"
or the length over which yield occurs during the tensile test.

The tensile machine has a horizontal load train consistineg of a notor-
driven roller slide in series with a load cell and specinmen. Fig. 2.6.4
illustrates the overall machine. D splacenent or strain is measured with
two LVDI's nounted on each side of the specimen and co-planar with the
speci men and screwdrive axis. Fig. 2.6.5 shows the region surroundi ngthe
test specinmen. The specinen is held or gripped between a pair of serrated,

har dened- st eel coll ets.

2.6.4.3 Prelimnary Results

Initial tests were conducted on nine AISI 316 SS specinens and the
results are presented in Table 2.6.1. The values of the ultimate tensile
strength, yield stress, total elongation and reduction in area are conpar -

able to reference values which indicate the wire specimens are giving
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Miniature tensile specimen.
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bul k- speci men results. Bulk results were antici pated because of the
relatively small grain size of the 20% CW nmaterial conpared to the wire
dianeter. Fig. 2.6.6shows an optical m crographtakenfromthe gage section
of the specinen. The grain size is ASTM #7 (average dianeter 0.04 mm),
which resultsin 7-10 grains across the diameter. Fig. 2. 6. 6 al so shows t hat
the chemcal mlling technique results in a. round, synmmetric specinen
Cross section.

The overall |oad versus strain plots for four of the specinmens are
shown in Fig. 2.6.7. The curves indicate asnall anount of strainhardening
following the onset of yield and good ductility. The ductility is also
reflected in the reduction in area (RA) values listed in the table. These
RA val ues were determined fromoptical mcrographs in the fractured region.

Fig. 2.6.8 shows the fracture to bea"cup and cone fracture,” indicating a
ductile material.

2.6.5 Concl usions

The feasibility of fabricating, handling and testing very small wre
speci mens was demonstrated. Results taken from nine AISI 316 SS speci nens
indi cates that meaningful, bulk tensile properties can be obtained from

mniaturized tensil e specimens.

2.6.6 References
1. Hanford Engi neering Devel opnent Laboratory, MNuclear Systems Materials
Handbook, Vol. 1, Revision 6, (June 1, 1978).
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CGross section of mniature tensile speci men (300X),

Fig. 2.6.6:

grain size ASMI #7.



‘'suau 198ds InoJ Jo) S8AIND aIsual 292 BH

76

| Icussuwsy | NTVHLS ] ]
m | ] |
| r | |
_ Pl ,_

e et e e P e shre q_.__.___..__...__._1 _’.....-_... e

. I . - S

SRS

N ; : _ i j

Fe2 I8 - OTESNAN DAdS |

1 , L i . - |

T







79

3. PATH A ALLOY DEVELCPMENT - AUSTEN TIC STAINLESS STEELS

Path A alloys are those alloys generally known as austenitic stain-
less steels. The most common US designations are AISI types 304, 316,
321, and 347. Prinmary considerations for selecting this class of alloys
for further devel opnent are:
1. state-of-the-art production and fabrication technol ogy;
2. extensive data on the effects of neutron irradiation on properties,
whi ch show the potential of these alloys for MFR applications;
3. conpatibility with proposed cool ants and breedi ng fl uids;
evidence that for MFR conditions (He, dpa, temperatures) the proper-
ties are sensitive to conposition and m crostructure —thus show ng
potential for further devel oprment.
The strategy for devel opnent of these alloys has two related objectives:
1. to determne for a reference alloy the effects of irradiation on
those properties nost inportant to fusion reactor design;
2. to develop a Path Aalloy that is optimzed for fusion reactor
appl i cations.
The first objective will provide a data base for near-termreactor design
and, nost inportant, guidance as to which properties limt performance of
this type alloy. Wrk on the reference alloy will provide direction for
the actual alloy devel opnent efforts of the second objective. Type 316
stainless steel in the 20%-cold-worked condition appears to be the best
choice as a reference alloy. 1t is the present reference cladding and
duct alloy in the breeder reactor programs, and there are extensive data
on the unirradi ated nechani cal properties, effects of heat treatnent on
properties, structure, and phase stability, and the effects of fast neutron
irradiation on properties. The present technology of austenitic stainless
steel s, including understandi ng of the physical and mechani cal properties
and irradiation response, is such that alloy devel opnent efforts can nove
to optimzation for use in fusion reactor applications. A Prine Candidate
Al oy (PCA) (Fe-16%ZNi—147% Cr—2% Mo—2% Mn—0.5% Si—0.2% Ti—0.05% O has been
sel ected by the ADIP task group. Efforts will now focus on optimzing the
conposition and mcrostructure of the PCA leading toward the selection of
OPT-Al (Program Plan designation of first optimzed Path A alloy).
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3.1 FATI GUJE BEHAVI OR CF 20%-COLD-WORKED TYPE 316 STAI NLESS STEEL AFTER
IRRADIATION IN THE HFIR- M L. Gossbeck and K C Liu (CR\L)

3.1.1 ADIP Task

ADIP Task I.B.5, Stress-Strain Controlled Fati gue of Austenitic
Alloys.

3.1.2 Objective

This study eval uates the effects of sinultaneous displ acenent danage
and hel i umproduction during irradiation on the fatigue life of 20%-cold-
wor ked type 316 stainless steel.

3.1.3 Sunmary
Wrk is nowin progress to extend our previously reported fatigue

data to the high-cycle regine. W have tested control specinens before
testing irradi ated specinmens. Data fromthe high-cycle tests correlate

well with lowcycle strain controlled data for control specimens.

3.1.4 Progress and Status

3.1.41 Introduction

Since a tokamak reactor operates in a cyclic node, thernal stresses
will result in fatigue in structural components, especially in the first
wal | and blanket. There has been linted work on fatigue in irradiated
alloys! but none on irradiated naterials containi ng irradiation-induced
helium To provide scoping data and to study the effects of irradiation
on fatigue behavior, we studied the |owcycle fatigue properties of
20%-cold-worked type 316 stainless steel fromthe MFE reference heat.

Al though ductility is primarily inportant in determning |owcycle
fatigue life (strains producing <102 cycles to failure), strength is
the prine factor in determning high-cycle fatigue life. S nce
irradiation typically enbrittles and usually strenghtens naterials,
the expected result is to shorten lowcycle life and to extend high-cycle

life in fatigue. The degradation of cyclic life in the lowcycle regine
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has been confirmed by previous tests,° but the effect of irradiation
on high-cycle life remains to be investigated. This investigation is
currently in progress.

3.1.4.2 Experimental Procedure

Hour gl ass speci mens wi th mni mum gage dianeters of 3.18 mm (0.125 in.)
were irradiated in the Hgh Hux Isotope Reactor (HFIR) in peripheral
target positions, providing both a high rate of displacenent danmage and
rapid helium production from capture of thermal neutrons by nickel. A
helium gas gap controlled the tenperature. The experinment was nonitored
by inclusion of lownelting alloys, as described previously.9

Tests were performed on a servo hydraulic testing system equi pped
for remote operation.* Specimens were tested in a vacuum at pressures
from10=> to 10~% Pa. The gage section of the specinen was naintained at
430°C £ 5°C, remaining constant within £1°C during the test. Strain
control for the lowcycle tests was achieved with a dianmetral extensoneter
with alumna blades and a linear variable differential transfornmer (LVO).
The dianetral signal in turn was converted to an equivalent axial strain
through a strain conputer for machine control. A fully reversed ranp
function was used. Specinens were cycled to conplete separation.

Strain control at a rate of 4 x 1073/s was used until a stable
hysteresis loop was established. Control was then transferred to |oad,
and the strain rate was increased to 4 x 1072/s.

3.1.4.3 Results

Six specimens have been tested with the strains and |oads shown in
Table 3.1.1. Results correlate well with previous lowcycle data. The
above data wll be conpared with simlar data fromirradiated specinens.

3.1.5 Concl usi ons

Data on unirradiated material for high-cycle fatigue have been
obtained. Load control tests using a strain rate of a factor of 10
greater than used for lowcycle tests appear to be useful and correlate
wel | with the high strain rate strain controlled tests. Irradiated
specimens will now be tested under simlar conditions.
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Table 3.1.1. Hgh-Cycle Fatigue Life of Unirradiated
20%-Cold-Worked Type 316 Stainless Steel at 430°c“

Controlled Control | ed

Stress Cycles to

Speci nen Str a|<nc/e )Range Izﬁﬁbd (MPa) Failure
Gl1l1 0.6 16 500 113, 485
GlL3 0.5 15 470 207, 475
Gl4 0.5 15 470 112,045
GL6 0.4 14 430 346, 641
GL7 0.4 12 370 358, 390
GL9 0.3 9.0 280 767, 150

ATests i N vacuum

3.1.6 References

1.

J. M Beeston and C. R Brinkman, "Axial Fatigue of Irradiated Stainless
Steels Tested at El evated Temperatures,"” pp. 419-50 in Irradiation
Effects on Structural Alloys for Nuclear Reactor Applications,

Am Soc. Test. Mater. Spec. Tech. Publ., 484, Anerican Society for
Testing and Materials, Philadel phia, 1970.

M L. Gossbeck and K C Liu, "LowCycle Fatigue Behavior of 20%-Cold-
Wirked Type 316 Stainless Steel," ADIP Quart. Prog. Rep. June SO 1979,
DCE/ ET- 0058/ 6, pp. 42-47.

M L. Gossbeck and M J. Kania, "HFIR Irradiation of Hourglass Fatigue
Specimens,” ADIP Quart. Prog. Rep. June SO 1978, DOE/ET-0058/2,

pp. 20-35.

K C Liuand M L. Qossbeck, "Status of Fatigue Testing Facility,"”
ADIP Quart. Prog. Rep. June SO 1978, DCH ET-0058/2, pp. 54-59.
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3.2 FABRI CATION OF HOMOGENEQUS PATH A PR ME CANDI DATE ALLOY -
P. J. Maziasz and T. K Roche (CR\)

3.2.1 ADIP Tasks
ADIP Tasks I.A.5, PerformFabrication Analysis, and I.DI, Materials
St ockpile for MFE Prograns.

3.22 (bjective

The objective of this work was to produce final specinmen material
(in this case sheet) with a uniformgrain size, microstructure, and
distribution of titanium A proper fabrication sequence is necessary to
produce hormogeneous material for subsequent thernal -mechanical treatnents

designed to bring about designed preirradi ati on microstructures.

3.2.3 Summary
Previous work identified initial inhomogeneity in the as-received

Path A Prine Candidate Alloy (PCA plate stocks (and probably other
finished forns as well). Fabrication experiments indicated that hot
wor ki ng had produced titaniumrich MC precipitation and that although
initially fine and uniform, this phase could coarsen during further hot
working. Solution treating to dissolve titaniumrich MC precipitate
particles requires tenperatures above 1150°C The TI(CNS and titanium
rich MN particles dissolve only at tenperatures near nelting, if at all.
Honogeni zati on before fabrication is essential. Qur investigations
addressed and solved all the problenms encountered when producing final
formmaterial for specinmens [0.25-mm~thick transm ssion el ectron mcro-
scope (TEV) discs punched from sheet}. Sheet 0.5 mm thick was also

fabricated for thermal aging response studies of the Path A PCA

3.24 Progress and Status

An i nhormogeneous mcrostructure was found! in as-received finished
13.0-mm—-thick PCA plate stock. This discovery resulted in the devel opnent
of treatments for obtaining homogeneous starting material and the devel opnent

of a fabrication route to produce honogeneous final specinen material.2
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Fabrication of AISI type 316 and other 300 series austenitic stainless
steels is relatively easy, with many nethods of producing the same final
product . > Such ease of fabrication is one of the advant ages of using
this class of alloy. The addition of titaniumto type 316 transforns
it into a potentially precipitation-hardenable nmaterial with better high-
tenperature stability. The precipitate phase is a titaniumrich MC that
t hough potentially beneficial to the microstructure leads to loss of sone
of the freedom of fabrication. Inhomogeneous distributions of the MC
particles can result if proper control of fabrication variables is not
exerci sed. The inhomogeneous precipitate particle distributions wll
result in nonoptimum properties. g Thus, greater care is required for
fabricating austenitic stainless steels containing titanium The
requi red fabrication schedule is sinple enough that this remains an
attractive feature of these alloys.

The fabrication sequence used to produce 0O.5-mm—thick sheet for TEM
specimens is presented in Fig. 3.2.1. The TEM discs were used to investi-
gate the thernal -nechani cal response of the Path A PCA for preirradiation
m crostructural design, and the results are discussed in Chap. 3.3 of this
report. Three branches from the main flow diagram (between steps 3 and 4,
5 and 6, and 10 and 11) indicate problens that were encountered.

