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FOREWORD

This report is the fifth in a series of Quarterly Technical Progress
Reports on "Alloy Development for Irradiation Performance” (ADIP), which
is one element of the Fusion Reactor Materials Program, conducted in
support of the Magnetic Fusion Energy Program of the US. Department of
Energy. Other elements of the Materials Program are:

- Damage Analysis and Fundamental Studies (DAFS)
Plasma-MateriaZs Interaction (PMI)
Special-Purpose Materials (5PM)

The ADIP program element is a national effort composed of contri-
butions from a number of National Laboratories and other government
laboratories, universities, and industrial laboratories. It was organized
by the Materials and Radiation Effects Branch, Office of Fusion Energy,
DOE, and a Task Group on Alloy Development for Irradiation Performance,
which 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 Department of Energy.

This report is organized along topical lines in parallel to a
Program Plan of the same title so that activities and accomplishments
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 evaluation, test methods
development, status of irradiation experiments, and corrosion testing
and hydrogen permeation studies, respectively. These activities relate
to each of the alloy development paths. Chapters 3, 4, 5, and 6 present
the ongoing work on each alloy development path. The Table of Contents
is annotated for the convenience of the reader.

This report has been compiled and edited under the guidance of the
Chairman of the Task Group on Alloy Development for Irradiation Performance,
E. E. Bloom, Oak Ridge National Laboratory, and his efforts, those of the
supporting staff of OR\NL and the many persons who made technical contri-
butions are gratefully acknowledged. T. C. Reuther, Materials and Radiation
Effects Branch, is the Department of Energy Counterpart to the Task Group
Chairman and has responsibility for the ADIP Program within DOE.

Klaus M. Zwilsky, Chief,
Materials and Radiation Effects Branch
Office of Fusion Energy
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1.1 The Application of Magnetic Stainless Steels to Tokamak

1.2

TEST
2.1

PATH
3.1

Reactor Design (ANL)

A review of the effect of the use of magnetic
structure on MHD equilibria, pulsed field penetration,
and structural design has revealed no significant
difficulties a Zong as the material 1S saturated
by the toroidal field. 1t therefore appears possi-
ble for tokamak reactor designers to consider the
appZication of this swelZing resistant material in
future designs.

Ferritic Stainless Steels €or Fusion Applications (General

Atomic COMPany) .« + = v + + & & & & & wox onww e aas

An assessment was made of the feasibility and
design impact of using a ferromagnetic martensitic
stainless steel such as HT9 in first wall/blanket
structures. The results of this preliminary evaluation
suggested that use of Fe-Cr martensitic stainless
steels In fusion first-wall/bZanket structures might
result iN significantly increased component ifetimes
relative t0 20%-cold-worked type 316 stainless steel,
particularly up to operating temperatures of about
520°C. Measurements of some pertinent magnetic
properties and the results of rough calculations
indicated that the effects of ferromagnetic walls on
the static and dynamic fields required for plasma
confinement are relatively minor and could be accom-
modated by proper reactor design.

MATRICES AND TEST METHODS DEVELOPMENT . A
Design of Materials lrradiation Experiments in the ORR

Utilizing Spectral Tailoring and Reencapsulation (ORNL) . .

We are designing an experiment to achieve the
proper He/dpa ratio to simulate fusion reactor con-
ditions for Paths A and B alloys with the Oak Ridge
Research Reactor. The composition and geometry of
the shields (core pieces) to tailor the spectrum as
well as to determine the times to change core pieces
are now being calculated. The conceptual design is
now complete, following a major revision.

A ALLOY DEVELOPMENT — AUSTENITIC STAINLESS STEELS .

The Precipitation Response of 207%-Cold-Worked Type 316
Stainless Steel Irradiated in HFIR at 370-600°C (ORNL)
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The precipitation response of 20%-coZd-worked
type 316 stainless steel was examined after irradiation
In HFIE at 380—600°Cc, after irradiation in EBR-IT at
500°c, and after thermal aging at 600 to 750°C. Eta
phase 1s a major portion of the response during exposure
to all environments. 1t is not normally reported In
20%-cold-worked type 316 stainless steel. Qualitatively
eta phase, M9zCe, Laves, sigma, and chi appear at similar
temperatures after HFIR, EBR-11, or thermal exposure.
However, relative amounts of phases, size, and distri-
bution differ some among the various enviromments. Eta
phase is the only carbide-type phase observed after
irradiation in HFIR from 380 to 550°C. The large
cavities associated with 1t at 380°C contribute signi-
ficantly to swelling. Precipitate re-solution and
re-precipitation of massive particles of sigma, MozCg,
and chi are observed after recrystallization in HFiR.

Microstructural Characterization of As-Received Prime
Candidate Alloy and Examination of Microstructural Sensi-
tivity to Fabrication and Processing Variables (ORNL) . .

Several finished product forms of the Path A
Prime Candidate 4770y have been received from Teledyne
Allvac and examined to characterize its homogeneity
with respect to dissolved titaniton and 7<C. Inhomoge-
eneities were found in materia2 removed at an inter-
mediate stage of fabrication and worse in finished
plate. Several fabrication experiments were conducted
on the intermediate material, both as received and
after homogenization at 1200°C for 24 h. Some sensi-
tivity to cooling rate after homogenization was found
in the 7<¢ distribution and the resulting amount of
recrystallization, but the greatest microstructural
sensitivity was found when unhomogenized and homoge-
nized material were compared. Severe macro and micro
inhomogeneity develops during the fabrication sequences
when the material s not properly homogenized initzally.
Cold work followed by recrystallization causes many
more stringers than hot working. The f<nal product
form, in particular the 13-mm-thick plate, had
reasonably uniform grain size but inhomogeneous
distributions of coarse 7ic particles from grain to
grain. Some clusters of grains had many particles
and about 1 wt % Ti, while other groups of grains
had no TiC and about 0.35 wt % Ti. The as-received
13-mm plate had clearly unacceptable homogeneity and
must be homogenized before preirradiation treatments
to vary microstructure. Fabrication processes need
to be developed SO that gross imnhomogeneity in titaniton
and TiC does not hamper alloy development and micro-
structural variation.

36
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PATH B ALLOY DEVELOPMENT — HIGHERSTRENGTH Fe-Ni-Cr ALLOYS .

4.1 The Fracture Mode of Nimonic PE-16 Following Irradiation
in HFIR (OWL) v v v v 4 v v 4 0 s 0 & s & & s & & 5 & = »

Examination of a series of irradiation and tensile
tested PE-16 specimens showed that grain boundary
separation was the predominant facture mode over a
wide range of conditions. For irradiation and test
at 300°C the transition from a ductile shear fracture
to mainly grain boundary separation occurred at a
fluence producing approximately 1000 at. ppm He. At
600 and 700°C all observed fractures were intergranular,
even at as low as 350 at. ppm He. Although most
failures were by grain separation, total elongations
up to 10% were observed, usually accompanied by slip
steps on the boundaries or limited areas of dimples
characteristic of ductile tearing. Exposed boundaries
showed evidence of the underlying precipitate structure,
with boundaries at 300°C relatively clean, and the
coarseness of the precipitate increasing with increasing
irradiation temperature.

4.2 Status of Path B Base Research Alloy Procurement and Fabri-
cation (ORNL) =« « & = & &« = & = 2 s = = &« *s = s = s s » & =

Two 140-kg heats of each of five high-nickel
alloys were double vacuwn melted and hot rolled into
bar stock. Some of each alloy has been received and
extruded into round and sheet bar. Part of the sheet
bar of each alloy has been processed to 1.27 and 0. 61-mm
(0.050 and 0.024-in.) sheet.

PATH C ALLOY DEVELOPMENT — REACTIVE AND REFRACTORY ALLOYS

5.1 The Microstructures of Titanium Scoping Alloys Following
Low-Fluence Neutron Irradiation at 450°C (NRL)

The titanium scoping alloys Ti-641-4V
(beta annealed), Ti-38-6-44, and Ti-15-333 were
examined by transmission electron microscopy (TEM)
followin, irradiation in EBR-11 to a fluence of
3.4 x 10?1 neutrons/em?, E > 0.1 MeV, equivalent
to 2.1 displacements per atom (dpa), at a tempera-
ture of 450°C. The principal microstructural
changes observed in the T2-641-4V were the for-
mation of small dislocation loops and some nearly
planar features identified as beta-phase preci-
pitates in the alpha grains of the alloy. The
Ti-38-6-44 and Ti-25-333, both of which are
metastable beta alloys zontaining alpha-phase
precipitates, both precipitated additional alpha
phase during irradiation. The precipitation in
the metastable beta alloys was consistent with
that which occurs in these alloys during Zong
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5.3
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thermal aging at the irradiation temperature,
although the irradiation probably enhanced the
transformation kinetics. The precipitation of

fine beta phase in the 72-647-4V, however, appeared
to be an irradiation-induced effect, since the
known thermal phase diagram for the alloy indi-
cates that the preirradiation alpha phase should
be stable at the irradiation temperature.

Comparison of the Microstructure of Titanium Alloys After
Irradiation in EBR-ITI (McDonnell Douglas) . . . . . . . . . 92

Postirradiation annealing studies of 7i-647-4V
revealed that a temperature of 560°C was required for
rapid annihilation of dislocations and dislocation
loops. Similar tests on Ti-6242s showed that a
temperature of 750°C was required to produce the
same annealing effect found in Ti-6471-4V. Annealing
of the Ti-6242S at 750°C resulted in the formation
of small beta precipitates in the primary alpha.

Preparation of Vanadium and Niobium Path C Scoping Alloys
(Westinghouse) . . . . & & v v v o 0 i e e e e e e e 102

Three vanadiwn alloy and #wo niobium aZlloy
compositions are being prepared for consumable arc
melting and processing to plate, sheet, and rod for
the Fusion Materials Stockpile. These are the Path C
(V, Nb) Scoping Alloys selected for initial evalua-
tions as candidate fusion reactor structural materials.
Al7 first and second are melting operations have been
completed; chemical analyses are being obtained for
both metallic solutes and interstitials (carbon,
oxygen, and nitrogen). Extrusions to sheet bar and
round bar will be carried out at 1200°C at reduction
ratios of 6:1 and 11.4 :1, respectively. Extrusions
should be completed by early May. Delivery of all
materials to the Fusion Materials Stockpile at Oak
Ridge is scheduled to be complete by July 10, 1979.

The Ductility in Bending of Molybdenum Alloys Irradiated
Between 425 and 1000°C (ORNL) + + + + « + « & % s s s & & 104

Irradiation of Mo, Mo—0.5% Ti, and TzM at 425
to 1000°C to fluences producing 17 dpa resulted in
DBTTs in bending above room temperature for all
irradiation temperatures. The most severe embrittle-
ment was a DBTT between 550 and 700°C produced by
irradiation at 585°C. Alloying at the concentrations
in the two alloys tested had a relatively minor effect
on the DBTT. For the two most embrittling irradiations,
at 585 and 790°c, the alloys had Zower DBTTs than did
the unalloyed Mo. This may be related to the alloying
raising grain boundary decohesion stress. The DBTT
shift with irradiation temperature could not be quanti-
tatively related to the observed microstructures.



5.5

The increase in DBTT to above room temperature for
all irradiation temperatures investigated suggests
that molybdenum alloy structures could not survive a
fusion reactor shutdown. Unless noZybdenum aZZoys
more resistant to irradiation embrittlement could be
developed, 1t is unlikely that they could be used for
a fusion reactor first wall.

Mechanical Property Testing of Unirradiated Path C Alloys
(ORNL) v v v e e e e e e e e e e e e e e e e e e e e

A closed-loop controlled servohydraulic testing
system has been assembled and checked out for con-
ducting tensile, fatigue, and crack growth tests a¢
elevated temperatures. A set of gxigl Strain exten-
someters specifically designed for miniature sheet
specimens has been developed for testing under high
vacuum at elevated temperatures.

PATH D ALLOY DEVELOPMENT — INNOVATIVE MATERIAL CONCEPTS
STATUS OF IRRADIATION EXPERIMENTS

7.1

7.2

Irradiation Experiment Status and Schedule

The schedule for irradiation experiments being con-
ducted by the Alloy Development Program <s presented.

ETM Research Materials Inventory (ORNL and McDonnell
Douglas) + « v & i v e e e e e e e e e e e e e s

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

CORROSION TESTING AND HYDROGEN PERMEATION STUDIES
8.1 Hydrogen Dissolution and Permeation Characteristics of

Titanium-Base Alloys (ANL)

Hydrogen dissolution in pure 7{-641-4V and the
hydrogen permeation characteristics of an ion-nitride
coated sample of T7Z-641-4v have been evaluated. The
permeability of the coated sample was at most ten
times lower than had been observed for uncoated
Ti-6A1-4V in the temperature range from 350 to 550°C.
The solubility parameter for pure 7{-641-4V (Sieverts’
constant) ranged from 360 wppm H/torrl/2 at 500°C to
1600 wppm H/torrl/2 at 700°C. The pressure exponent
observed for the permeability relationship, ~0.8,
indicated that surface interactions were affecting
the hydrogen migration mechanism. The generally
high hydrogen solubility and permeability exhibited
by titanium-alloys must be considered as an important
area of concern in any assessments of the applicability
of titanium-base materials to fusion reactor first-
wall/blanket systems.
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The Corrosion of Ni-Fe-Cr and Co-V-Fe (LRO) AIons in

Static Lithium (ORNL) .

The compatibility of aIon 600 and a 60% Co—
25% V—15% Fe ordered alloy with static lithium was
investigated. Alloy 600 corroded significantly in
pure Zithiwn between 500 and 700°C. However, it lost
no weight when exposed to Li-5 wt % Al under other-
wise similar conditions. Alloy 600 welds were not
significantly attacked by the lithium. A long-range-
ordered (Lr0O) alloy was exposed to ZZthiwm at 600 and
850°C for 2000 h and then tensile tested. Ixe samples
exposed at 850°C showed no loss of ductility at room
temperature and just a small amount of intergranular
eracking; however, specimens exposed at 600°C exhi-
bited Zoss of ductility and an extensive number of
grain boundary cracks.
Corrosion in Lithium-Type 316 Stainless Steel Thermal-
Convection Systems (ORNL) e e e e e e e s

X-ray fluorescence of the coupons from a
type 376 stainless steel thermal-convection loop
that circulated lithiwm with 500 wt ppm N indi-
cated that the addition of nitrogen to the lithium
affected the distribution of nickel around the
circuit. Metallographic examination revealed that
the added nitrogen did not change the basic dissolu-
tion mechanism and did not promote <ntergranular
attack. Two type 316 stainless steel loops that
had circulated as-purified lithium for long periods
of time developed plugs. Ore of these plugs was
examined and appeared to be composed of a tangle
of small chromium crystals.

Vanadium Alloy/Lithium Pumped Loop Studies (ANL)

A stainless-steel-dad vanadiwn-15% chromium
alloy loop for circulating liquid ZZ¢thiwn has been
constructed and placed In operation at the Argonne
National Laboratory. This 0.5-liter capacity, forced
eirculation loop will be used for investigations of
the distribution of nowmetallic elements IN 1Zthium/
refractory metal systems and effects of a lithiwn
environment on the mechanical properties of selected
refractory metals. Valuable information on weld
integrity of vanadiwn-base alloys and problems asso-
ciated with protection of refractory metals from
atmospheric contamination is also being obtained.
The results of this effort wiZl contribute to the
selection of candidate Path ¢ aZloys for extended
development within the ADIP Program.
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1. ANALYSIS AND EVALUATION STUDIES

The designs for power-producing fusion reactors are in a very
embryonic and rapidly changing state. Requirements for materials
performance are thus not well defined. However, regardless of the
final designs, the environment will clearly be extremely demanding
on materials in regions of high neutron flux. One cannot identify a
class of alloys on which the development efforts should focus — thus
the parallel paths of the Alloy Development Program. The combination
of reactor designs that are evolving and the necessity for including
alloys with widely different physical, chemical, and mechanical prop-
erties in the program could lead to an impossibly large number of
potential problems and possible solutions. Analysis and evaluation
studies are an essential part of the Alloy Development Program in
order to translate fusion reactor performance goals into material
property requirements and to identify crucial and generic problems
on which development activities should be focused. As the Alloy
Development Program proceeds and a better understanding of the behavior
of materials in potential fusion reactor environments is attained,
these studies will also identify problems that will necessitate design

solutions.