Figures 3.2.2, 3.2,3, and 3.2.4 detail the investigations initiated to
solve those problens. W developed solutions that resulted in fabrication
sequences capabl e of produci ng honogeneous specinmen naterial. The results
from our investigation shown in Fig. 3.2.2 have been presented and
discussed! and will be summarized here. The material had fine titanium
rich MC particles along dislocation cell walls as well as macroscopic
variations in grain size associated with stringering of MC particles. The
initial "homogenization” at 1150°C in step 2 was probably not adequate to
conpl etely dissolve titaniumrich MC because the solvus is about 1150°c.!
Subsequent processing of the material (Fg. 3.22) was observed to coarsen
and to redistribute the MC particles, |eading to an inhonogeneous m cro-
structure resenbling that observed in the as-received plate (step 5,

Fig. 3.2.1). Honobgenization resulted from1 h at 1200°C, but hot working

reprecipitated MC. Cold working produced stringers in the unhomogenized



Fig. 2.6.8:

77

Micrograph of

the fractured region

(100x).
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ORNL DWG 79 18723

FABRICATION OF THE PATH A PRIME CANDIDATE ALLOY

VIRGIN MATERIAL, VACUUM INDUCTION MELT {VIM}, CONSUMABLE ELECTRODE,
VACUUM ARC REMELT (VAR)

] 03BY03m INGOT

HOMOGENIZED 24 h AT 1150°C

3 I
BLOOMED (HOT ROLLED) AT 1150°CSTART TEMPERATURE, ANNEALED 1 h AT
1038°C, AIR COOLED

METALLOGRAPHY (MET),
TRANSMISSION ELECTRON

0.13-m-DIAM ROUND CORNERED SQUARE (RCS) BAR

1 MICROSCOPY (TEM), -
FABRICATION INVESTIGATION

o

< HOT WORKED AT 1150 C (START TEMP) TO FINAL FORM, ANNEALED AT 1050°C
o

<) ] 13 mm THICK PLATE
g s r
£ .| MET, TEM, EXTRACTION + X RAY,
z AS RECEIVED FINISHED MATERIAL HOMOGENIZATION INVESTIGATION
= | . T
3 6 Y INFORMATION INCORPORATED
z HOMOGENIZED 24 h AT 1275 C
: -

7

—#J HOT ROLLED AT 1050°C, AIR COOLED, SAND BLASTED, PICKLED

;2.54 mmSHEET

HOMOGENIZED 1 h AT 1200 C, AIR COOLED , SAND BLASTED, PICKLED

. P

COLD ROLLED TO 50% REDUCTION IN THICKNESS, DEGREASED

}1.27 mmSHEET

INFORMATION T BE INCORPORATED

—— e ———— — e ]

10
ANNEALED 15 m AT 1150 C (ARGON), FURNACE COLD ZONE (FCZ) COOLED, PICKLED
— MET, TEM, DUPLEX J
GRAIN SIZE INVESTIGATION |~ — — — =
n .
REFPEAT STEPS 9 AND 10
5\'\2‘ '?'fhm
V SHee,
12 13
COLD ROLLED 10% COLD ROLLED 25%
0.5-mm SHEET 0.5-mm SHEET | 14
MET ANNEALED15 min AT 1175°C
(ARGON), FCZ COOLED
10%-COLD- 25%-COLD- SOLUTION-
WORKED SHEET WORKED SHEET ANNEALED

SHEET

Fig. 321 HowOChart of the Fabricati on Sequence Used to Produce
Path A Prine Candidate Alloy (PG 0.5-mm-Thick Sheet for Transn ssion

Bl ectron M croscopy Speci nens.
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ORNL-DWG 79-18724
FABRICATION INVESTIGATION

3.
BLOOMED (HOT ROLLED) AT 1150°C START TEMPERATURE, ANNEALED 1 h AT
1038°C, AIR COOLED

A METALLOGRAPHY (MET), 1
TRANSMIESION ELECTRON
MICROSCOPY (TEM),
FABRICATION INVESTIGATION

P

4
| HOT WORKED AT 1150°C (START TEMP) TO FINAL FORM, ANNEALED AT 1050 C

3A
FABRICATION
INVESTIGATION
J METALLOGRAPHY,
A ) TEM
HOMOGENIZED 24 h
AT 1200°C
T
FURNACE COLD| AIR WATER
ZONE QUENCH |cooL UENCH
QU Q METALLOGRAPHY,
18 c, D, TEM
HOT ROLLED AT 1050 C START
TEMP., ANNEALED 15 mm AT 1050 C
AIR AIR AIR WATER
cooL fcooL [cooL [QUENCH
METALLOGRAPHY,
A, B, C, D, TEM

PICKLED, COLD ROLLED
N 50% TO 1.52 mm THICK,
ANNEALED ~ 5 min AT
1050°C IN H., SLOW COOL

A, B, C. D, METALLOGRAPHY,

TEM

Fig. 3.2.2. Details of the Fabrication Analysis Pronpted by (bservations
of Stringers and Fi ne Undi ssol ved Titanium R ch MC Particles Between Steps 3
and 4 and in Fig. 3.2.1.

material. This investigation showed that the initial material must be
hompgeni zed, that hot working was acceptable at 1050°C (starting tenpera-
ture), and that fine MC precipitate particles should be dissol ved by
solution treating at 1150 to 1200°C before each cold deformati on step to

prevent stringering.
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HOMOGENIZATION INVESTIGATION

& 54
MET, TEM, EXTRACTION +
F|N|ASSHEEC|§L\{|'EEDR|AL =1 XRAY,HOMOGENIZATION
INVESTIGATION
54

HOMOGENIZATION INVESTIGATION

ORNL-DWG 79-1872%

¥ Y

HOT WORKED 1050°C
START TEMP, HOMOG-
EMIZED 24 h AT 1200°C

HOMOGENIZED
34 h AT 1200°C

HOMOGENIZED 24 h
AT 1275°C

HOT WORKED 1080°0
STAAT TEMP, HOMOG-
ENIZED 24 h AT 1275°C

—

MET, TEM, BULK
RESIDUE EXTRACTION,
X-RAY DIFFRACTION

HOT ROLLED TO 3.0mm SHEET

MET —— AT 1050°C START TEMP, AIR COOLED

MET
TEM

Fig. 3.23.

As- Recei ved PCA Material .

ORNL-DWG 79 18726
DUPLEX GRAIN SIZE INVESTIGATION

Details of the Honogeni zation Treat ment

ANNEALED 15min AT 1150 C {ARGON}, FURNACE COLD ZONE {FCZ} COOLED, PICKLED

A

MET, TEM, DUPLEX
GRAIN SIZE INVESTIGATION

1
REPEAT STEPS 9 AND 10 |

IlAl

DUPLEX GRAIN SIZE INVESTIGATION |

1
—l——-b MET

r 1 h AT 1200°C

I

l BACKTO6 (FIG 3.2.1)
] 13:menTHICK PLATE

ET 4—I— 24 h AT 1275°C |

4‘—-: SURFACE GROUND |

-
MET<—— REPEAT STEPS 7 THROUGH 12 |

(EACH STEP)

Fig. 3.24.

I nvestigation
Pronpted by Inhomogeneous MC Particle Distributions Cbserved in the

Details of the Investigation to Find the Cause of the

Near - Surface Stringer of Particles Resulting in a Duplex Gain Sze after

Recrystallization Following Cold Wrking.
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The honogeni zation investigation shown in Fig. 3.2.3 (see step 5,
Fig. 3.2.1) was initiated to overcone severe macro- and nicroscopic
inhomogeneity (see Fig. 3.2.5) of titaniumrich MC and hence titanium
content. The fabrication investigation in Fig. 3.2.2 showed how a
microstructure like this could devel op from i nproper honogenization.
Figure 3.2.3 shows the honpbgeni zing treatments investigated, including
long tines (24 h) at high temperatures. W also considered breaking up
the stringers through hot work before honogenization.

Several tests were used to evaluate the |evel of honogenization
achieved. The ability to dissolve the titaniumrich MC particles was
reveal ed by optical metallography (Fig. 3.2.6), transm ssion electron
m croscopy (TEM) (Hg. 3.2.7), and bulk precipitate extraction with
wei ghing and x-ray diffraction analysis of the residue (Table 3.2.1).

The subsequent tests of aging at 900°C for 24 h (Figs. 3.2.8 and 3.2.9)

or processing by hot working foll owi ng honogenization (Fig. 3.2.10) reveal ed

the level of redistribution of titaniumachieved by homogenization.%:2
Figures 3.2.6 and 3.2.7 showed that all honogenization treatnents were able
to dissolve fine MC and nost of the coarser MC particles and that the
1275°C treatnment appears to dissolve slightly nore MC than the 1200°C
treatment. This is confirnmed by the weights of extracted residues in
Table 3.2.1. These also confirmthat the hot working did little to
i nprove the honogeneity and was therefore unnecessary. Figures 3.2.8,
3.2.9, and 3.2.10 reveal that the reprecipitated MC particles are reason-
ably uniform so that honogeni zati on was successful. Therefore, we selected
a honogeni zation treatnment of 24 h at 1275°C  However, as wll be pointed
out later, this is a severe treatnent for time, tenperature, and protec-
tive atmosphere requirenents and would not have been necessary if proper
honogeni zati on had been carried out by the vendor earlier in the
processi ng.

W proceeded with fabrication of sheet, starting at step 7 of
Fig. 3.2.1 after honogenization. The fabrication sequence steps were
sel ected based on our fabrication variable shown in Fig. 3.2.2.1 We
honogeni zed the material 1 h at 1200°C after hot working as a precaution
to ensure that MC particles forned during hot working would be dissol ved

before the first cold-work step.
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Fig. 3.2.5. Microstructure of the As-Received 13-mm-Thick Plate.
Optical metallography reveals gross variations in grain size and stringers
of MC precipitates in (a) and (b). Transmission electron microscopy of
adjacent portions of thin area shows variation in titanium-rich MC particle
concentration. Microanalysis with x-ray energy dispersive spectroscopy
(EDS) shows the corresponding variation in average titanium concentration.
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Fig. 3.2.6. Optical Metallography of the Homogenized Microstructures
After (a) 24 h at 1200°C, (b) Hot Work at 1050°C (Starting Temperature)
plus 24 h at 1200°C, (c) 24 h at 1275°C, and (d) Hot Work at 1050°C

(Starting Temperature) plus 24 h at 1275°C. Slightly better particle
dissolution is achieved at 1275°C.
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YE-11738

1.0 um

YE-11737

Fig. 3.2.7. Transmission Electron Microscope Micrographs of Path A
Prime Candidate Alloy (PCA) After Homogenization at 1275°C for 24 h.
(a) and (b) are adjacent areas. (a) No titanium MC particles. (b) Occa-
sional, fine MC particles on dislocations produced during cooling. However,
this is a considerable improvement over the as-received material.

Views



92

Table 3.2.1. Anount of Precipitate in Extracted Residue for
Sel ection of an Adequate Homogenization Treat nent

Conposition from
X-Ray Di ffraction

condition Amount of Precipitate

(e %) Anal ysi s

As received 0. 16 + 0.03 (Ti,Mo) (C,N)“
ag = 0.224 - 0.228 an

As received + 0.45 Not measured
24 h at 900°C
Homogenized 0. 10 (Ti,Mo) (C'N
24 h at 1200°C agp = 0.224 —u. 228 nm
Hot worked (1050°C) 0.12 (Ti,Mo) (C,N)
+ homogenized 24 h ap = 0.224 —0.228 nm
at 1200°C
Homogenized 24 h 0.08 (Ti,M0) (CN
at 1275°C ag = 0.224 - 0.228 nm
Hot worked (1050°C) 0.07 (Ti,Mo) (C,N)
+ homogeni zed 24 h a, = 0.224 —0.228 nm
at 1275°C

ATi(C' NS, a blocky orange paticle, is also present. 1t neither
vrows nor dissolves at these temperatures.
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.+ 1Y-162863

Y-162867

(d)

Fig. 3.2.8. Optical Metallography of the Microstructures Produced by

Aging 24 h at 900°C After the Following Homogenization Treatments: (a) 24 h
at 1200°C, (b) Hot Work at 1050°C (Starting Temperature) plus 24 h at 1200°c,
(c) 24 h at 1275°C, and (d) Hot Work at 1050°C (Starting Temperature) plus

24 h at 1275°C.
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YE-11739

MC PARTICLE
CLUSTER

Fig. 3.2.9. Transmission Electron Microscope Micrograph of Path A
Prime Candidate Alloy (PCA) After Homogenization of 24 h at 1275°C, Followed
by Aging 24 h at 900°C to Precipitate Titanium-Rich MC Particles. The
stringered clusters are caused by dislocation generation from growing
particles along a particular slip system followed by nucleation and growth
of new particles. The spacial distribution of clusters is typical of
solution-treated and aged material.

Another problem encountered between steps 10 and 11 of Fig. 3.2.1
prompted the investigation shown in Fig. 3.2.4. A stringer of fine
particles about 0.1 to 0.2 mm below the surface caused a string of small
grains and hence a duplex grain size after recrystallization in 1.27-mm-
thick sheet (Fig. 3.2.11) This condition is seen to persist as the
thickness of the sheet is further reduced with repeated cold rolling and
annealing (15 min at 1150°C) steps.