1.1 THE APPLICATION OF MAGNETIC STAINLESS STEELS TO TOKAMAK REACTOR
DESIGN - S. D. Harkness, K. Evans, and L. Turner (Argonne National
Laboratory)

1.1.1 ADIP Task
Task 1-A-1 Define Material Property Requirements and Make Structural

Life Prediction.

1.1.2 Objective
The objective of this work is to establish from a plasma engineering

view whether or not magnetic materials can be considered as tokamak

reactor structural materials.

1.1.3 Summary

An assessment of the effect of using a martensitic stainless struc-
ture on the MHD equilibrium and the pulsed field penetration times has
revealed no significant detrimental effects as long as the material is
saturated by the TF coils. Experimental measurements of the B-H curve
of an improved 9-Cr stainless steel developed by Combustion Engineering
has shown that this material saturates at ~ 1.8 T at room temperature.
To put this in perspective a 7 meter major radii tokamak with a maximum
field of 9 T imposes a steady-state field of 3.3 T on the outer blanket
first wall and of 3.0 T on the furthest edge of a meter thick blanket/
shield system.

Operation of a substantial portion of the blanket system with a
ferritic steel therefore appears possible. An analysis of the pressures
imposed or a ferritic first wall/blanket structure using the Rutherford
three dimensional code has shown that these will vary from 1to 10
atmospheres, depending on the thickness of ferritic stainless used.

These pressure levels are well within the structural design capability.

1.1.4 Progress and Status

Martensitic stainless steels offer the potential of significantly
improved lifetimes in a fusion reactor environment over austenitic

stainlesses. This possible incremental gain in performance is based on



the dimensional stability observed over a wide range of temperature and
fluence in the LMFBR program and to their inherently better performance
under cyclic thermal loading. For a given thermal loading the thermal
stress is reduced by roughly a factor of two over what would be expected
in a Type 316 stainless steel. Since crack growth rates and fatigue
lives are dependent on the stress level raised to an exponent of from
four to six, this factor of two reduction in stress is translated into
significantly increased wall lifetimes.

A major obstacle to the use of the ferritic stainless steels in
tokamak systems has been their ferromagnetic nature. To determine the
consequences of this for both the plasma engineering and the structural
design aspects of the system, initial analysis has been conducted in the
areas of MHD equilibrium, pulsed field penetration times, and magnetic
first wall pressures.

From a plasma engineering viewpoint the key result has been that as
long as the structure is saturated by the steady-state toroidal fields,
neither the MHD equilibria or feedback systems are significantly affected.
MHD equilibria analyses were conducted by Ken Evans using existant codes
as a function of the toroidal field and the thickness of the ferritic
structure.

Evans also has calculated the time for pulsed magnetic field to
diffuse through a conducting boundary and found that fifty percent of
the field will penetrate in a time given by 0.35 uwoahA and 99% in a time
of 3.4 pooA where u is the permeability, o is the conductivity, a is the
radial distance to the first conducting wall and A is the wall thickness.
Table 1.1.1 shows the expected ranges of these parameters as represented
by different reactor designs and structural material choice. 1t can be
seen that the 20% variation in permeability introduced by the application
of ferritics is a minor perturbation when compared to the possible
variation in the other parameters.

The magnetostatic pressures on a 3 cm thick ferritic stainless
steel first wall structure are shown in Figure 1.1.1 as calculated from
the Rutherford 3-d code. These pressures increase roughly linearly with
increasing thickness of the ferritic region. Thus, if ferritics were

used for the first 20 cm of structure (or in the region where radiation



Table 1.1.1 Typical Ranges for Field Penetration Parameters

tapocal

K o a, M A, cm

AUSTENITIC 1.0 0.002 - 0,005 16-2.5 0.3-3

FERRITIC- 1.0-1.2 0.002 - 0.005 1.6 -25 0.3-3

TITANTUM 1.0 0.001 1.6 -2.5 0.3-3

100 120 140

Z [INCH)

40 60 80
!

0

70.75\]4'

psi
o

RADIUS (INCH)

Figure 1.1.1 Forces on 3 ¢cm ferritic stainless steel can from EF & TF
coils.



effects are expected to be important) pressures of 50 psi might be
expected. These are well within the levels that can be accomodated by

the structural design.

1.1.5 Conclusions

The plasma engineering consequences of using magnetic structural
materials such as the stabilized 9-Cr stainless steels appear to be
small. Attention to the development of material property data is needed,
particularly in the areas of radiation effects on the ductile- brittle

transition temperature, helium effects, and cyclic mechanical properties.



1.2 FERRITIC STAINLESS STEELS FOR FUSION APPLICATIONS — S. N. Rosenwasser,
P. Miller, J. A. Dalessandro, and J. M. Rawls (General Atomic Company).

1.2.1 ADIP Task
ADIP Task I.A.l, Define material property requirements and make

structural life predictions.

1.2.2 Objective

The objective of this study is to assess the feasibility of incor-
porating ferromagnetic (martensitic) steels in fusion reactor designs
and to evaluate the advantages of this class of material with respect to
first wall/blanket lifetime. The irradiated and unirradiated property
data needed for the application of ferritic stainless steels in fusion

designs are also being defined as part of this task.

1.2.3  Summary

An assessment was made of the feasibility and design impact of using
a ferromagnetic martensitic stainless steel such as HT9 in first wall/
blanket structures. The results of this preliminary evaluation suggested
that use of Fe-Cr martensitic stainless steels in fusion first-wall/
blanket structures might result in significantly increased component life-
times relative to 20% cold-worked type 316 stainless steel, particularly
up to operating temperatures of about 520°C. Measurements of some perti-
nent magnetic properties and the results of rough calculations indicated
that the effects of ferromagnetic walls on the static and dynamic fields
required for plasma confinement will be relatively minor and could be

accommodated by proper reactor design.

1.2.4 Progress and Status

Recent results from fast-fission reactor irradiation experiments in
the United States and Europe suggest that the Fe-Cr martensitic stainless
steels might offer the potential of significantly greater first wall/
blanket lifetimes and, therefore, should be given serious consideration.
The general class of alloys under consideration are ferromagnetic steels

containing from about 9 to 13 percent Cr with some small additions of



various strengthening and stabilizing elements such as Mo. These steels
are conventionally used in the normalized and tempered condition for high
temperature applications' and can compete favorably with austenitic alloys
up to about 600°C. Although the heat treatment can result in either a
tempered martensite or bainite structure, depending on the alloy and
thermal treatment parameters, this class of materials will be referred

to as "martensitic' stainless steels for simplicity.

On the basis of impressive EBRII irradiation test results, the alloy
Sandvik HT9 (DINX20CrMoWV121) was among a group of six prime advanced can-
didate materials identified by the United States National FBR Cladding/
Duct Materials Development Program and is in fact the only commercial
candidate alloy. Because of the encouraging and rapidly expanding data
base from the FBR Program, the significant application history and the
current interest in the alloy, HT9 was selected as a representative mar-
tensitic alloy for the current evaluation.

The nominal composition of alloy HT9 is given in Table 1.2.1. For
high temperature, extended time service, the alloy is usually heat treated

at 1050°C for 0.5 hr, air cooled and then tempered at 780°C.

Table 1.2.1. Nominal Composition of Alloy HT9
in Weight Percent

Fe Cr N i M W \Y, Si Mh C
Balance 11.5 0.5 1.0 0.5 0.3 0.25 0.5 0.20

1.2.4.1 Mechanical Behavior

The strength of HT9 is compared to that for several other candidate
first wall/blanket alloys in Fig. 1.2.1. The variation of minimum ultimate
tensile strength with temperature is plotted for HT92, 20% cold-worked type
316 stainless steel (20CcW316); annealed 316 stainless steel (316), Inconel
7183, titanium alloys Ti-6A1-4V and Ti-6A1-2 Sn-4 Zr-2 Mo“, vanadium alloy
V-20 Ti®, and niobium alloy Nb-1 zr®., It is evident that the short term
strength of HT9 is between that for type 316 and 20% cold-worked type 316
stainless steel to about 500°C, is equivalent to that for 316 at about
550°C, and is similar to that for Ti-6Al-4V at about 550°C. Above 500°C
HT9 short term strength decreases rapidly.
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Fig. 1.2.1. Minimum Ultimate Strength of HT9
and Other Candidate Alloys.

Thermal stresses are an important source of cyclic fatigue and creep
fatigue damage, particularly in pulsed tokamak fusion systems. The com-
parative resistance to thermal stress can be estimated by a parameter, M,
which is a function of thermal conductivity, thermal expansion coefficient,
Poisson's ratio, Young's modulus and yield strength. Thermal stress
resistance increases with increasing value of M. Thermal stress resist-
ance of HT9 at 500°C is compared to that of other candidate materials in
Table 1.2.2. The significantly higher thermal conductivity and lower
thermal expansion coefficient of ferritic HT9 relative to austenitic 316
provides the former with a significantly greater resistance to thermal
stress effects. Thermal stress resistance of HT9 is slightly lower than

that for the Ti alloys and for the precipitation strengthened Ni alloy 718.



Table 1.2.2. Thermal Stress Resistance of Candidate
Fusion Alloys at 500°C

Thermal Stress Resistance

Alloy M (W/m) x 10-3
Annealed 316 1.3
20CW316 49
HT9 8.5
Ti-6A1-4V 10.2
Ti~6A1-2Sn-4Zr-2Mo 10.4
Inconel 718 10.7
V-20T1 12.3
Nb-1Z1 19.8

0K - V)
where M = — =
and o, = yield strength
ﬁ = thermal conductivity
v = Poisson®s ratio
a = thermal expansion coefficient
E = Young"s modulus

1.2.4.2 Radiation Damage Resistance

The primary reason for investigating the application of HT9 s, of
course, Its apparent resistance to neutron radiation damage. Most of
the pertinent informationwith respect to void swelling, in-reactor creep,
and embrittlement has been developed iIn the United States FBR program,
and has not yet been released for general dissemination. Although dis-

cussion of the radiation damage resistance of HT9 must therefore be
qualitative, a number of relevant observations can be made on the basis
of EBR II data to exposures greater than 1 x 1023 n/cm2 E > 0.1 W)
Void swelling In HT9 i1s at least an order of magnitude less than iIn
20% cold-worked 316. Ccrrent results indicate that swelling is even lower
than the 3.7%, 500°C peak swelling at 150 dpa previously reported for HT9
under heavy ion bombardment.” The currently published equation for
20% cold-worked 316® predicts peak swelling of about 60% at 580°¢c and
100 dpa. In addition, in-reactor creep resistance of HT9 appears better
than that for 20% cold-worked 316 to temperatures in excess of 600°C.°
Although only low helium levels and low helium/dpa ratios relative
to fusion neutron conditions have been evaluated, tensile ductility
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retention of HT9 appears superior to that for 20% cold-worked 316 (par-
ticularly when tested above the irradiation temperature) and vastly superior
to that for the precipitation strengthened nickel alloys up to 600°C. Fur-
thermore, the microstructure of HT9 appears stable under irradiation in the
temperature range of interest, but the upward shift in ductile-brittle
transition temperature and the upper and lower shelf fracture energies

after irradiation must be determined.

1.2,4.3 Preliminary Comparative Lifetime Analysis
A preliminary evaluation of the lifetime of an HT9 first wall/blanket
module relative to the lifetimes of 20% cold-worked 316 and Inconel 718 was

made, assuming a helium cooled cylindrical module developed for GA's demon-
[}

stration plant reactor. The following design parameters were used :

. 2

Neutron wall loading 1.0 MW/m

Module radius 0.25 m

Helium pressure 4.1 MPa

Helium inlet temperature 285°C

Helium outlet temperature 5859C

Burn time 300 s

Dwell time 30 s

The analysis, which has been described in detail,” employs a com-
puter program which integrates material property data with thermal and
stress analysis. Prior to calculating wall life, adequate strength is
checked for based on established ASME B&PV Nuclear Code allowable values
for pressure stress and combined pressure and thermal stress. In this
preliminary analysis, only creep-fatigue interactions, fatigue flaw
growth and volume change from stress-free swelling were considered as
life-limiting mechanisms. Irradiation (helium) embrittlement was taken
into account by assuming a fluence independent operating temperature
limit of 550°C for all three materials. The effect of irradiation on
creep, fatigue and fatigue flaw growth was neglected as were differential
swelling stress and the effects of stress and helium production on swell-
ing stress and the effects of stress and helium production on swelling.
The end-of-Ilife criteria used were creep-fatigue, cyclic flaw growth,

swelling and residual ductility.



Creep-fatigue life was calculated according to ASME Code Case N47
(1592) using linear creep-fatigue interaction. Cyclic flaw growth was
based on the growth to penetration of a minimum detectable 0.75 mm radius
semi-circular surface flaw oriented normal to the principal stress, located
on the inside surface of the minimum wall section. Swelling life was taken
as that for two percent volume change. In the absence of definitive data,
it was assumed that any finite fluence produced sufficient helium to reduce
ductility to the two percent limit at 550°C and above in all three alloys.

The data used for this analysis was a combination of publishedz’ll_16
and recent unpublished information. A key assumption was that the S-N
fatigue and flaw growth curves of 20% cold-worked 316 and HT9 were iden-
tical in the temperature range of interest. No high temperature flaw
growth data was located for HT9, but low temperature data on a similar
martensitic steel”” indicated that this is a reasonable assumption.

The results of this preliminary analysis are shown in Fig. 1.2.2,

which gives the predicted lifetime of HT9, 20% cold-worked 316 and

60
HELIUM—-COOLED MODULE
1 MW/M2
50 | . 4.1 MPa He PRESSURE
0.75 mm FLAW DEPTH
HT9 ASSUMED
40 DUCTILITY
LIMIT
(ALL MATERIALS) —m
&
30

CRACK GROWTH

20 \\~

WALL LIFE (Y
N
=

SWELLING
— 7

— — e e——

CREEP-

SWELLING FATIGUE

10 | -
20CW316 - <

;;~ ~—_
CRACK GROWTH | Sem———
0
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MAXIMUM SURFACE TEMPERATURE (9C)

-~

Fig. 1.2.2. Preliminary Wall Life Comparison of HT9,
20% Cold-Worked 316 Stainless Steel and
Inconel 718.
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Inconel 718 as a function of maximum surface temperature. Only the con-
trolling life limiting modes are shown for each material. Although the
guantitative results must be considered in the context of the limited
available data and the limited number of failure modes considered, a num—
ber of conclusions can be drawn. First, at temperatures from 470°C to
about 520°C, HT9 offers the possibility of significantly greater lifetimes
than 20% cold-worked 316 because of HT9's much greater resistance to swell-
ing and because of its lower rate of crack growth. The better crack growth
resistance of HT9 is due to lower thermal bending stresses. (The crack
growth rate-stress intensity factor curves for HT9 were assumed identical
to those of 20% cold-worked 316.) Second, due to its better swelling
resistance, HT9 may give greater lifetimes at temperatures below 500°¢
than high strength nickel base alloys, such as Inconel 718. At higher
temperatures the superior crack growth resistance of 718 dominates, although
above 500°C there is growing concern with radiation embrittlement of these
precipitation-strengthened nickel alloys. Finally, creep-fatigue consider-
ations may limit the maximum allowable service temperature of HT9 to about
500°c.