Again, Fig. 3.2.4 shows the steps taken in investigating this duplex
grain size problem. We first suspected that these were titanium-rich MC

particles that were not dissolved at 1150°C, but the fact that there was
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| Y-162426 U y-162428

Y-162430

Fig. 3.2.10. Optical Metallography of Microstructures Produced by
Hot Working at 1050°C from 13- to 3.3-mm-Thick Sheet After the Following
Homogenization Treatments:

(a) 24 h at 1200°C, (b) Hot Work at 1050°C
(Starting Temperature) plus 24 h at 1200°C, (¢) 24 h at 1275°C, and

(d) Hot Work at 1050°C (Starting Temperature) plus 24 h at 1275°C.
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Y-164259 Y-164258

Fig. 3.2.11. Optical Metallography Shows the Duplex Grain Size
Problem Encountered Between Steps 10 and 11 of the Fabrication Sequence
shown in Fig. 3.2.1. Views (a) and (b) are the 1.27-mm-sheet after cold
rolling and recrystallization at 1150°C for 15 min. (a) The stringer of
fine grains is parallel but beneath the rolling surface. (b) The fine
particles of titanium-rich nitrides are responsible for the duplex grain

size. (c) The problem persists as the material is cold rolled and
recrystallized to 0.6-mm-thick sheet.
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no change after 1 h at 1200°C seemed to indicate that they were nitride
rather than carbide particles. At tenperatures bel ow about 1150°C, two
potentially conpeting chemcal reactions are:

[Ti]Y+ [C]Y* [TiC]Y,
and
[Ti]v+ [N]Y—> [T:'LN]Y.

where []y refers to those species dissolved in austenite. The anounts of
product and reactants that can coexist at equilibrium are given by

AG® = AH- TAS , (1)
and
ric
AG® = -RT 1n , (2)
aTiClC

where a represents activities, and other terns have their usual thermo-
dynamc definitions. Smlar equations can be witten for the TiN
reaction. Leitnaker and GehlbachY cal cul ated these reactions in type 316
austenitic stainless steels. Fromtheir work,

AG®1473 x(TTQ =-184.5 kI - (-11. 8 J/mol K) (147XK) =-167 kI , (3)

and

-337.6 kJ - (-82.6)/mol K) (1473 K) =-216 kJ . (4)

8G°1473 x(TIN

Qearly we can see that the nitride is the nmore stable phase on a free
energy basis. (The nitride value disagrees with that given by Leitnaker
and Gehlbach® because of a numerical error in their calculation.) But the
equi librium amount of each phase is also determned by the activities of
titanium carbon, and nitrogen in the alloy. For carbon

C(graphite) = [c_%r , (5

AGe = 4.52 x 10% J - (618 J/mol X)T = RT 1n a; , (6)
and
In ac = (45 x 10% - 61.87) /BT .
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This result indicates that for a given concentration of carbon, the
activity decreases as the tenperature increases. N trogen and titanium
behave simlarly so that at some tenperature TiC or TiN will dissolve, as
observed. Because of the larger negative enthal py of formation, this
corresponds to TiN dissolving at a higher tenperature than TiC for equal
carbon and nitrogen concentrations. This tenperature is about 1150°C for
the titaniumrich MC in the Path A PCA for about 0.25 to 0.3 w % Ti and
0.05 w % C but is above the nmelting point of type 316 for the titanium
rich MN. Thus at: the honpgeni zation tenperature of 1275°C, the reactions

becone

[Ti]Y+ [C]Y<~ [TiC]Y,
and

[Tily + [Nly = [TiN]y .

If nitrogen is available titaniumrich MNwill format 1275°C because the
titanium concentration increases as the MC dissolves. The equilibrium
pressure of nitrogen for this reaction is in the order of 1072 to 107% pa
so that for higher pressures nitriding will proceed at sone rate deternined
by the kinetics of the reaction. Equipnment limitations required use of an
air furnace and a protective layer around the steel. However, even

this was not adequate, and considerable nitriding occurred beneath the
surface oxide scale. This can be seen in the as-honogenized naterial in
Fig. 3.2.12(a). The nitriding was elinnated by grinding this nmateri al
off the billet, and a cross section through the ground surface is shown

in Fig. 3.2.12(b). The unground billet then received exactly the same
treatment as the ground billet. Figure 3.2.13 shows that the unground
billet duplicated the duplex grain size shown in Fig. 3.2.12, while
surface grinding had elinmnated the problem However, care nust be taken
with grinding because the depth of penetration varies from sanple to

sanpl e. If the nitride particles are not conpletely renoved, they still
stringer during fabrication. The final O.5-mm sheet had some near-surface
stringers, but the bulk of the interior of the nmaterial was acceptable
and honogeneous. Transni ssion electron mcroscope discs were punched
fromthis material and were used to exanmine the thermal aging response

of the microstructure. El ectropolishing and thinning during specinmen
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] Y-165412

- 100 um

(b)

Optical Metallography of a Cross Section Through the

Fig. 3.2.12.
Rolling Surface of a Billet of 13-mm-Thick Plate Stock After Homogenization

at 1275°C for 24 h in an Air Furnace. The rolling surface is shown at
the top of the figure. (a) The particles are titanium-rich nitrides.

(b) These particles are removed by surface grinding of the rolling billet
after homogenization.
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Y-165414 Y-165410

Fig. 3.2.13. Subsequent Fabrication of Both Ground and Unground
Rolling Billets to Step 10 in the Fabrication Sequence of Fig. 3.2.1.
(a) Structure indicates that a uniform, homogeneous microstructure can
be produced by surface grinding plus proper fabrication. (b) Sheet
fabricated from unground rolling billet. Similarity to the microstructure
shown in Fig. 3.2.11(a) indicates that the problem was nitriding of the
surface during homogenization.
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preparation renoved the surface material, and thus the aging response
should be unaffected. However, specinens for future irradiation experi-
ments wll be fabricated with a schedule incorporating all the solutions
to the various problens.

3.2.5 Conclusions

A successful fabrication sequence produced honbgeneous specinen
material fromthe as-received Path A PCA. The problems encountered and
their solutions are as follows:

1. The as-received nmaterial was too inhonogeneous for microstructural
design. The solution was to honogenize the alloy for 24 h at 1275°C

2. Fabrication at elevated tenperatures produces initially fine
titaniumrich MC particles that can coarsen and redistribute upon further
deformation. Heating to at least 1150°C is required to redissolve M
The solution was hot worked at 1050°C (starting tenperature) with 1 h at
1200°C to rehomogenize it before cold working. Each cold-work step was
followed by annealing at 1150 to 1175°C to redi ssolve MC particles
precipitated during recrystallization.

3. Stringers of fine titaniumrich nitride particles devel oped bel ow
the rolling surface and caused a duplex grain size upon recrystallization
after cold rolling. The particles formed at the surface during homogeni-
zation for 24 h at 1275°C in a poorly controlled atmosphere. The sol ution
for this material was to grind the surface after homogenization to renove
the nitrides. However, better results are expected if large pieces are
hormogeni zed to reduce surface area, if some type of sacrificial encapsul a-
tion is included, or if the air is replaced with static inert gas or vacuum.

The fabrication principles discussed above should be applicable to
other product forms and simlar nodified austenitic stainless steels as
wel . However, with proper precautions fabrication of the modified alloys
can still be fairly easy and straightforward.

3.26 References

1. P. J. Maziasz and T. K. Roche, "Mcrostructural Characterization of
As- Received Prime Candidate Alloy and Examination of M crostructural
Sensitivity to Fabrication and Processing Variables," ADIP Quart.
Prog. Rep. Mar. 31, 1979, DOE/ET-0058/5, pp. 36—62.
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3.3 Tl Me- TEMPERATURE- PRECI Pl TATION CURVE DETERM NATION CF THE PATH A
PR ME CANDI DATE ALLOY FOR M CROSTRUCTURAL DESIGN - P. J. WMuzi asz,
B. L. Cox, T. K Roche, and E E Bl oom (ORNL)

3.3.1 ADIP Tasks
ADIP Tasks I1.A.5, Fabrication Analysis, and I.C I, Mcrostructural
Stability.

3.3.2 hjective

The primary objective of this work is to examne the short-term ther-
mal aging responses of the Path A Prime Candidate Alloy (PCA at several
col d-worked levels (0, 10, and 25% to deternine whether the conceptually
desi gned preirradi ati on microstructures can be produced in the PCA This
data can also be conpared to types 316 and titanium-modified 316 austeni -
tic stainless steel to indicate differences in the PCA microstructural
response. Finally, this information can be used to understand the
observed fabrication behavior and to define the final thernal-nechanical

steps of specinen material fabrication.

3.3.3 Sunmary
Thermal aging of the Prine Candidate Alloy (PCA with no cold working

and with 10 and 25% cold working for time-tenperature-precipitation (TTP
curve determnation shows that MC precipitate particle distribution,
either at the grain boundary or in the matrix, is considerably nore sen-
sitive to initial dislocation density than to either tine or tenperature.
Fine spacial and size distributions of matrix MC precipitate particles can
be achieved in 25%-cold-worked PCA after as little as 5 min at 750°C. The
formation of MC precipitate particles helps control phase instability by
retarding intragranul ar precipitation of Mp3Cq, eta, and Laves phases

in the PCA as in titanium—modified type 316 stainless steel. The increase
in nickel and decrease in chromumof the PCA relative to titanium

nodi fied type 316 also appear to retard intergranular My3Cq and/or eta
phase formation, thus allowing titaniumrich MC to replace themas the
grain boundary phase in the PCA  Cccasional Laves phase particles

precipitate at the grain boundaries of the PCA, as they also do in
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titanium-modified type 316. These differences in response of the PCA
relative to titanium-modified type 316 forced us to reevaluate the
conceptual preirradiation microstructural design. However, the ease of
MC precipitation and the variety of particle distributions avail abl e,
together with better resistance to formation of undesirabl e phases, nake
the PCA superior to types 316 or titanium-modified 316 stainless steel
Ther mal - mechani cal treatnents have been devel oped to yield the designed

preirradi ati on microstructures.

3.3.4 Progress and Status

W previously Specifiedl the desirable preirradiation mcrostructures
for the PCA, which were based upon the results of H gh Flux |sotope
Reactor (HFIR) irradiation of solution-annealed and 20%-cold-worked types
316 and titaniumnodified 316 austenitic stainless steel. These
m crostructures and the recommended thernal -mechani cal treatnents
necessary to create themwere based upon the assunption that the PCA ther-
mal aging response resenbled that of titanium-modified type 316. The
suggested m crostructures are |listed and described in Table 3.3.1. The
chem cal conpositions of types 316 and titanium—-modified 316 and the PCA
are listed in Table 3.3.2. Though both titanium-modified type 316 and the
PCA contain nmore titanium (0.23to 0.25 w %) than type 316 stainless
steel (<0.05wt 9, their concentrations of nost of the other inten-
tionally added alloying elements are simlar. The PCA is higher in nickel
and lower in chromium than type 316. The free-precipitation thernmal aging
response of solution-annealed, 10 and 25% col d-worked PCA should give
i nformati on about possible mcrostructural variations and about how to
achi eve desired microstructural features.

Details of the fabrication of 0O.5-mm sheet are given in Chap. 3.2 of
this report. Transnission electron microscope (TEM) discs 3.0 nmin
di ameter were punched from either 10 or 25%col d-worked material . Sol uti on--
anneal ed material was produced by annealing 25% col d-worked discs in argon
at 1175°C for 15 mn. The aging matrix for all three mcrostructural con-
ditions covers tenperatures from 600 to 1100°C in increments of 50°C with
times from5 mn to 166 h. Selected sanples expected to be relevant to

m crostructural design have been exam ned.
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le 3.3.1. Suggested Preirradiation Microstructures for
Titanium-Modified Austenitic Stainless Steels

Simple microstructure with "free" precipitation resulting from:
1.
2y
3.

solution annealing,
5 to 10% cold working, or
20 to 25% cold working.

Microstructures with intragranular titanium-rich MC, no grain
boundary precipitation, and an MC precipitate particle density of:

1. 1 x 1020 particles/m3,
2. 1 x 102! particles/m3, or
3. 1 x 1022 particles/m3.

Microstructures with intragranular titanium-rich MC, grain boundary
My3Cq and/or eta phase, and an MC precipitate particle density of:

1. 1 x 1020 particles/m3,
2. 1 x 102l particles/m3, or
3. 1 x 1022 particles/m3.

Microstructures with intragranular and grain boundary titanium-rich
MC and an intragranular MC precipitate particle density of:

1 x 1020 particles/m3,
1 x 1021 particies/m3, or
1 x 1022 particles/m3.

Table 3.3.2. Composition of Three Austenitic Stainless Steels
Content, wt %%
Alloy
cr Ni Mo Mn c Ti 51 P 5 N B
316 18.0  13.0  2.58  1.90  0.05  0.05  0.80  U.013  0.016  U.US 0.0005
316+Ti  17.0 12,0 2,50 0.5 0.06  0.23 V.40 0.0l 0.013  0.0055  0.0007
PCA M 1602 2.3 1.8 0405 Dokl 0uh 0.01 0.003 0.0l U.00U5

9Balance iron.

Discs were thinned to electron transparency by standard methods.

Both the matrix and the grain boundaries were examined for evidence of

precipitation and for phase identification.

material are shown in Figs. 3.3.1, 3.3.2, and 3.3.3, respectively.

Partial TTP curves for solution-annealed, 10 and 25%-cold-worked PCA
In the

solution-annealed material grain boundary precipitation of titanium-rich

MC began early compared to matrix precipitation.

Figure 3.3.4 shows the
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- YE-11740

Fig. 3.3.4. Prime Candidate Alloy (PCA) that Has Been Solution
Annealed 15 min at 1175°C and Aged 60 min at 700°C Shows No MC
Precipitation.

grain boundary condition before MC precipitation in solution—annealed

0.5-mm—-thick sheet. A few randomly distributed MC particles remain after

annealing, but matrix precipitation is not visible. Figure 3.3.5 shows
several grain boundaries containing MC particles after aging 8 h at

700, 800, and 900°C. The size increases abruptly and the density
decreases with aging temperature from 700 to 800°C. The density then
increases with little change in size with aging temperatures from 800 to
900°C. After 8 h at 700°C the grain boundary MC particles are about

10 nm, and at 900° they are 30 to 80 nm. The grain boundary particles
coarsen little with increasing aging times up to about 100 h. The par-
ticles are generally epitaxial with one grain and grow into that grain.
There appears to be considerable misfit strain between the particles and

their associated grain.
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B YE-11742

YE-11743

(c)

Fig. 3.3.5. Grain Boundary MC Precipitation in Solution-Annealed
(15 min at 1175°C) Prime Candidate Alloy (PCA) after Aging for 8 h at:
(a) 700, (b) 800, and (c) 900°C. With temperatures from 700 to 800°C,
high-density fine particles change to fewer, coarser particles. The par-
ticle density again increases with little size change from 800 to 900°C.
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Figure 3.3.6 shows nmatrix precipitation of MC in solution-anneal ed PCA
material after aging at 800°C for 100 h and at 900°C for 8 h. Particles
that range from 150 to 400 nm formclusters that decrease in size and
increase in nunber density as tenperature increases. It is well
known? that M precipitate particles usually nucleate on dislocations.
Precipitate particl e growt h requires vacancies to accommodate the approxi -
nately 21%difference in lattice paraneter for the sane face-centered
cubic crystal structure while maintaining an epitaxial orientation relation--
ship. The particles can punch out dislocations, and clinb of these
dislocations can supply needed vacancies.