1.2.4.4 Magnetic Properties and Effect on Reactor Performance

Alloy HT9 is a hard magnetic material with a large area inside the
hysteresis loop (induction versus magnetizing force); hence, its dynamic
magnetic properties depend on the past history of the material. For fusion
reactor applications, however, only magnetic properties when the steel is
saturated by the toroidal field are of specific interest. Because the
required information on magnetic properties was not available in the
literature, several exploratory measurements were made at General Atomic
on commercial grade HT9 tube, heat treated as described previously. Typi-
cal hysteresis loops were measured at 239 and 538°c as shown in Fig. 1.2.3.
The important result is that the saturation induction decreases from
1.3 tesla at 25°C to 1.0 tesla at 538°C at a magnetizing field of 8 x 103
amp-turns/meter.

In the second type of experiment a torus of HT9 was wound with primary
and secondary windings to permit measurement of the small signal magnetic
permeability as a function of bias fields. Table 1.2.3 displays the per-

meability for various values of applied magnetic field. The table
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15 = T = 239
=
7 <7/
MAGNETIC INDUCTION (TESLA) 10 £ ! T = 538%C
L1
2 3 4 5

MAGNETIC FIELD INTENSITY
(AMP~TURNS/m) x 10%

Fig. 1.2.3. Hysteresis Loops of HT9 Measured
at 230C and 538°cC.

Table 1.2.3. A-c Permeability of HT9 at 315°C
as a Function of Bias Field, up to the
Assumed Toroidal Field of 3T

Applied Magnetic
Field (T)

Permeability 76 73 12 2.0 1.2 1.2

0.03 0.3 0.6 1.2 2.2 3.0

demonstrates that as the toroidal field increases toward i1ts expected
reactor operating value of 3T, which saturates the material, the a-c
permeability decreases to within 20% of the asympotic theoretical value
of unity. Even if the a-c permeability is as high as 1.2 1t will be shown
later that the impact on plasma shaping and control is negligible.

Further measurements were taken in a configurationwith two circular
coils wound around a cylindrical tube of HT9. One coil was located above
and the other below the equatorial plane. The measured mutual inductance
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for increasing magnitude of the bias Tield was compared with the calculated
value for the same two coils in vacuum. The results, accurate to within
about 10%, are shown in Fig. 1.2.4, and provide further evidence that HT9
behaves as a non-magnetic material under typical reactor conditions.

The field of non-linear magnetic control devices has long exploited
the fact that when a magnetic substance iIs saturated in one direction, a
perpendicular field will see a permeability very close to unity. In a
tokamak power reactor, the toroidal field will saturate the region near
the plasma so that the poloidal coil system will see an essentially non-
magnetic metal when HT9 or a similar ferritic alloy is used as a con-
struction material .

The steady state magnetic field in the plasma region is disturbed
only slightly by the extra magnetic flux in the wall materials associated
with the saturation induction of 1T determined in the hysteresis loop
measurements. The effect of apertures or abutments in the ferromagnetic

EXTERNAL
BIAS
- FIELD
1 )
{
.
1
10 :
T t {k MEASURING
RATIO OF | ol 1ot UEASUR
MEASURED Pyl
MUTUAL 5 [l ' |[ MAGNETIZING
INDUCTANCE WINDING
TO CALCU- {
LATED
VACUUM \\
VALUE CYLINDER OF HT-9
T = 204%
1.0 —
- [ | | 1

Fig. 1.2.4. Ratio of Measured Mutual Inductance of Two Coils
Wound Around HTS to Calculated Mutual Inductance for Same
Coils In Vacuum at 204°C as a Function of Bias Field,
up to an Assumed Toroidal Field of 3T.
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walls would be to cause local plus and minus variations of the magnetic
field. In fact, it has been suggested that careful placement of ferro-
magnetic material in a tokamak could result in a dramatic reduction in the
field ripple caused by the return legs of the toroidal field coils.!®

A number of other effects of ferromagnetic walls, such as the per-
turbations in plasma shaping fields, time constants for induced eddy
currents and losses associated with cyclic operation of magnetic material
have been quantified, and should not result in significant design con-
straints. Body forces arising from asymmetric first wall/blanket design,
such as may be caused by apertures or abutments, may give rise to local
surface pressures of less than 1 MPa, which in turn could cause stress in

the wall material of about 10 MPa in a typical power reactor design.

1.2.4.5 Conclusions

It is clear that additional data must be obtained concerning mag-
netic properties, mechanical behavior (particularly fatigue flaw growth),
irradiation effects on properties (particularly the synergistic effects
of displacement damage and helium gas production), fabrication and com-
patibility. The effect of both thermal and irradiation environments on
DBTT shift and other fracture properties must be fully characterized.
Further, more sophisticated analysis concerning the impact of ferro-
magnetic materials on design must be performed. However, the results to
date indicate that martensitic steels may have excellent potential as

candidate fusion reactor materials.
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2. TEST MATRICES AND TEST METHODS DEVELOPMENT

An important part of the alloy development effort is the definition
of test matrices and development of test methods. The alloy development
strategy will proceed through stages requiring tests of generally in-
creasing difficulty and complexity.

1. Scoping tests will be used to make relative judgments between
materials and metallurgical conditions and to identify critical properties.
Such tests, which will be used where large numbers of variables are
involved, must be rapid, simple, and decisive.

2. Developmental tests will be used for optimization of the Prime
Candidate Alloys. They will be broader and more extensive than the
scoping tests. In-reactor testing will be an important part of this
work.

3. Engineering property tests will be devised to provide the broad

data base needed for reactor design.
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2.1 DESIGN OF MATERIALS IRRADIATION EXPERIMENTS IN THE ORR UTILIZING
SPECTRAL TAILORING AND REENCAPSULATION — T. A. Gabriel, K. R. Thoms,
and M. L. Grossbeck (ORNL)

2.1.1 ADIP Task
ADIP Task I.A.2, Define Test Matrices and Test Procedures.

2.1.2 Obiective

The helium and displacement rates for stainless steel and nickel-
base alloys can be controlled in fission reactors by varying the
thermal-to-fast neutron flux ratio. The helium production will be
dominated by the thermal flux and the fast flux will determine the
dpa. In the ORR these rates can be adjusted to match the predicted
rates for a fusion reactor first wall. The objective of this work is
to determine the amount of variation necessary and to design reactor
core pieces that will produce the needed changes. The capsule must
also be capable of discharging specimens and being reloaded with

radioactive specimens.

2.1.3 Summary
VW are designing an experiment to achieve the proper He/dpa ratio

to simulate fusion reactor conditions for Paths A and B alloys with
the Oak Ridge Research Reactor. The composition and geometry of the
shields (core pieces) to tailor the spectrum as well as to determine
the times to change core pieces are now being calculated. The con-

ceptual design is now complete, following a major revision.

2.1.4 Progress and Status

The ORR will be used because of its large experimental volume,
capability for active instrumentation, and favorable neutron energy
spectrum. Since the helium production rate in nickel in a fission
reactor is not linear, the neutron spectrum must be tailored during
the irradiation to achieve and maintain the correct He/dpa ratio.

The conceptual design of the proposed spectral tailoring experi-

ments has changed significantly during this report period. Because
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of the steep axial flux gradient in the ORR core, we have decided to
use only 152 mm of the axial test space available, centered about the
average axial flux peak. Two capsules will be operated concurrently
to provide the four desired test temperatures. One capsule will have
test regions of 300 and 400°C while the other will have test regions
of 500 and 600°C. Each test region will be an annulus measuring
approximately 38 mm OD by 13 mm ID by 70 mm long. Temperatures in
each test region will be measured by three Chromel—P vs Alumel thermo-
couples placed in the central spline. Temperature will be controlled
by varying the mixtures of inert gases (helium, neon, and/or argon)
in a control gas annulus immediately outside the test region. All
test specimens will be immersed in NaK to minimize the temperature
gradients.

The design allows for the assembly of the entire capsule except
the two bottom end caps before placing the test specimens in the
capsule. This design feature was incorporated to simplify the reencap-
sulation of previously irradiated specimens. A completed capsule
assembly will be placed in a shielded carrier and the open bottom end
of the capsule will protrude into an opening in the hot cell wall.
The test specimens, which will have been previously loaded into a
holding fixture, will then be slid into the capsule along with the
first end plug. This first end plug will serve as a radiation shield
and the entire capsule can be removed from the hot cell area. The
plugs will then be welded in place. The capsule and shield carrier
will then be uprighted for NakK filling.

A detailed design is being prepared. Design of the in-core
section is scheduled to be completed first. Parts will then be
fabricated to build a prototype of this section to confirm the tempera-
ture control capability of the design.

A gamma heat measuring device has been designed and parts have
been fabricated. During the next report period, this device will be
assembled and the gamma heat will be measured in the two planned core

irradiation positions (E-3 and E-7).
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Concurrently with the engineering design, the spectral tailoring
calculations are being fine-tuned. Newly revised cross-section data
have been received and include data for tantalum and tungsten. Initial
calculations using the new data have been completed.

The new results are different from the old results in two important
areas: k-effective and neutron flux levels. The new k-effective value
obtained is about 4% less than previously calculated for the same
location of the shim rods. Because of this, the shim rods must be
adjusted outward by 0.10 m in order to obtain a k-effective of 1.

This movement of the shim rods causes not only the peak flux position

to move by approximately the same amount, but also causes a small change
in the magnitude of the flux. Detailed neutronic calculations are now
in progress to determine the composition of core pieces 3 and 4, to be
used from approximately 5 to 20 dpa. Also, additional calculations

will be made to recheck the composition of the first two core pieces.

2.1.5 Conclusions

Both the engineering design and neutronic calculations are in a
stage of refinement. Iterations will be made in both as results
become available, but the remaining changes are believed to be minor.
The capsule design is expected to be completed by June 1979 and fabri-

cation completed in October.



3. PATH A ALLOY DEVELOPMENT — AUSTENITIC STAINLESS STEELS

Path A Alloys are those alloys generally known as austenitic stain-

less steels. The most common U.S. designations are AISI types 304, 316,

321, and 347. Primary considerations for selecting this class of alloys

for further development are:

1. state-of-the-art production and fabrication technology;

2. extensive data on the effects of neutron irradiation on properties,
which show the potential of these alloys for MFR applications;

3. compatibility with proposed coolants and breeding fluids;

4. evidence that for MFR conditions (He, dpa, temperatures) the proper-
ties are sensitive to composition and microstructure — thus showing
potential for further development.

The strategy for development of these alloys has two related objectives:

1 to determine for a reference alloy the effects of iIrradiation on
those properties most important to fusion reactor design;

2 to develop a path A alloy that is optimized for fusion reactor
applications.

The fTirst objective will provide a data base for near-term reactor design

and, most iImportant, guidance as to which properties limit performance of

this type alloy. Work on the reference alloy will provide direction for

the actual alloy development efforts of the second objective. Type 316

stainless steel iIn the 20%-cold-worked condition appears to be the best

choice as a reference alloy. It is the present reference cladding and

duct alloy in the breeder reactor programs, and there are extensive data

on the unirradiated mechanical properties, effects of heat treatment on
properties, structure, and phase stability, and the effects of fast neutron
irradiation on properties. The present technology of austenitic stainless
steels, including understanding of the physical and mechanical properties
and irradiation response, is such that alloy development efforts can move
to optimization for use in fusion reactor applications. A Prime Candidate

Alloy (PCA) (Fe—16% Ni—14% COr—2% to—2% Mn—0.57% Si~0.2% Ti~0.05% ¢) has been

selected by the ADIP task group. Efforts will now focus on optimizing the

composition and microstructure of the PCA leading toward the selection of

OPT-A1l (Program Plan designation of first optimized path A alloy).

23
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3.1 THE PRECIPITATION RESPONSE OF 207%-COLD-WORKED TYPE 316 STAINLESS
STEEL IRRADIATED IN HFIR AT 370-600°C — P. J. Maziasz (ORNL)

3.1.1 ADIP Tasks
ADIP Tasks 1.C.1, Microstructural Stability, and 1.C.2, Micro-

structures and Swelling in Austenitic Alloys.

3.1.2 Objective
The objective of this work is to characterize the precipitation

response of 20%Z-cold-worked type 316 stainless steel to irradiation

in HFIR to simultaneously produced high levels of displacements and
helium. This response is compared with that in thermally aged and
fast-reactor-irradiated material to determine .the effect of irradiation
and in particular the effect of helium. It is also compared with the
response of annealed material exposed to the same environments to

determine the effect of cold work.

3.1.3 Summary
The precipitation response of 20%-cold-worked type 316 stainless

steel was examined after irradiation in HFIR at 380—600°C, after
irradiation in EBR-II at 500°C, and after thermal aging at 600 to
750°C. Eta phase precipitation is a major portion of the response
during exposure to all environments. It is not normaliy reported in
20%~cold-worked type 316 stainless steel. Qualitatively eta phase,
M23C6’ Laves, sigma, and chi appear at similar temperatures after
HFIR, EBR-II, or thermal exposure. However, relative amounts of
phases, size, and distribution differ some among the various environ-
ments. Eta phase is the only carbide-type phase observed after
irradiation in HFIR from 380 to 550°C. The large cavities associated
with it at 380°C contribute significantly to swelling. Precipitate
re-solution and re-precipitation of massive particles of sigma, M23C6’

and chi are observed after recrystallization in HFIR.
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3.1.4 Progress and Status

3.1.4.1 Experimental

The composition (wt %) of the type 316 stainless steel examined in
this work is 18 Cr, 13 Ni, 2.6 Mo, 1.9 Mn, 0.8 Si, 0.05 Ti, 0.05 cC,
0.013 P, 0.016 S, 0.05 N, balance Fe. The final steps in specimen
preparation from rod involved a 50%reduction in area by cold swaging,
annealing for 1 h at 1050°C, 20% further reduction, and finally
machining into buttonhead tensile specimens. Details of the irradiation
experiments have been published.l—_4 Specimens were irradiated in HFIR
(High Flux Isotope Reactor) at temperatures of 370—680°C to neutron
fluences producing up to 60 dpa and 4100 at. ppm He. Specimens of the
same material were aged at 750°C for 1000 h and 600 and 650°C for
10,000 h. A specimen of the same steel, but cross rolled to a 20%
reduction in thickness and fabricated into sheet specimens, was examined
after irradiation in EBR-II at 500°C to a neutron exposure producing
about 9 dpa. The irradiation temperatures in HFIR were calculated from
previously determined nuclear heating values, but new measurements by
Gro:ssbeck5 indicate that the temperatures could be as much as 75°C
higher than calculated. For continuity with previous work, the samples
will be identified by their calculated temperatures, but the temperature
difference will be taken into account in the interpretation of the data.
Further temperature measurement in HFIR is in progress.

Disks for transmission electron microscopy (TEM) were thinned by a
two-step thinning method developed by DuBose and Stiegler.6 All speci-
mens were examined with either a JEOL 100-C (120 kV) analytical electron
microscope or a Hitachi 1000 (1 MV) conventional transmission electron
microscope (CTEM). Several low-order zones were obtained from each
precipitate particle examined and compared with the Iiterature7 to
identify the crystal structure. Chemical analysis using energy
dispersive x-ray analysis in CTEM was performed on precipitate particles
extracted on carbon replicas from aged samples of type 316 stainless

steel.
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3.1.4.2 Results

The most striking result is the unexpected appearance and dominance
of a diamond cubic phase with ag = 1.07 m in 20%~cold-worked type 316
stainless steel irradiated in HFIR below 600°C. The same type of phase
is found in both annealed and 20%~cold-worked type 316 stainless steel
after thermal aging at 650°C for 10,000 h. |Its crystal structure,
lattice parameter and composition after thermal aging are similar to
"H-phase'" found in other steels by H. Hughes8 and Tither and Clark.9
However, as discussed later, this phase should be referred to as eta
phase. The experimental results for the various samples observed are

presented in Table 3.1.1.