Figures 3.3.2 and 3.3.3 show that precipitation of titaniumrich M
particles is considerably enhanced by cold working before aging. For 25%-
cold-worked PCA both matrix and grain boundary precipitation occur after
5 mn at 750°C Precipitation of MC in 25%-cold-worked material is only
slightly enhanced relative to 10%-cold-worked naterial . The grain boun-
dary and matrix MC precipitate alnost simultaneously for the tenperatures
and tines examned. Fine MC precipitate particles can only be detected by
conbined bright-field and dark-field inaging in the TEM After very
short-time aging of 25%cold-worked PCA at 700 to 750°C the matrix M
precipitate particle density is about 2 x 1022 particles/m3, and the par-
ticle size appears no nore than 1 nm as shown in Figs. 3.3.7 and 3.3.8
After aging 25% col d-worked PCA at 750°C for 166 h, both the precipitate
particle and dislocation densities are slightly reduced and the matrix dot
MC particles range fromabout 1 to 4 nm as shown in Fig. 3.3.9. The
grain boundary particle size is about 2 to 20 nmin 25% col d-worked PCA
and nearly the sanme size as matrix dot MC particles (1 to 2 nn) for grain
boundari es in 10% col d-wor ked PCA [ conpare Fig. 3.3.8(b) and 3.3.10(4d)].
The matrix MC precipitate particle distributions are simlar for 10 and
25%col d-worked PCA, but the grain boundary MC precipitate particles are
coarser in the 25%col d-worked material. The structures in both appear
quite stable for aging tenmperatures up to 750°C and tines up to about
166 h. The precipitate particle size and distribution depend little on
t enper at ur e. Figure 3.3.10 shows the distribution of MC in 10%col d-
wor ked PCA aged for 30 min at 750°C The prinmary difference between

anneal ed and cold-worked materials is the dislocations for nucleation of
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YE-11744

YE-11745

~(b)

. Fig. 3.3.6. Matrix MC Precipitation in Solution—-Annealed (15 min at
1175°C) Prime Candidate Alloy (PCA) Thermally Aged at: (a) 800°C for

100 h and (b) 900°C for 8 h. The particles are similar in size and tend

to cluster. The cluster size decreases and number density increases with
increasing temperature.
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YE-11746

YE-11747

Fig. 3.3.7. The 25%-Cold-Worked Prime Candidate Alloy (PCA) After
Thermal Aging at 700°C for 30 min. (a) Bright field with (111) matrix
reflection. (b) Dark field with (111) MC reflection. Note the fine MC
particles at the boundary and in the matrix.
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YE-11748

Fig. 3.3.8. The 25%-Cold-Worked Prime Candidate Alloy (PCA) After
Thermal Aging at 750°C for 5 min. (a) Bright field with (111) matrix
reflection. (b) Dark field with (111) MC reflection.
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YE-11751 ' YE-11752

Fig. 3.3.9. The 25%-Cold-Worked Prime Candidate Alloy (PCA)
Thermally Aged at 750°C for 166 h. (a) Bright field with (111) matrix
reflection in the two outer left and right grains. (b) and (c) Dark
fields with (111) MC reflection. The MC precipitate particle size and
density varies from boundary to boundary, and Laves phase has begun to
appear at the grain boundaries.
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fﬂ!“?

~ YE-11755 YE-11756

-

‘,

Nl b
i

Fig. 3.3.10. The 10%-Cold-Worked Prime Candidate Alloy (PCA)
Thermally Aged at 750°C for 30 min. (a) Bright field of matrix with
(200) matrix reflection. (b) Dark field of matrix with (200) MC reflec-
tion. (c) Bright field of grain boundary with (200) matrix reflection.
(d) Dark field of grain boundary with (200) MC reflection. Note the very
fine MC particles at the boundary.

T
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the particles. Upon aging solution-anneal ed material, dislocation genera-
tion and clinb on a given slip systemwthin the grain followed by new
nucl eation lead to the stringer-like clusters of MC particles. The grain-
to-grain uniformty and spacial distribution of MC particles in a par-
ticular grain are considerably enhanced if abundant nucleation sites are
available fromcold defornation before aging.

After aging 10%-cold-worked PCA at 750°C for 166 h, grain boundary
and matrix Laves phase appear, and the matrix dot particles coarsen, as
seen in Fig 3.3.1L

It is significant that the grain boundary phases produced in the PCA
are not the sane as those in either types 316 or titaniumnodified 316
stainless steel. The 20%-cold-~worked types 316 and titanium-modified
316 after thermal aging at 700°C for 2770 h are shown in Fig. 3.3.12
Cenerally, in type 316, M;3Cq, and/or eta phase precipitate particles are
found at the grain boundaries. 3> Qain boundaries in titanium-modified
type 316 contain both M23C6, in agreement with literature data (ref. 6),
and Laves phase precipitate particles [see Fig. 12(b)], which have generally
not been observed by others. The typical MCmatrix dot denuded zone’ is
observed in titaniumnodified type 316. Mtrix dot precipitation of MC
in the grains drastically reduces the formation of Laves and M;3Cg, and/or
eta phase. The conposition change of |ower chrom um and higher nickel in
the PCArelative to type 316 appears to have retarded My3Cq and/or eta,
thus allowing grain boundary MC to precipitate. Adamson® indicates that
MC and Mp3Cq fOrmation at the grain boundaries are also conpeting processes
in niobiumstabilized Fe—20% Cr—25% Ni. The lack of grain boundary M3G5
and/or eta phase also elimnates the MC grain boundary denuded zone, and
the MC precipitation is uniformup to the boundary in col d-worked PCA
The thermal aging phase stability of the PCAis superior to titanium
modi fied type 316 stainless steel.

Wth our know edge of the thermal aging behavior of the PCA after
various mechanical treatments, we can reexam ne the suggested pre-
irradiation microstructures in Table 3.3.1. The assunption that the PCA
behaved like titaniumnodified type 316 is valid for the intragranular MC
precipitation response, but not for the intergranular response. Therefore,
mcrostructure series Cin Table 3.3.1is no longer possible. Gain
boundary MC always precipitates before or at the same time as matrix dot
MC, so that mcrostructure series Bis no |longer possible either.
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Fig. 3.3.11. The 10%-Cold-Worked Prime Candidate Alloy (PCA)
Thermally Aged at 750°C for 166 h. (a) Bright field with multibeam
condition near <011>. (b) Grain boundary showing Laves phase particles.
(c¢) Dark field using (01.2) Laves reflection. (d) Dark field showing
matrix dot MC with (200) MC reflection.
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the particles. Upon aging solution-annealed material, dislocation genera-—
tion and climb on a given slip system within the grain followed by new
nucleation lead to the stringer-like clusters of MC particles. The grain-
to—grain uniformity and spacial distribution of MC particles in a par-
ticular grain are considerably enhanced if abundant nucleation sites are
available from cold deformation before aging.

After aging 10%-cold-worked PCA at 750°C for 166 h, grain boundary
and matrix Laves phase appear, and the matrix dot particles coarsen, as
seen in Fig. 3.3.11.

It is significant that the grain boundary phases produced in the PCA
are not the same as those in either types 316 or titanium-modified 316
stainless steel. The 20%Z-cold-worked types 316 and titanium-modified
316 after thermal aging at 700°C for 2770 h are shown in Fig. 3.3.12.
Generally, in type 316, Mj3Cq, and/or eta phase precipitate particles are
found at the grain boundar:ies.B_5 Grain boundaries in titanium-modified
type 316 contain both My3Cg, in agreement with literature data (ref. 6),
and Laves phase precipitate particles [see Fig. 12(b)], which have generally
not been observed by others. The typical MC matrix dot denuded zone’ is
observed in titanium-modified type 316. Matrix dot precipitation of MC
in the grains drastically reduces the formation of Laves and My3Cq, and/or
eta phase. The composition change of lower chromium and higher nickel in
the PCA relative to type 316 appears to have retarded My3Cq and/or eta,
thus allowing grain boundary MC to precipitate. Adamson8 indicates that
MC and Mp3Cq formation at the grain boundaries are also competing processes
in niobium-stabilized Fe—207% Cr—25% Ni. The lack of grain boundary M;3Cgq
and/or eta phase also eliminates the MC grain boundary denuded zone, and
the MC precipitation is uniform up to the boundary in cold-worked PCA.

The thermal aging phase stability of the PCA is superior to titanium-—
modified type 316 stainless steel.

With our knowledge of the thermal aging behavior of the PCA after
various mechanical treatments, we can reexamine the suggested pre-
irradiation microstructures in Table 3.3.1. The assumption that the PCA
behaved like titanium-modified type 316 is valid for the intragranular MC
precipitation response, but not for the intergranular response. Therefore,
microstructure series C in Table 3.3.1 is no longer possible. Grain
boundary MC always precipitates before or at the same time as matrix dot

MC, so that microstructure series B is no longer possible either.
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YE-11761
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Fig. 3.3.12., Grain Boundary Precipitation after Thermal Aging at
700°C for 2770 h in (a) 20%-Cold-Worked Type 316 and (b) 20%-Cold-Worked
TitaniumModified Type 316. Note the appearance of grain boundary Laves
in the titaniummodified alloy.
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That grain boundary MC precipitates with such ease and variety offers
new possibilities for microstructural design. It was suspected! that this
may provide the best heliumtrapping for the grain boundary and its adja-
cent regions. The elinination of the matrix MC denuded zone adjacent to
the boundary will also |essen heliumreaching the grain boundary. Low and
high matrix densities of MC are easy to obtain, but an intermedi ate den-
sity (as suggested in B2, C, and D2 in Table 3.3.1) is nore difficult to
produce. Matrix MC particle size and density vary little with tenperature
and time but change drastically with dislocation density. D slocation
mul tiplication appears to saturate as it is balanced by dynami c recovery
resulting fromcross slip and clinb, and the dislocation density increases
little as plastic flow continues. This is evidenced by the simlarity of
matrix precipitation in 10 and 25%-cold-worked PCA material (conpare
Figs. 3.3.9 with 3.3.11). The optinmum cold-work level resulting in the
desired matrix MC density with the least inpetus to recrystallize may well
lie between 10 and 25% The constraints of the real behavior of the PCA
can be conbined with principles fromthe first preirradiati on nicrostruc-
tural design1 to obtain a new set of preirradiation microstructures.

These will be tested in future reactor irradiation experinents.

Table 3.3.3 lists our revisions of the proposed preirradiation
m crostructures for the PCA. Series A has been expl ai ned previously1 and
remains the sane. Series B conpares the effect of a large change in
intragranul ar precipitate particle density and size for a constant, coarse
di stribution of grain boundary MC particles. Mcrostructures B2 and C
conpare the effect of changing the grain boundary MC precipitate particle
distribution with a constant fine MC matrix dot distribution.

M crostructure D evaluates the effect of increasing the dislocation den-
sity in the cell structure common to nost defornmed naterials (see

Fig. 33.10). Table 3.3.4 lists suggested thernal -nechani cal treatnents
to produce the desired mcrostructures based upon the time-temperature-
microstructural information from this work. Mcrostructure Bl can be
visual i zed by conbining Fig. 3.3.5(b) with Fig. 3.3.6(b). Mcrostructure
B2 can be visualized by conbining Fig. 3.3.5(b) with the matrix portion of
Fig. 3.3.8. Mcrostructure Cis shown in Fig. 3.3.8. I|nnovative

m crostructure D is shown to be possible in Fig. 3.3.13, but the tine at
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"YE-11766

Fig. 3.3.13. The 10%-Cold-Worked Prime Candidate Alloy (PCA)
Thermally Aged 15 min at 750°C and then 10% Cold Worked. (a) Bright
field. (b) Dark field showing MC precipitation in the matrix. (c) and
(d) bright and dark fields, respectively, showing MC precipitation at the
grain boundary. Note that (a) and (b) show dislocations in the cells
without precipitation, which is not observed in Fig. 3.3.10,
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Table 3.3.3. Proposed Preirradi ati on Microstructures That can
be Achi eved by Thermal - Mechani cal Treatnent of the
Prime Candidate Alloy (P&

A, Sinple microstructures with "free" precipitation resulting from
1. solution annealing,
2. 5 to 10%cold working, or
3. 20 to 25% col d working.
B. Mcrostructures with both coarse grain boundary MC precipitation and
intragranular MC precipitation consisting of:
1. coarse particles or particle clusters, or
2. fine matrix dot precipitation.

C. Mcrostructures with both fine grain boundary MC precipitation and
fine intragranular MC natri x dot precipitation.

b. Mcrostructures with both fine grain boundary MC precipitation and
fine intragranular MC matrix dot precipitation plus increased dislo-
cation density.