Table 3.1.1. Precipitate Phases Present in 20%~Cold-Worked Type 316
Stainless Steel Exposed to Various Environments

Exposure Exposure
Temperature Results?
(°c)4 (dpa) (at. ppm He)

HFIR Irradiation

380 48 3300 ning.b., m
460 54 3800 ning.b., m Laves inm
550 43 3000 ninm; Laves inm, g.b.; 0
600—610 57-60 3900-4100 100%recrystallized; massive X,
Mp3Cq, O3 M23Cg in m
580-600 1.5 30 My4Cg, Laves, ©
580-600 3.3 85 10—15% recrystallized; M23Ce¢,

Laves, o in deformed; n, Laves,
¢ in recrystallized

Thermally Aged

600 10,000 h Mj1Ce in g.b., m; n, Laves in m;
massive O
650 10,000 h <5% recrystallized; Mp3Cg in g.b.,

m; n, Laves in m; massive O

750 1,000 h n20% recrystallized; Mp3Cg, Laves,
x in m deformed; Mp3Cg (7),
Laves, X, 0 in recrystallized

EBR-II Irradiated
500 9 M53Cq ing.b.; ninm

4calculated temperatures for HFIR irradiation.

g.b. = grain boundary; m = matrix.



27

Eta phase is the only intergranular phase observed in 20%-cold-
worked type 316 stainless steel after irradiation at 380°C, and it
appears together with Laves phase at 460°C [see Fig. 3.1.1(a), (b)].

At 380°C (and to a lesser extent at 460°C), large cavities (v100 M
in diameter) are attached to eta phase precipitate particles. A total
cavity swelling Av/vo of 2.5% is measured, and 1.0% swelling is due
to the large cavities.3 Discontinuous grain boundary precipitation of
eta phase is observed at 380 and 460°C. At 550°C, intragranular eta
and Laves phases are observed, and large isolated sigma phase particles

are observed at the grain boundaries along with larger than average

cavities (40 mm in diameter at grain boundary, 21 nmm in the matrix).

ig. 3.1.1. Microstructure of 20%-Cold-Worked Type 316 Stainless
Steel Irradiated in HFIR to 4260 dpa and 30004100 at. ppm He at
(a) 380°C, (b) 460°C, and (c) 550°C.

At 600°C, after irradiation to 60 dpa in HFIR, 20%-cold-worked
tvoe 316 stainless steel Is comaletely recrystallized. Two samples
were observed at these conditions — one contained massive sigma phase
and My3Cg (V5 um), while the other showed massive sigma and chi phases
with smaller Mj3Cg particles (0.2-0.5 um) (see Table 3.1.1). The
precipitation is quite coarse, but optical metallography indicates

the distribution of coarse phases to be reasonably uniform on a
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macroscopic scale. After 1.5 dpa at about 600°C, no recrystallization
is observed, but partial recrystallization does occur at 3.3 dpa. Laves,
some eta, and large sigma phase particles are observed in the recrystal-
lized portion of the material; the unrecrystallized portions of each
sample contain M»3Cg, Laves, and sigma phase particles (see Table 3.1.1).
The M;3Cq, eta, and Laves phase precipitate particles are smaller
(100-300 nm) and more finely distributed than the coarse precipitate
particles observed after high-fluence irradiation (Fig. 3.1.2). Laves
and eta phases are conspicuously absent after high fluence and complete
recrystallization.

Gamms prime is not observed in any of the 20%-cold-worked type 316
stainless steel samples irradiated in HFIR, particularly at 380°C where
it might be expected from fast reactor irradiation.* ™ Indeed, gamma
prime is the dominant intragranular phase in annealed type 316 stainless
steel irradiated in HFIR at 370°C to neutron fluences producing about
9 dpa.

There is concern about the formation of magnetic phases like ferrite.
Billingtonll measured magnetic susceptibility on the TEM disks of 20%-
cold-worked type 316 stainless steel irradiated in HFIR at 550 and 600°C
to 42 and 60 dpa, respectively. No significant magnetic material was
indicated and no microstructural evidence of ferrite formation could be
found in any sample.

The precipitation response of 20%Z-cold-worked type 316 stainless
steel after thermal aging at 600 and 650°C for 10,000 h and 750°C for
1000 h is shown in Table 3.1.1 and Fig. 3.1.3., Eta phase is found in
significant amounts mixed with My3C¢ at 600 and 650°C and is morpho-
logically indistinguishable from My3Cg. It is not observed at 750°C.
Eta phase is also found in annealed type 316 stainless steel aged
10,000 h at 650°C, and its composition along with Mp3Cg was determined
by quantitative energy dispersive x-ray analysis on individual preci-
pitate particles extracted on a carbon replica. Eta phase contains
(wt % 6 Si, 31 Mo, 29 Cr, 13 Fe, 21 Ni, and “0 Mn; M54Cq is <1 Si,

16 Mo, 64 Cr, 13 Fe, 5 Ni, <0.5 Mn. The eta phase and My3Cg compositions
in 20%-cold-worked type 316 stainless steel after the same aging treat-

ment are similar to those reported above.
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Fig. 3.1.2. Microstructure of
207%-Cold-Worked Type 316 Stainless

Steel Irradiated in HFIR at about Fig. 3.1.3. Microstructure of
600°C to (a) 3.3 dpa and 85 at. ppm 20%-Cold-Worked Type 316 Stainless
He (partially recrystallized) and Steel, Thermally Aged at (a) 600°C
(b) 60 dpa and 4070 at. ppm He for 10,000 h and (b) 650°C for
(completely recrystallized). 10,000 h.

Laves phase, My3Cg, and massive sigma phase particles are observed
in all thermally aged samples. Chi phase is observed only after 1000 h
at 750°C. As shown in Fig. 3.1.3, the precipitate density decreases
and the size coarsens with increasing temperature. The relative amount
of carbide to intermetallic Laves phase tends to decrease as the
temperature increases. Slight (<5 vol %) recrystallization is observed
at 650°C after 10,000 h and considerable recrystallization (v20%) is
observed after 1000 h at 750°C.

Finally, 207%-cold-worked type 316 stainless steel has been examined
after EBR-II irradiation at 500°C to neutron fluences producing 9 dpa.
Small blocky eta phase particles are observed intragranularly, with Mj3Cq

particles at the grain boundaries.
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3.1.4.3 Discussion

The widespread appearance and dominance of the diamond cubic
phase in type 316 stainless steel after thermal aging or HFIR or fast
reactor irradiation were unexpected from previous reports in the

3,4,10,12-16

literature. However, after thermal aging, a similar phase

has been observed in other steels. Hughes8

first observed a phase he
termed "H phase" together with Mp3Cg in a 12 Cr-4 Ni—0.1 C steel (3% Mn,
3% Si, 12@). "H phase™ was identified as diamond cubic (space group
Fd3m) by x-ray diffraction and found to be high in silicon by chemical
analysis. Tither and Clark9 also observed "H phase" in 18 Cr—15 Ni—
0.03 C steel (4.5 wt %Z Si, I wt Z Mn), but incorrectly identified it
as fcc (Fm3m) when their published x-ray data indicated diamond cubic.
The structure factor for diamond cubic (Fd3m) crystal structure predicts
systematic absences of (200), (420), etc.7 Tither and Clark analyzed
"H phase'™ to contain (in atomic percent) 11 Si, 8 Fe, 44 Cr, and 37 Ni,
but did not analyze for carbon. They assumed it was My3Sig, while
Hughes had assumed an MSij, compound with X > 1. Hughes, however, did
not directly analyze the "H phase' for carbon either. 1t is unclear
whether it is a carbide or a silicide. This phase should not be
confused with a class of carbon- or nitrogen-containing compounds
having a hexagonal close-packed structure (e¢/a = 4.9), also termed
H phase. 17

The appearance of a diamond cubic ""H phase' makes suspect the
observations of "M6C," also diamond cubic, in other work4 on type 316
stainless steel. A review of eta phase by Stadlemaier17 indicates that
an eta-carbide structure proposed by Westgren18 could well encompass
M3M§x, MgMeX (X is C, N, or 0), or MpM3Si-type phases with lattice
parameters ranging from 1.07 to 1.22 nm, depending upon phase compo-
sition. The composition and stoichiometry of the phase in turn depend
on the composition of the matrix.u—20 Both "H phase™ and "MgC" fit
into the general classification of eta phase, which would be a safe
designation until carbon (and/or nitrogen) can be measured to further
specify stoichiometry and composition.