Table 3.3.4. Recommended Thernal - Mechani cal Treatnents to
Produce Proposed Preirradiation Mcrostructures

Microstructure? Ther mal - Mechani cal Treat ment

Al 25% cold worked plus 15 rain at 1175°C

A2 15 min at 1175°C plus 10% col d worked

A3 15 min at 1175°C plus 25% col d worked

Bl Sol ution annealed plus 8 h at 800°C plus 8 h at 900°C

B2 Solution annealed plus 8 h at 800°C plus 25% cold
worked plus 15 min at 750°C

C 25% col d worked plus 15 min at 750°C

D 10% cold worked plus 30 min at 750°C plus 10% col d
wor ked

QlLetter and number codes refer to microstructures defined in
Tabl e 3.3.3.
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tenperature should be increased from 15 min (as shown) to 30 min. These
t hermal - mechani cal treatnments are conmbined with an inproved fabrication
sequence? (see Chap. 3.2 of this report) to provide a realistic fabrica-
tion schedule in the production of specinmen material (see Fig. 3.3 14).
V¢ nust enphasize that achieving the required microstructures is possible
only with honogeneous starting nmaterial. Recent data on titanium—modified
316 irradiated in the HFIR indicate that fine MC precipitate particles
effectively trap heliumat tenperatures from475 to 600°C and that preci-
pitation of undesirable phases is also suppressed. This is illustrated
in Fig. 3.3.15. No other phase behaves the way titaniumrich MC does in
the austenitic stainless steels. These observations |end confidence to
the performance expectations of the microstructures proposed above.

The final processing steps required to produce O0.5-mm-thick Speci-
men material with the design mcrostructures are shown in Fig. 3.3.14
These fabrication sequences continue from the 0.5-mm sheet produced by
the processing discussed in Chap 3.2 of this report. Al the final pro-
cessing steps are straightforward, and no additional discussion is
required. |

3.3.5 _Concl usions
1. Thermal aging of the PCA both without cold working and with 10 and

25% col d working reveals that:

a. intragranular MC precipitate particle size and spatial distri-
bution are very sensitive functions of dislocation density,
changing from coarse, clustered particles to fine matrix dot
precipitate particles as the dislocation density increases;

b. M precipitation is considerably enhanced in both tenperature
and tinme for 10 or 25%-cold-worked PCA conpared to sol ution-
annealed material;

c. grain boundary precipitation of MC particles always occurs
before matrix precipitation in solution-annealed material but
occurs nearly sinmultaneously in cold-worked nmaterial; and
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Y-165834

Fig. 3.3.15. Comparison of 20%-Cold-Worked Types 316 and Titanium-
Modified 316 Stainless Steel After HFIR Irradiation at 475°C to a
Neutron Fluence of 12.0 dpa and 540 at. ppm He. (a), (b), and (c)
Titanium-modified type 316. (a) and (b) Bright and dark fields, respec-
tively, of the titanium-rich matrix MC precipitate particles. (c) All
the very small cavities are attached to the interfaces of tiny MC par-
ticles. (d) The much coarser cavity distribution and considerable pre-
cipitation of eta and Laves in type 316.
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d. the assumption that the PCA behaves like titanium—modified type
316 stainless steel is valid for the intragranular but not the
intergranular portion of the precipitate response. Titanium
modi fied type 316 precipitates Mp3Cqand/or eta phase and Laves
phase at the grain boundaries, whereas the PCA precipitates MC
particles with occasional Laves phase in col d-worked materi al
after about 100 h at 700°C and above.

New preirradiati on microstructures are designed to take advantage of

the capabilities of the PCA. These mcrostructures include several

"sinple mcrostructures" as well as those that vary the matrix and

grai n boundary MC precipitate particle distributions fromcoarse to

fine.

Thermal mechanical treatment to achieve the .desired microstructures

are given and can be incorporated into the fabrication sequence to

produce specinmen naterial .
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3.4 THE INFLUENCE CF | RRADI ATION ON THE PROPERTIES COF PATH A ALLOY
WELDMENTS - F. W Wiffen (CR\L)

3.4.1 ADIP Task
ADIP Task I.B. 13, Tensile Properties of Austenitic Al oys.

3.4.2 0b jective

This work will determ ne the response of welds and weld-affected
zones to irradiation over a range of tenperatures and fluences. Welds
with type 316 or 16-8-2 stainless steel filler netal joining 20% col d-
wor ked type 316 base netal are being irradiated in the Gak Ri dge Research
Reactor (CORR) and H gh Flux |sotope Reactor (HFIR). Tensile tests to
determine the effects of irradiation on the nechanical properties of the
irradi ated specinens wll be supplenented by fractography, metallography,

and m croscopy.

3.4.3 Sunmmar y

Wl dent sanpl es have been irradiated in the HFIR in the tenperature
range 55 to 620°C to fluences producing 45 to 12 dpa and 100 to
410 at. ppmHe in the weld nmetal zone. Tensile tests at tenperatures
near the irradiation tenperatures showed appreciable strengthening up to
375°C. At 475 to 620°C the strength values were close to those of the
control material. Tensile elongation showed a broad mninmumin the range

300 to 400°C, with the lowest recorded total elongation of 3.5%

3.4.4 Progress and Status

Vel ds have been prepared between sections of 6-mm—thick (0.25-in.)
base metal plates of 20%col d-worked type 316 stainless steel by using the
gas-shielded arc wel ding process. Weldments discussed in this report were
made with 16-8-2 filler netal. The speci nens were nachi ned from sections
of material taken normal to the weld direction so that the speci nen gage
section contained both weldnent and weld-affected material. The geonetry
of both the specimens used and the weld and the relationship between

these are shown in Fig. 3.4.1
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Fig. 3.41 Tensile Sanples Showing the Location of Weld Metal in
the Speci men Gage Section. The weld netal sections, l|located by ferrite
measurement, ranged from 9.5 to 13.3 mnmin a total gage length of 18.3 mm

The wel d-base nmetal interface in each specinen was |ocated by finding
the ferrite—containing (weldnent) material with a ferrite scope. The
wel dment zone ranged from9.5 to 13.3 mmlong in the specinens used. This
zone was centered in the 18.3-mm gage portion of the specimen.

A few of these specinmens were irradiated in contact with 55°C reactor
cooling water in experinent HFIR-CTR-16. Tensile and fracture properties
of these specinmens were reported previously,!s2 and sone results are
repeated here to show the full matrix of available properties.

Speci mens were irradi ated above water coolant tenperature in
experinent HFIR-CTR-17. Tenperatures are set by a helium gas gap between
t he speci nen and speci men hol der, as shown in Fig. 3.4.2

Experi ment HFIR-CTR-16 was in the reactor 9.91 x 106 s (114.66 d)
at a reactor power of 100 MN experiment HFIR CTR-17 was in the reactor
1.184 x 107 s (137 d). The fluence on each specinmen and the cal cul ated
di spl acenent darmage |evel and helium production that resulted are given

in Table 3.4.1
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Fig. 3.4.2. The Experinental
Capsul e Used to Irradiate Weldment
Sanpl es in the HFIR. The irradia-
tion tenperature is deternined by
the width of the gas gap between
the specinen and the filler piece.
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Pre- and postirradi ati on neasurenments of specinmen |engths indicated
vol ume changes of less than #0.4% Any volune change nust be a conbi nation
of microstructural changes in the 9.5 to 13.3 nm of weldment and in the
remaining 19.7 to 15.9 mm of initially cold-worked type 316 base netal in
the active specimen length. Uncertainty in length neasurenents contri butes
at least #0.2% to the volume change. As a result volume changes within the
weldment probably cannot be extracted from the neasured |ength changes of |ess
than +0.15% Since the base nmetal portion of the specinmen contributes
nore than 80% of the total specinmen volume, inmmersion density neasurenents

of swelling were not attenpted.
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Fig. 3.4.3. Tensile Properties of 16-8-2 Weldments Irradiated in
the HFIR. Specimens were irradiated at temperatures near the test

temperature to fluences producing 4.5 to 11.8 dpa.

Helium production

resulted in 100 to 408 at. ppm in the weldments and 157 to 639 at. ppm

in the type 316 base metal.

The strain rate is 4.6 X 10'5/3 (0.0028/min).

Average data are plotted at several temperatures (see Table 3.4.1).
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Table 3.4.1. Irradiation Conditions and Tensile Properties of
16-8-2 Weldments Irradiated in the HFIR

Irradiation Conditions Tensil e Propertiesf"‘

Helium, Test

Tenper at ur e ) .FI uencev at. ppm Tenpera}ture Strength, MPa— Elongation, /_
) (>0.1 Mze‘.) dpa e — °cy 0,29 . .
(n/m?) Vel d. Base | vielg Utimte Uniform Total
Metal’ Met al '

control 35 353 547 14.0 19..0
control 35 333 510 12..9 16,. 5

coatrol 200 257 450 12.5 17.12

control 300 241 433 10.0 13..3

control 375 300 501 11.3 15,.4

contro 1 475 209 441 11.4 14.1

control 575 208 409 10.8 13,.8

control 625 210 367 11.1 17..1
55 0.5 % 10°% 4.5 100 157 35 680 735 6.8 12..0
55 1.09 8.7 250 390 35 701 740 5.8 11,.8
55 1.35 10.8 340 532 35 727 759 7.2 13.0
284 0..87 6.5 160 251 300 771 775 1.0 4.8
371 0..88 6.f) 164 257 375 740 756 1.1 4.9
374 1.32 9.8 307 481 375 633 668 1.3 3.5
374 1..30 9.7 302 473 375 654 672 1.1 4.5
466 1..11 8.2 235 368 475 369 491 4.9 6..9
473 1..59 11..8 408 639 475 293 430 6.0 7..6
473 1..59 11..8 407 637 475 307 442 5.1 7.3
557 1..10 8.2 234 366 575 215 389 6.9 8.4
564 1.,48 11..0 366 573 575 205 395 6..7 8.3
564 1.47 10..9 364 570 575 201 377 6.8 7.9
620 1..63 12..1 423 662 625 183 332 7.4 8,.6

A5train rate = 4.6 x 1072/s (0.0028/min) .
“Wel dnent s 8.62% Ni .
“Base metal is 13.5% Ni.

The irradiated tensile specimens were tested at tenperatures near
the irradiation tenperature. Tests were conducted in air at a strain rate
of 4.6 x 1072/s (0.0028/ nin).

Fracture positions were |located on all specinens by neasurenents on
post -test phot omacrographs and by conparison with preirradiation ferrite
zone neasurenents used to locate the weldments. These neasurenents
indicated that fractures in all specinmens tested near the irradiation
tenperature had occurred within the weldment. The ninimum di stance between

the point of fracture and the indicated wel d-base nmetal interface was 2 nm
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Tensile test results on control and irradi ated weldments are
tabulated in Table 3.4.1. The data ares also shown graphically in
Fig. 3.4.3, with averages shown at tenperatures where multiple tests were
avail able. Stresses shown are engineering stresses, based on pretest
speci men di mensi ons.

Irradiation at tenperatures between 55 and 400°C has significantly
strengthened the weldnents. At 475°C the yield strength of irradiated
speci mens was greater than that of control specinens, but the ultinate
tensile strength was equal for unirradiated and irradiated material.
Irradiation and testing at 575 and 625°C produced strength val ues near
but lower than the strength of unirradiated material.

As a function of irradiation and test tenperature, the measured
el ongations exhibit a broad mnimumin the range 300 to 400°C. This
mnimummrrors the maxi num strengtheni ng observed at the same tenpera-
tures. Uniformelongation exceeded 1.0%, and total elongation exceeded
3.0% for all test conditions.

Fractography to determine the fracture node has not been conpl eted.

3.45 Future Wrk
Scanning electron mcroscopy and optical metallography as necessary
are planned to determine the fracture node. Qher work may be initiated,

pendi ng the outcome of fractography.

3.46 References

1. F W Wiffen, D P. Edmonds, J. F. King, and J. A Horak, "The
Influence of Irradiation on the Properties of Path A Alloy Wl dnents,"
ADIP Quart. Prog. Rep. Mar. 31, 1978, DOE/ET-0058/1, pp. 86—88.

2. F W Wffen, D P. Edmonds, and J. F. King, "Influence of Irradiation
on the Properties of Path A Alloy Weldments," ADI P Quart. Prog. Rep.
June 30, 1978, DOE/ET-0058/2, pp. A47-53.
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4. PATH B ALLOY DEVELCPMENT - H GHER STRENGTH Fe-N - O ALLOYS

Path B alloys are the Fe-N-O "superalloys” in which tensile,
creep-rupture, and fatigue strength levels higher than attainable
in the austenitic stainless steels are achieved by precipitation of one
or nore phases. Many alloys in this class exhibit low swelling in fast-
reactor irradiations. The technology for use of Path B alloys in neutron
radiation environnents is not as advanced as for Path A alloys. A basis
to select a specific alloy type for further devel opment is [acking.
Accordingly, the ADIP task group has selected five base research alloys
that are representative of the basic systens of Path B alloys and deserve
consi deration for fusion reactor applications. The systens under
investigation include vy~ strengthened-nol ybdenum nodified, vy~ strengthened-
niobium-modified, y”y”” strengthened, and a high-nickel precipitation-
strengthened alloy (~75% N).

Near-termactivities are focused on evaluating the effects of a
fusion reactor neutron spectrum on key mechanical and physical properties.
Damage created by the fusion reactor neutron spectrumis approximted by
fission reactor irradiation. Data are presently being obtained on a
limted nunber of conmercial alloys on which scoping studies were initiated
two to three years ago. The enphasis will shift to base research alloys
as they becone available. For those properties that are either inadequate
or degraded to an unacceptable level, the influence of conposition and
microstructure oOn the response wll be examned. The research program
will be oriented toward deternination of nechanisns responsible for the
observed property changes and the effects of metallurgical variables on
the response. The objective is to develop a basis for selection of the
Path B prinme candi date alloy(s).
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5. PATH C ALLOY DEVELCPMENT - REACTI VE AND REFRACTCRY ALLOYS

Two distinct and separate subgroups fall under the broad classi-
fication of Path C alloys. These subgroups are conveniently classified
as "reactive metal alloys" and "refractory netal alloys."” Analyses
of the properties required for performance of materials in high-flux
regions of fusion reactors and assessnents of the known and extrapol at ed
properties have identified titaniumalloys of the reactive metal alloys
and vanadi um and ni obiumalloys of the refractory netal alloys as having
the most promse for fusion reactor applications. For both the reactive
and refractory alloys, there is an extrene lack of data that are relevant
and necessary for selection of specific alloy types for devel opnent (i.e.,
solid solution, precipitation strengthened, single or multiphase). In
the case of titaniumalloys, the nost critical deficiency is the lack of
data on the response of these alloys to high-fluence neutron radiation.
For vanadi um and ni obi um alloys, while the effects of radiation on
mechani cal behavi or are not adequately known, perhaps the nost alarmng
deficiency is the near total lack of base-line information on the effects
of cyclic (fatigue) loading on mechanical performance. Precisely because
of these deficiencies in the data base and overall metallurgical experi-
ence, these alloys are still in a "scoping study" phase of their evaluation
as candidates for fusion reactor first-wall materials.

The ADIP task group has selected four titanium alloys, three vanadi um
alloys, and two niobiumalloys for the scoping phase of the devel opnent
program Titaniumalloys are generally classified according to the
rel ative amounts of a (hcp) and 3 (bcc) phases that they contain. The
titaniumalloys selected represent the three alloys (types a plus $,
arich, and 3 rich). Vanadium and niobiumalloys are not in comercial
use as are the other alloy systens in the program Selection of the
scoping alloys was based primarily on results of previous prograns on
vanadi um cl addi ng devel opnent for LMFBRs and hi gh-tenperature alloys for
space power systens. The three vanadiumalloys are v—20% Ti, V—15% Cr—
5% Ti, and Vanstar 7. The binary has relatively good fabricability,
and appears to be swelling resistant in fast-reactor irradiations but
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is rather weak. The ternary V—=15% Cr—57% Ti and precipitation-strengthened
Vanstar 7 alloys are significantly stronger. The Nb—l% Zr binary alloy
is included as a reference material, since a significant amount of data
exists for this alloy irradiated in fast reactors. The alloy Nb-5% M—
1% Zr is nuch stronger than the binary and can be devel oped for applications
near 800°C

Near-term activities on Path C alloys will focus on obtaining data
on the unirradiated mechanical properties, corrosion, and compatibility,
and the effects of irradiation on physical and mechanical properties.
Fission reactor irradiation with and wi thout helium preinjection, high-
energy neutron sources, and charged-particle irradiations will be used
in the devel opnent of techniques to approximate the effects of the fusion
reactor neutron spectrum (He/dpa production). The objective is to devel op
suf ficient understanding of the behavior of Path C alloy systems (Ti, V,
and Nb alloys) to allow selection of Path C base research alloys. The
effects of conposition and microstructure on alloy performance wll then

be investigated in the base research alloys.



139

5.1 PREPARATI ON G- VANADI UM AND N CBI UM PATH C SOCPI NG ALLOYS
R E CGold, R L. Ammon, and R W. Buckman, Jr. (Westinghouse
El ectric Corporation)

5.1.1 ADIP Task

I.D.1 Materials Stockpile for MFE Prograns (Path O

5.1.2 Objective

The purpose of this effort is to provide sufficient quantities
of the vanadi um and ni obi umPath C Scoping Alloys to permt initial
evaluation of the potential these types of alloys mght offer for fusion
reactor applications. Final product forms, which are to be delivered
to the ak Ri dge National Laboratory Fusion Materials Stockpile,
include 2.5 mm (0.20 in.) plate, 1.5 mm (0.06 in) and 0.76 mm (0.03 in.)

sheet, and 6.4 mm (0.25 in.) dianeter rod.

5.1.3 Summary

Three vanadiumalloy and two ni obiumalloy conpositions are being
prepared for consumable arc melting and processing to plate, sheet, and
rod for the Fusion Materials Stockpile. These are fhe Path C (V, Nb)
Scoping Alloys selected for initial evaluations as candi date fusion
reactor structural materials. Al rod material s have been previously
shipped to ORNL. During this reporting period, the plate and sheet
nmaterials of the niobium alloys have been prepared and are currently
bei ng readied for shipment. Final secondary processing to flat product
finish sizes (25 mmplate and 1.5 nmand 0.76 nm sheet) is underway for
the vanadiumalloys. Al materials associated with this contract wll
be shipped to OR\L by md-Cctober. An informal final report which pro-
vides detailed docurmentation of processing histories and final product
chem cal analyses will be prepared and forwarded to CR\NL within thirty

days of contract conpletion.
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5.1.4 Progress and Status

During the current reporting period, all of the 6.4 mm (0.25 in.)
diameter rod of all five alloys was delivered to the IFusi on Materials
Stockpile at the CGak Ri dge National Laboratory. The flat products of
the two niobiumalloys (Nb-1Zr, No-5Mb-12Zr) have been produced by warm
rolling the as-extruded and conditioned sheet bars to 3.75 mm (0.150 in.)
pl ate, vacuum annealing at 1350°C for 1 hour, and cold rolling to final
product forms of 225 nm 1.5 mm and 0.76 mm plate and sheet. These
materials are currently undergoi ng nondestructive evaluation in the
Quality Assurance Departnent of the Westinghouse Advanced Energy Systens
Division. They will be ready for shipment to Cak Ridge during the first

week of Cctober.

The three vanadium alloys (V-20Ti, V-15C-5Ti, VANSTAR-7) have
been warmrolled from the as-extruded sheet bar stage to 3.75 nm (0.150 in.)
pl ate, and have been vacuum anneal ed at 1200°C for 1 hour. Final rolling
of these alloys to the plate and sheet requirenments of the contract will
be conpleted during the first week of Cctober. Fol  owing QA inspection
to assure conpliance with the terns of the contract, these flat products
will be shipped to the Fusion Materials Stockpile; shiprment is expected
during the second week of Cctober. Except for final chem cal anal yses
on the flat products and submission of an informal final report which
will docurment all efforts associated with this contract, shipment of the

flat products will conmplete this procurenent action.
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5.2 MECHANI CAL PROPERTY TESTING OF UN RRADI ATED PATH C ALLOYS —
K C Liu (CRWL)

5.2.1 ADIP Task
ADIP Task I.B.3, Fatigue Orack Gowh in Reactive and Refractory
Alloys.

5.2.2 (bjective

Fati gue and crack growh behavior are anong the nost i nportant
properties of an alloy to be used in a fusion reactor. There is
essentially no infornmation on these properties for refractory netal
alloys. The objective of this work is to devel op base-line information
for the Path Crefractory metal scoping alloys in the unirradi ated

condi ti on.

5.2.3 Sunmmary

The nul tipurpose system designed for testing Path C scoping alloys
in high vacuum has been conpleted and is in operation. A series of
strain-controlled fatigue tests of Nb—1% Zr has been initiated. Results
of two roomtenperature tests in high vacuum showed that Nb—17% Zr is
significantly nore fatigue resistant than 20%-cold-worked type 316
stainless steel when tested in the sane condition at a cyclic strain range

of 0.5%

5,24 Progress and Status
A vacuum system designed for use with the multipurpose material

testing systemwas received at the end of June 1979. The testing system
is now conpleted with capabilities of testing various types of specinmens
at elevated tenperature in vacuum bel ow 3 pPa.

A batch of niniature hourgl ass-shaped specinmens, as shown in
Fig. 5.2.1, was made from 6.4-mm-diam rods of Nb—1% Zr (heat 530118, not
the ADIP heat). Specinens were heat treated at 1400°C for 1 hin a

vacuum bel ow 1 yPa.
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Fig. 5.2.1. Hourglass Fati gue Speci men.

Two prelimnary tests were perforned at room tenperature in a vacuum
below 0.1 mPa. These tests were fully reversed, axial strain controlled
at ranges of 0.5 and +0.25% respectively. Loading is controlled by an
equi val ent axial strain calculated fromthe dianmetral strain neasured
directly at the mninmum gage section of the hourglass specinmen. A
symmetric triangular function beginning with conpression was used in all
the tests at a strain rate of 0.004/s.

A first test was cycled at +0.5% strain with a specinmen slightly
out of tolerance. This specinen ruptured at 19,148 cycles, which falls
within the scatter band of fatigue data for 20%col d-worked type 316
stainless steel. A second test at =+0.25% strain registered 967,447 cycles
at rupture. This figure is higher than the average of cyclic fatigue data
of 20%col d-worked type 316 stainless steel tested at the sane strain
range by a factor of 4.

Five Path C alloys from the ADIP reference heats were received as
col d-worked 6.4-mm—diam rod stock. Preparation and nachining of fatigue

speci nens are under way.

5.2.5 Concl usi ons
Results of a cyclic fatigue test at =*0.25% strain range indicate that

Nb—-1% Zr is nore fatigue resistant than 20%col d-worked type 316 stainless
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steel for low strain range tests. |If this alloy behaves as niobium
al | oy D-431 (Nb—9.5% W—1% Zr), an increase of fatigue life nmay result with

increasing tenperature up to about 850°C

5.2.6 Future Wrk
Amtrix of 12 cyclic fatigue tests of Nb—1%Z Zr has been initiated.

Four tests are being conducted at room tenperature |loaded to *1, 0.5,
+0.25, and 0.15%strain, respectively. Snlar tests are to be conducted

at 550 and 650°C

5.2.7 Reference

1. R W Swindeman, "Low Cycle Fatigue Study of Columbium Alloy D-43,"
pp. 31-41 in Fatigue at High Temperature, An Soc. Test. Mater. Spec.
Tech. Publ. 459, Anerican Society for Testing and Material s,
Phi | adel phia, 1969.
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6. PATH D ALLOY DEVELCPMENT - | NNOVATI VE NMATERI AL CONCEPTS

I nnovative material concepts are included as a path in the alloy
devel opnment program because the fusion reactor environment is extremnely
demanding on materials in the high-flux region and the nore conventi onal
materials and netal lurgi cal concepts may not be adequate. Novel approaches
to alloy design, nonconventional nmaterial processing to tailor properties,
or alternate materials such as structural ceranmcs and fiber conposites

will be considered.
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7. STATUS G- | RRADI ATI ON EXPER MENTS AND NMATERI ALS | NVENTCRY

[rradiation experinents are presently being conducted in the CRR and
HFIR, Which are mixed-spectrumfission reactors, and in the EBR-II, which
is a fast-spectrumreactor. Experinents are generally cooperative between
several programparticipants. Experinent plans, test matrices, etc., are
reviewed by the Alloy Devel opment for Irradiation Performance Task G oup.

The O fice of Fusion Energy has assigned programresponsibility to
CR\L for the establishnment and operation of a central inventory of research
materials to be used in the Fusion Reactor Materials research and devel op-
ment programs. The objective is to provide a conmon supply of naterials
for the Fusion Reactor Materials Program
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7.1 | RRAD ATI ON EXPERI MENT STATUS AND SCHEDULE

The follow ng charts show the irradiation experiment schedul e,
including experiments conpleted, in progress, and planned. Experinents
are presently under way in the ORR and the HFIR, which are m xed-spectrum
reactors, and in the EBR-II, which is a fast reactor.

Specinens fromEBR- 11 subassenbly X287 are being sorted and shi pped
to participating |laboratories. Pin B284 of subassenbly X217D will be
renoved from the EBRII in Cctober.

ORR-MFE-2 and HFIR-CTR-26 and -27 are in the CRR and HFIR respec-
tively, and are performng satisfactorily. The design has been conpl eted
for HFIR-CTR-28 and -29, and these experinents are being fabricated.

The designs of the specimen racks and |oading device for ORR-ME-4
have been conpleted. The capsule parts are now being nachined.
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7.2 ETM RESEARCH MATERI ALS INVENTORY — F. W Wffen, T. K Roche (CR\L)
and J. W Davis (MDonnell Dougl as)

7.2.1 ADIP Task
ADIP Task |.DI, WMaterials Stockpile for MFE Prograns.

7.2.2 Purpose and Scope

The O fice of Fusion Energy has assigned programresponsibility to
CRN\L for the establishnent and operation of a central inventory of research
materials to be used in the Fusion Reactor Materials research and devel op-
ment prograns. The objective is to provide a common supply of materials
for the Fusion Reactor Materials Program This will mnimze unintended
materials variables and provide for econony in procurement and for centra-
lized recordkeeping. Initially this inventory is to focus on materials
related to first-wall and structural applications and rel ated research, but
vari ous special purpose materials may be added in the future.

The use of materials fromthis inventory for research that is coor-
dinated with or otherwise related technically to the Fusion Reactor
Materials Programof DOE, but which is not an integral or directly funded

part of it, is encouraged.

7.2.3 Materials Requests and Rel ease

Materials requests shall be directed to ETM Research Material s
Inventory at ORNL (Attention: F. W Wffen). Materials will be released
directly if:

(&) The material is to be used for prograns funded by the O'fice of
Fusion Energy, wth goals consistent with the approved Materials Program
Plans of the Materials and Radiation Effects Branch.

(b) The requested anount of material is available, wthout conpro-
m sing other intended uses.

Materials requests that do not satisfy both (a) and (b) will be
discussed with the staff of the Miterials and Radiation Effects Branch,

O fice of Fusion Energy, for agreement on action.
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7.2.4 Records
Chemistry and materials preparation records are maintained for all
inventory material. Al materials supplied to programuses will be

acconpani ed by summary characterization information.

7.2.5 Summary of Current Inventory (Sept. 30, 1979)

7.2.5.1 Path A Alloys

1. Reference alloy —type 316 stainless steel. Bar, plate, rod, and
0.180-in.—diam tubing are in stock. Rework will be schedul ed as
required.

2. Prine Candidate Alloy (PCA (Fe—16 Ni—14 Cr—2 Mo™Mn, Ti, Si, O was
produced by Tel edyne Allvac. Table 7.2.1 lists the product forms in
st ock.

3. PCA Tube production and remelt for conposition variation is planned

for FY 1980.

7.2.5.2 Path B Al oys
4, Areference heat of PE-16 is in stock at ORNL., Plate, rod, and
0.180-in.~-diam tubing are avail able.

5. Base Research Alloys

Aloy N O M N T Al S
B-1 25 10 1 3 1.5 0.3
B-2 40 12 3 1.5 15 0.3
B-3 o 12 2 2 0.5 0.3
B-4 40 12 3 18 03 0.3
B-6 75 15 1 25 15 0.3

Two 140-kg heats of each alloy from Tel edyne Allvac are in stock.

A single sheet bar and a rod have been extruded from each of the
five alloys, and the material is being used to produce final product
form.

Table 7.2.1 lists the available primary product forns of the five

al | oys.
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7.2.5.3 Path C Alloys (Refractory Alloys)

6.

Smal | anmounts of several niobium and vanadi umbase alloys are
currently available at ORNL. Quantity and product fornms are linited.
An order has been placed for the purchase of approximtely 6 kg each
of five alloys. nly sheet and rod will be produced.
Al loys: Nb—1% Zr

Nb—5% Mo—1% Zr

v—20% Ti

V—15% Cr—5% Ti

V—-97 Cr—3.3% Fe—-1.3% Zr—0.05%7 C (Vanstar 7)
Partial delivery has been nade. Table 7.2.2 lists the nateri al

currently available. Sheet of each alloy will soon be avail able.

7.2.5.4 Path C Alloys (Reactive Alloys)

8.

The titaniumbase scoping alloys have the followi ng compositions,

wt:
Al oy ALV oM oz S o S
Ti -64 6 4
Ti - 6242S 6 2 4 2 0. 09
Ti -5621S 5 1 2 6 0. 25
Ti - 38644 3 8 4 4 6

At least 0.75 m~ (1200 in.2)> of each of these alloys is currently
available in 0.76-mm (0.030-in.) thickness. This sheet is fromthe
sane heat as material currently in reactor experiments. Larger sec-
tion sheet of alloy Ti-5621S is also available.

Orders are now being devel oped to purchase new stocks of these alloys
in several product fornms. Delivery dates have not yet been

det er mi ned.

The titaniumbase alloys are stored at MDonnell Douglas. However,
inventory control and materials release are handled by ORNL, and

requests should be addressed to ORNL.
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Table 7.2.2. Path C Scoping Alloys (Refractory Metals®)
in the ETM Research Materials Inventory

Quantity

tf~7 . uy Heat

(M (ft)
V—20% Ti CAM-832 Top 9.3 30.6
V—15% Cr—5% Ti CAM-835 Bottom 7.9 25.8
Vanst ar 7b CAM-836 Top 7.6 24.8
Nb—1% Zr CAM~839 Bott om 8.0 26.2
Nb—5% Mo—17% Zr CAM-84]1 Bottom 8.1 26.7

2Nl 6.35-mm-diam (0.250-in.) rod received from
vendor, Wstinghouse El ectric Conpany, during current
reporting period.

PNominal conposition V9% Cr—3.3% Fe—1.3% Zr—0.05% C.,
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8. CORRCSI ON TESTING AND HYDROGEN PERMEATI ON STUDI ES

Corrosion, erosion, and mass transfer are processes that may degrade
mechani cal properties, alter heat transfer characteristics of heat trans-
port systens, and present naintenance problens when radioactive nuclides
are involved. The inportance of hydrogen perneation and the behavior of
hydrogen in the alloy systens under devel opment is clear from consid-
eration of tritiuminventory, containment, etc. In the early stages of
t he devel opnent program base-line information is required to define
conpati bl e or nonconpatible alloy systens and coolants. As optim zed
alloys are devel oped, nore detailed data on effects of adjustments in
alloy conposition or structure may be required. Extensive engineering
conpatibility data wll be required on the final optimzed alloys.
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8.1 THE COWATIBILITY OF TYPE 316 STAINLESS STEEL WTH N TROGEN-
CONTAM NATED STATIC LITHUM- P. F. Tortorelli and J. H DeVan (ORNL)

8.1.1 ADIP Task
ADIP Task I.A.3, Perform Chemical and Metallurgical Conpatibility

Analyses.

8.1.2 (bjective

The purpose of this programis to deternine the chenical conpati -
bility of fusion reactor candidate materials with netallic lithium
Speci mens are exposed to static lithiumcontaining selected solute
additions to identify the kinetics and nmechani sns that govern corrosion
by lithium Specific program objectives are: (1) to determne the
effects of NN C H and O on apparent solubilities in Li, (20 to determnine
the C and N partitioning coefficients between alloys and Li, (3) to
determne the effects of soluble (G, Al) and solid (Y, Zr, Ti) active
netal additions on corrosion by Li, and (49 to determine the tendencies

for mass transfer between unlike solid netals in lithium

8.1.3 Summary

Data on the weight loss and grain boundary penetration of type 316
stainless steel exposed to lithiumw th varying concentrations of nitrogen
are presented. W observed no penetration at 600 and 700°C for nitrogen

concentrations bel ow 3000 ppm.

8.1.3 Progress and Status

Previous workl has shown that 2 w %N in static lithiumat 500 to
700°C resulted in severe corrosion of type 316 stainless steel relative to
tests in as-purified lithium A 500°C we observed a very porous near-
surface layer, while at 600 and 700°C grain boundary penetration doni nated..
Ot her workers? enpirically found that bel ow 727°C the depth of penetration

along grain boundaries of type 304L stainless steel could be described by

X = [4CDON exp(—15,600/T)t]1/2 s (1)
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where
X = average penetration depth, mm
t = exposure time, h;
= absol ute tenperature;
= concentration of nitrogen in lithium (constant throughout

exposure) .

Since our experinents were conducted in sealed capsules (see ref. 3 for
the experimental details), the nitrogen concentration of the lithium
decreased with time as it reacted with the stainless steel. It can be

appr oxi mat ed by
N = ‘40 exp(—at) , (2

where AQ is related to the initial concentration of nitrogen in the
l[ithiumand to the geonetry of the system and a is proportional to the
di ffusion coefficient of nitrogen in stainless steel. W thus nodified

Eq. (1) to account for the tinme dependence of N:4
1 I
X = [40004p exp(—15,600/T) exp(—at)t] . (3

When conpared to the previous data, Eq. (3) satisfactorily predicted the
time dependence of the penetration of type 316 stainless steel exposed
to Li— 2 w %N (ref. 4), but yielded values of the penetration depth that
were greater than the measurenments by factors of 6 to 10. Subsequently,
we performed nore experinents with type 316 stainless steel and varied
the nitrogen concentration of the lithium The weight changes and
metallographic results are given in Table 8.1.1, which also includes

the appropriate data fromour earlier tests in Li— 2 w %N (ref. 4.
Figure 81.1 illustrates the grain boundary penetration at 600 and 700°C
as a function of the nitrogen concentration of the lithium
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Wi ght
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Changes and Metal | ographic Results from
Tests of Type 316 Stainless Steel in Ntrogen-
Contam nated Lithium for 100 h

N in Li Tenperature Vei ght .

(W % °O Change Met al | ographic Results
(g/m*%)

0.08 500 +0.1 No attack

0.08 600 0.0 No attack

0. 08 700 0.0 Slight surface roughening

0.16 500 0.0

0.15 600 0.1

0.16 700 0.0 Slight surface roughening

0.23 500 +0.1

0.24 600 —0.1

0.24 700 0.0 Sl i ght surface roughening

0.31 500 —0.3 Sli ght surface roughening

0.31 600 —0.4 Sur f ace rougheni ng

0.33 700 +0.1 Sur f ace rougheni ng

0.62 500 ~7.8

0.63 600 —0.3 gb?® attack to 5 ym

0.59 700 —0.8 gb attack to 17 ym

0.93 500 0.0

0.94 600 —0.4

0. 87 700 -2.5 gb attack to 30 ym

1.24 500 +0.1

1.25 600 -2.7

1.26 700 —4.1 gb attack to 39 ym

1. 47 500 -33.6 Porous layer to 21 ym

1.54 600 —56.2 gb attack to 9 ym

1.55 700 —5.5 gb attack to 32 ym

2.00 500 —17.2P Porous layer to 11 ym®

2.00 600 —15.1 gb attack to 13 ym€

2.00 700 —22.4b gb attack to 41 ym€

agb = grain boundary.

aAverage of three measurements.

bAverage of four measurements.
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600°C 700°C

Y-158897 Y-165746

(a)

Y-165751

Y-161204

(b)

(c) - 30um

Fig. 8.1.1. Type 316 Stainless Steel Exposed to Nitrogen-Contaminated
Lithium. (a) Initial concentration of 0.08 wt % N, (b) 0.6 wt % N, and
(c) 1.5 wt % N.
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If we assunme that the discrepancy between the cal cul ated and neasured
val ues of X can be dimnished by changing the preexponential factor in

Eq. (3), we can rewite the equation such that
X2 = Ay exp(~15,600/T) exp(—at)t . (4

Therefore, a plot of X2 vs Ap at constant tenperature and tinme (using
the data in Table 8.1.1) would yield an enpirical value for C.  For our

system
Ag = 0.67Nj , (9

where NQ is the initial nitrogen concentration in the lithiumin weight
percent. Furthernore, fromour earlier work on the tinme dependence of the

penetration,4
a~ 7 x 107%4/n | (6)
Substituting Eqs. (5 and (6 into Eg. (4) vyields
X2 = 0.67t exp(—7 x 1074¢) exp(~15,600/T) (N . (7)

Plots of X versus NQ for 100-h exposures at 600 and 700°C are shown in
Figs. 812 and 8.1.3, respectively. Fromthe slopes of the best fit
lines above about Ny = 0.40 wt %, C= 91 for 7 = 600°C and C = 140 for
7 = 700°C  Taking the average of the two C values and substituting it
into Eq. (4 resulted in an equation that was a good approxi mation for
the penetration depth of type 316 stainless steel in l|ithium containing
greater than 0.60 wt % N

X = [1154g exp(~15,600/7) exp(—at)t1/? ©)

In determining a value for C all but one of the data points in

Figs. 8.1.2 and 8.1.3 showing zero penetration were ignored. However,
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ORNL-DWG 79-18718

200
T = 600°C
L

150 —
~
E
2 100 |~
™~
> ™

50 |~
L ]
ole..—ol 1 | | !
0 0.4 0.8 1.2 1.6 2.0 2.4

CONTENT OF N IN Li (wt %)

Fig. 8.1.2. P ot of the Square of the Average Gain Boundary
Penetration vs the Initial Concentration of Nitrogen in Lithiumfor
Type 316 Sainless Steel at 600°C.

ORNL-DWG 79-18719

2000
T = 700°C
1600 —
. 1200 —
N
[
32
o
X
800 —
400 -
0 Le.eZe-e.! l 1 ! |
0 0.4 0.8 1.2 1.6 2.0 24

CONTENT OF N IN Li {wt %)

Fig. 813 Pot of the Square of the Average Gain Boundary
Penetration vs the Initial Concentration of N trogen in Lithiumfor
Type 316 Stainless Steel at 700°C.
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they are val uable measurements because they indicate that the mechani sm of
penetration associated with the dependences of Eq. (4 are not operative
at |lower concentrazions. As mentioned above, Eq. (4 was based on the
findings of Qdson =t al.,? who postul ated a mechani sm of formation of a
grain boundary corrosion product that pronoted penetration either along
the boundary or in the region inmrediately adjacent to it. Wile they
found their equation to apply in all cases down to their |owest nitrogen
concentrations (3000wt ppm), our data indicate a threshold between

3000 and 6000 wt ppm. However, we nmust reiterate that in the fornmer
experiments the nitrogen concentration was constant throughout a test,
while in our experiments [see Eq. (2)] the actual nitrogen concentration
in the lithium decreases exponentially with tine. Therefore, the nean
concentrations are lower than those at t = 0. (For exanmple, in the test
with 3100 wt ppm N at 700°C, the final concentration was 1200 w ppm. )
However, regardless of this variation the present results suggest that
there is a threshold nitrogen concentration bel ow which the penetration
of type 316 stainless steel by static lithium decreases sharply or is
elimnated. While we cannot directly couple these results to tests in
flowing lithium it is noteworthy that in two lithium thermal-convection
| oops of type 316 stainless steel with 600°C maxi num tenperatures and
nitrogen concentrations of 500 and 1700 w ppm grain boundary penetration

was not evident.5

8.1.5 Conclusions

We did not observe degradation of the conmpatibility of type 316
stainless steel with static lithium containing nitrogen when the concen-
tration of the nitrogen was kept below 1000 to 3000 w ppm  The penetra-
tion predicted by extrapolation of results from experinments with higher
nitrogen concentrations in lithiumdid not occur at these lower nitrogen

| evel s.
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Stainl ess Steel Thernal - Convection Systens,” ADIP Quart. Prog. Rep.
Mar. 31, 1979, DOE/ET-0058/5, pp. 148-55.
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8. 2 THERMAL- CONVECTI ON LQOOP TESTS OF Fe-Ni-Cr ALLOYS - P. F. Tortorell
and J. H DeVan (CR\L)

8.2.1 ADIP Task
ADIP Task 1I.A.3, PerformChemi cal and Metal lurgical Conpatibility

Analyses.

8.2.2 (bjective

The purpose of this task is to evaluate the corrosion resistance of
possible first-wall materials to flowing lithiumin the presence of a
tenperature gradient. Corrosion rates (in ternms of both dissolution and
deposition) are measured as functions of time, tenperature, additions
to the lithium and flow conditions. These neasurenents are conbi ned
with chemical and netall ographi c exam nations of specinmen surfaces to
establish the nechanisns and rate-controlling processes for dissolution

and deposition reactions.

8.2.3 Sunmary

The status of the various |ithium thernal-convection |oops (TCOS)
is reviewed. The effect of prior |oop operation on the corrosion of new
type 316 stainless steel specinmens was slight: the corrosion rate of
this steel in flowing lithiumwas not greatly enhanced when oa-ferrite
was al so present in the system Additionally, the reaction of alum num
inlithiumwith type 316 stainless steel at 500 to 600°C was very rapid
and resulted in thin surface films. This process is consistent with

the observed kinetics of the growh of alum num steel reaction layers.

8.2.4 Progress and Status

As descri bed previouslyl two types of TCLs are being used to eval uate
the conpatibility of materials with Iithium The first type is in the
formof a 0.46- by 0.64-m parallelogram that contains interlocking tab
speci nens of the sanme material as the loop. The loop is operated without
interruption and is then cut open to renove tab specinmens for anal ysis.
The second type of TCL is larger (0.48 by 0.76 m) and is designed so that
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tab specinens can be withdrawn and inserted without altering the |oop
operating conditions. In this way corrosion rates can be nonitored at
selected time intervals for a given set of test specinens.

It has previously been reported? that the corrosion rates of type 316
stainless steel in lithiumTCs became constant with time after an initial
peri od of accelerated weight loss. Among three TCLs operated for greater
than 3000, 4000, and 9000 h, these steady-state dissolution rates ranged
fromabout 10 to 20 mg/m?h (9 to 18 um/year). Flow restrictions devel oped
in two of the TCLs and necessitated shutting down these |oops. Subse-
quently, their cold legs were cut out and replaced with new ones of
simlar material (type 316 stainless steel) that were welded into place.
(The analysis of a mass transfer plug fromone of these cold |egs was
given in the preceding quarterly report.3) The -two TCLs were again filled
with lithiumand flow was reestablished in both. New speci nens were
inserted into one of the refurbished |oops, and corrosion rates have now
been neasured after 500 and 1000 h. The new data points for the specinen
at the 600°C (maxi num tenperature) position in the loop are shown as the
solid circles in Fig. 8.2.1, which also includes the previous data from
the loop before its shutdown (open circles). The weight |osses of the
speci nen from the second set are slightly greater than that of the
original one.

ORNL DWG 79-18721
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Fig. 821 Wight Loss vs Exposure Tine for Type 316 Stainless
Steel in a Lithium Thermal - Convection Loop at 600°C
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The preferential removal of nickel from type 316 stainless steel
exposed to flowing lithiumleads to a destabilization of the austenitic
phase and a subsequent transformation to ferrite in the near-surface
region. An a-ferrite surface was thus produced on the inside of the hot
leg of the above loop, and by inserting new type 316 stainless steel
coupons into it, dissimlar metals were coupled by the lithium Under
such conditions sone acceleration of the dissolution of the type 316
stainless steel may be expected as a result of the enhanced driving force
for the redistribution of nickel anong the various conponents. However,
the observed increase in weight loss shown in Fig. 821 is snall.
Consequently, this dissimlar-metal transfer effect is not great under
the present conditions.

It has been foundl that the addition of alumnumto Iithium reduced
the mass transfer rate of type 316 stainless steel by a factor of 5. To
confirmthis behavior at a higher flow rate and to study the time depend-
ence of this process, the experinment was repeated in one of our |arger
type 316 stainless steel TCLs (see above) that had operated for greater
than 3000 h with pure lithium An alumnumwre of appropriate weight
(5w %Al relative to the lithiunm was wapped around the upper part of
the hot-leg specinen rod and inserted into the TQL. The lithium flow
stopped al nmost inmediately and, despite several attenpts, could not be
reinitiated. After about 24 h the specinens were taken out of the |oop,
and nmost of the coupons in the hot leg had significant weight gains.

Wi ght changes of type 316 stainless steel exposed to Li—5w %Al for
about 24 h are:

Tenperature Wi ght Change
(o (g/m?)

596 5.7

592 +6.3

577 +10.5

557 +12.2

538 +6.3

519 +2.9

501 +0.6
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Wiile this initial attenpt to introduce alumnuminto flowng lithium
was unsuccessful (although we used a simlar method in an earlier test
with a small loopl), the measurable weight gains of the corrosion coupons
within only 24 h indicate that the al umnumnust have deposited on the
coupon surfaces and that this reaction with the stainless steel was rapid.
Metallographic exam nation reveal ed some evidence of thin surface |ayers.
This behavior is consistent with the observed time dependence for the
aluminum-steel reaction zone depth,*

X e tl/z (1)
since such a solution applies to a diffusion condition where the diffusing
species (in our case aluminunm) exists as a thin filmon the surface.? (A
detailed treatnent of this alumnumsteel reaction zone and a summary of
our earlier results on corrosion inhibition of Fe-N-Q alloys in static
and flowing lithiumwll soon be published.#) The reason for the greatest
weight gains not being at the hottest points in the [oop (see weight change
data above) is not known, although it may result from sone redistribution
of alumnum by |ocalized convective currents. The tenperatures noted in
the above wei ght change data are not the actual ones experienced during
the 24-h exposure since the tenperature profile of the |oop was dramatically
changed when flow was stopped. Rather, they are the tenperatures of the
coupons at the noment of their insertion into the | oop.

In this quarter a small 45w % Fe—31 W %Ni—21 w %O TCL was put
into operation with coupons of Path B Alloys Bl and B3 in the hot zone.
Despite the high dissolution rates of higher nickel alloys in static
lithium ° the loop has conpleted about 1800 h at a maxi num | oop tenper a-
ture of 500°C with no indication of flow restrictions caused by nass
transfer deposits. The loop is scheduled to be destructively exam ned
after 3000 h of operation.

825 _Concl usions

1. Corrosion rates in a type 316 stainless steel/flowing lithium/
o—-ferrite systemresenble those in a type 316 stainless steel-flow ng
lithiumsystem the effect of dissimlar-netal transfer is slight.
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2. The reaction of aluminum in flowing lithiumw th type 316 stain-

less steel is rapid and is consistent with the observed kinetics of

reaction layer grcwth in static lithium

8.2.6 References

1. J. H DeVan and J. R Di Stefano, "Thernal-Convection Loop Tests of
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Mar. 37, 1973, DOE/ET-0058/1, pp. 20008,

2. P. F. Tortorelli and J. H DeVan, "Thermal-Convection Loop Tests of
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8.3 CCORRCSION RATE CF TYPE 316 STAINLESS STEEL IN FLONNG KNO3-NaNO)~-NaNO3 —
J. R Keiser and P. F. Tortorelli (CR\L)

8.3.1 ADIP Task
ADIP Task I.A.3, Perform Chemcal and Metallurgical Conpatibility

Analyses.

- 832 (hjective

Mol ten salts have been proposed for blanket, coolant, and tritium
processing applications in a fusion reactor. The purpose of the present
work is to determine the corrosion behavior of candidate alloys in

appropriate nolten salts.

8.3.3 Surm‘arx

The status of the nolten-salt thermal-convection |oops (LiF-BeFj,
KNO3-NaNO9=-NaNO3, and LiF-LiBr-LiCl) is reviewed. The corrosion rates of
type 316 stainless steel in KNO3-NaNOy-NaNO3 and the conposition of the
salt are reported as a function of time and tenperature. Corrosion rates
varied fromabout 5 mg/m?h (4 ymyear) at 430°C to 66 mg/m?h (59 yniyear)
at 550°C

8.3.4 Progress and Status

As described earlierl we are presently investigating the conpatibility
of structural materials with three nmolten salts through use of thernal-
convection loops (Tds). The current status of the nolten-salt loops is
shown in Table 8.3.1. The LiF-BeF2 salt, comonly referred to as flibe,
is a potential candidate for the tritiumbreeding fluid in a fusion
reactor blanket, while the nitrate-based heat transfer salt (HIS is a
possible coolant. The nolten-salt mixture LiF-LiCl-LiBr can be used as a
process solvent for extracting tritiumfromlithium Therefore, all three
salts have applications in fusion systens.

Results have been reported earlier2,3 onthe corrosion of type 316
stainless steel exposed to flowing HIS  During the first 10,000 h of
operation, the weight loss rates were 7 ymiyear at a nmaxi mum | oop tenpera-

ture (Tpax) of 430°C and 8 yniyear at 505°C. The T, was then raised to
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Table 8.3.1. Status of Mdlten-Salt Loops

Current
Loop Specimen Sal t Cover T meeretlt 'rzgs oc Op,erriztel ng
Mat eri al Mat eri al Composition Gas emperatu ’ (h)
( max) (min)

316 stainless steel 316 stainless steel LiF-BeFp A 650 525 30,991
(66-34 mol %)

Hastelloy N 316 stainless steel NaNO»—-KNO3-NaNOj Ar 505 395 27,466

12 specimens

Hastel | oyN (49-44-7 ol %)

4 speci mens

316 stainless steel 316 stainless steel LiF-LiCl-LiBr Ar 530 480 9,146
(22-31-47 nol %)

2ss of Sept. 30, 1979.

550°C, and a new specinmen that was exposed for about 6800 h suffered
wei ght loss at a rate of 74 ym/year. The surfaces of the specinens had
an oxi de |ayer whose outer zone was low in iron conpared with the matrix
concentration.3 Subsequently, |oop operation was continued at a Tmax Of
550°C for another 2500 h. As shown in Fig. 8.3.1, which includes all the
wei ght change data to date, the corrosion rate of type 316 stainless steel
in HTS renained fairly constant between 6800 and 9300 h. The Ty x was
then reduced to 505°C, where the rate of weight loss returned to approxi-
nmately the sane value neasured earlier (see Fig. 83.1).

If we assune that the dissolution of type 316 stainless steel in HIS
is a thermally activated phenonenon, the corrosion rate, £;, can be

witten as
Ry = A exp(—Q/RT) , (D

where € is the activation energy for the rate-limting process. S nce

corrosion rates have now been nmeasured at three temperatures, a plot of
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Fig. 831 Wight Changes vs Tine for Type 316 Stainless Steel
Exposed to Flow ng KNO3-NaNO,-NaNO3 in a Thermal - Convection Loop.

In R, (where R, is the average corrosion rate at T) vs 1/T (see Fig. 8.3.2)
yielded ¢ = 100 kJ/mol (24 kcal/mol). This value indicates a dissolution
rate controlled by solid-state diffusion:

R,« /D = D%/Z exp(— ZQRT) , (2

since §° = 2@ =~ 200 kJ/nol (48 kcal/nol), which is consistent with val ues
of activation energies for the diffusion of O, Fe, or N in stainless
steel .

The conposition of the HTS has been nonitored throughout the operation
of the TA, and Table 832 lists these results. Note that while the con-
centration of chromumin the salt has continually increased, the iron and

ni ckel concentrati ons decreased slightly until the naxi num|oop tenperature
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Fig. 832 Arrhenius Plot of the Corrosion Rate of Type 316 Stainless
Steel in Flow ng KNO3-NaNOo-NaNO3 vs Tenperature.

Table 8.3.2. Conposition of Loop Heat Transfer Salt

Loop Maxi mum Concentration, w
Qperating Loop
Tinme Tenperature  NO3 NO; Fe N a
(h) (°Q Z> (%  (ppm  (ppm)  (ppm
1,512 430 37.6 24.5 17 12 52
2,832 430 39.3 25.3 10 <5 70
5, 568 505 36.9 247 7 <1 93
9,0.72 505 39.5 25.0 1 <0.1 163
13, 632 550 40.1 24.2 34 8 303
15, 150 550 39.6 246 25 46 429
16, 440 550 40.0 24.0 131 27 555

21,120 550 37.. 9 24.8 <10 <10 747
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was raised to 550°C whereupon they initially increased significantly but
then decreased again to fairly low levels. This latter reduction in the
amount of iron and nickel in the HTS probably corresponds to the deposition
of these elements in the cooler region of the loop. Indeed, electron

m croprobe analysis of a specimen at the coldest part of the loop (~420°C)
reveal ed near-surface layers enriched in iron and nickel.3 Since it took
several thousand hours for the concentrations of iron and nickel to
decrease, the deposition reactions appear to be quite sluggish. Table 83.2
alsc includes the NO, and NO3 concentrations of the HTS and shows that very
little change has occurred in their relative concentrations during the
20,000-h operation of the TCL.

8.3.5 Concl usi ons

The corrosion rate of type 316 stainless steel in flow ng KNO3-NaNOj-
NaNOj increased with increasing temperature and was unacceptable at 550°C
The dissolution appeared to be controlled by solid-state diffusion. The
chromium concentration of the salt increased monotonically, while nost of
the dissolved nickel and iron were deposited in the cooler region of the
loop.

8.3.6 References

1. J. R Keiser and E J. Lawence, "Conpatibility of Blanket, Coolant and
TritiumProcessing Salts," ADIP Quart. Prog. Pep. Sept. 30, 1978,
DOE/ET-0058/3, pp. 99—100.

2. J. H DeVan and J. R Keiser, "Conpatibility Studies of Type 316
Stainless Steel and Hastelloy N in KNO3-NaNO)-NaNO3,"” ADI P Quart.
Prog. Rep. Mar. 31, 1978, DOE/ET-0058/1, pp. 209-14.

3. J. R Keiser, J. H DeVan, and E J. Lawence, "Conpatibility of Mlten
Salts with Type 316 Stainless Steel and Lithium"™ to be published in
Journal of Wuclear Materials, Decenber 1979.
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