12,13

The data in the literature on 207%-cold-worked type 316 stain-

less steel show that during thermal aging cold work accelerates the
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formation of My3Cq, sigma, and chi phases in time relative to annealed
material, but not in temperature. After fast reactor irradiation,

behavior similar to thermal aging is observed for M sigma, and chi,

23%°
but Laves phase formation is shifted to lower temperature in cold-

worked relative to annealed material.lo’la_16

A rod-shaped, hexagonal

(e/a = 0.6), phosphorus-containing phase is observed above 500°C and

below 625°C in annealed type 316 stainless steel but not in 20%-cold-

worked type 316 stainless steel after fast reactor irradiation.10’14_16’21_23
Gamma-prime (nominally Ni3S8i) is observed in both annealed and 20%-cold-
worked type 316 stainless steel below 480 to 525°C in fast reactors. 10,24
The results reported here on thermally aged or EBR-11-irradiated material
are generally consistent with the literature, except that My3Cq and eta
phase are found where normally only My3Cq had been reported.

The temperatures at which My3Cq, eta, Laves, sigma, and chi phases
form during HFIR irradiation are similar to those observed during thermal
aging if the calculated irradiation temperatures are adjusted upwards by
about 75°C. There are, however, differences in the particle density,
size, and relative amounts of the various phases. Figures 3.1.1(c) and
3.1.3(b) indicate that at comparable temperatures the total precipitate
particle density is greater after HFIR irradiation than after thermal
aging. The carbide appears to be a mix of Myp3Cq and eta phase after
thermal aging but nearly all eta phase after HFIR irradiation up to

550°C (calculated). The trend of decreasing amount of M and/or eta

2306
phase relative to Laves with increasing temperature is the same for
both HFIR-irradiated and thermally aged material.

HFIR-irradiated material that has recrystallized contains massive
sigma and chi particles much larger than those observed after thermal
aging, but the presence of massive My3Cg particles Is an anomaly relative
to thermal aging. Annealed type 316 stainless steel irradiated in HFIR
at 600°C contains only Laves and sigma phases.4 The re-solution of
precipitates following recrystallization is not usually observed in
other environments,lz—14 and the absence of Laves is conspicuous.
However, the finely distributed phases present before recrystallization
(see Table 3.1.1) should result in a different matrix composition than

in annealed material. The low dislocation density after recrystallization
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presents a new sink structure in the matrix as well, and it is quite
possible that prior phases could become unstable with the new matrix
conditions. The displacement cascades and enhanced point defect con-
centrations could also obviously contribute to precipitate re-solution,
as well as changes in matrix composition. This type of behavior is
disconcerting if preirradiation thermomechanical treatments produce
precipitate phases that could become unstable during irradiation.

Comparing HFIR- with EBR-II-irradiated 20%~cold-worked type 316
stainless steel indicates that the carbides and Laves phase form at
similar temperature if the calculated temperatures in HFIR are adjusted
as mentioned above. Comparing the data on the EBR-II-irradiated
material at 500°C (reported in Table 3.1.i) with the literature data,
it is possible that the carbide or "carbosilicide'" phases reportedl0,14—-16
are really a mixture of M)3Cq and eta phase. In that case, the relative
amount of M»3Cg and eta phase changes from a mixture of the two during
EBR-II irradiation to exclusively eta phase after HFIR irradiation at
550°C (calculated) and below.

The behavior with respect to gamma-prime (Ni3Si) formation also
changes. After HFIR irradiation at 380°C (calculated) and 48 dpa, no
gamma prime is observed. Gamma prime would be expected to form in
20%-cold-worked type 316 stainless steel according to fast reactor

10,24 even with +75°C adjustment in HFIR irradiation temperatures.

data,
The formation of eta phase, with is also high in nickel and silicon,
may preclude formation of gamma prime. Indeed, annealed type 316
stainless steel irradiated in HFIR at 370°C (calculated) at about 9 dpa
precipitates copious gamma prime intragranularly and no eta phase.
Finally, Porter and wOOd25 observed ferrite formation in 20%-cold-
worked type 316 stainless steel irradiated in EBR-II at 550°C to about
4 x 10%°

the matrix. The differences in the precipitation produced in HFIR and

n/m2 and attribute its formation to depletion of nickel from

in EBR-II indicate that the microchemical evolution of the matrix should
not be expected to be the same. The fact that no ferrite is observed
after HFIR irradiation clearly supports this. The inclusion of signi-
ficantly higher simultaneous helium in the damage products for HFIR

relative to EBR-II is coincident with these changes in behavior. The
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results presented above indicate that helium must be considered as

influencing all components of the microstructure, including precipitation.

3.1.5 Conclusions

1. Eta phase is an unexpected and dominant portion of the preci-
pitation response of 20%~cold-worked type 316 stainless steel to thermal
aging and EBR-II or HFIR irradiation. It is associated with large cavi-
ties after HFIR irradiation at 380°C (calculated).

2. Qualitatively, eta, Laves, chi, and sigma phases appear

M3t
at similar temperatures for HFIR irradiation, EBR-II irradiation, or
thermal aging. There are, however, differences in density, particle
size, and relative amounts of the various phases.

3. Re-solution of fine precipitate particles of My3Cg, eta, and
Laves and re- precipitation of massive My3Cg, sigma, and chi phase
particles follow recrystallization at 600°C (calculated) and above in
HFIR.

Measurements need to be made to determine the composition of eta
phase formed in HFIR, especially whether or not it contains carbon.
This information can then guide both major and minor alloying changes

to try and eliminate uncontrolled phase instability.
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3.2 MICROSTRUCTURAL CHARACTERIZATION COF AS-RECEIVED PRIME CANDIDATE
ALLOY AND EXAMINATION OF MICROSTRUCTURAL, SENSITIVITY TO FABRICATION
AND PROCESSING VARIABLES — P. J. Maziasz and T. K. Roche (ORNL)

3.2.1 ADIP Task
ADIP Tasks I.A.5, Fabrication Analysis; and 1.D.I, Materials
Stockpile for DMFE Programs.

3.2.2 Objective
The objective of this work was to examine the microstructure of

the as-received Path A PCA to determine how to develop various particle
sizes and distributions of TiC. Initial results prompted our investi-
gation of the fabrication variable sensitivity of the microstructural
response, to determine fabrication routes that avoid macro- and

microscopic inhomogeneity of titanium concentration and TiC distribution.

3.2.3  Summary
Several finished product forms of the Path A Prime Candidate Alloy

have been received from Teledyne Allvac and examined to characterize

its homogeneity with respect to dissolved titanium and TiC. Inhomoge-
neities were found in material removed at an intermediate stage of fabri-
cation and worse in finished plate. Several fabrication experiments
were conducted on the intermediate material, both as received and after
homogenization at 1200°C for 24 h. Some sensitivity to cooling rate
after homogenization was found in the TiC distribution and the resulting
amount of recrystallization, but the greatest microstructural sensitivity
was found when unhomogenized and homogenized material were compared.
Severe macro and micro inhomogeneity develops during the fabrication
sequences when the material is not properly homogenized initially.

Cold work followed by recrystallization causes many more stringers

than hot working. The final product form, in particular the 13-mm-thick
plate, had reasonably uniform grain size but inhomogeneous distributions
of coarse TiC particles from grain to grain. Some clusters of grains

had many particles and about 1wt % Ti, while other groups of grains

had no TiC and about 0.35 wt % Ti. The as-received 13-mm plate had



37

clearly unacceptable homogeneity and must be homogenized before pre-
irradiation treatments to vary microstructure. Fabrication processes
need to be developed so that gross inhomogeneity in titanium and TiC

does not hamper alloy development and microstructural variation.

3.2.4 Progress and Status

Titanium- or niobium-modified austenitic steels are considered
stabilized' only after a heat treatment at 870 to 900°C to precipitate
MC-type carbide. This is supposed to prevent formation of M23C6, eta,
and other phases that can degrade properties. This production of a
uniform, fine precipitate of MC-type carbide is also one of the prin-
ciples for protection against the effects of helium.2’3 The ADIP Program
hopes to employ it in optimizing austenitic stainless steels for fusion
applications. The freedom to pursue preirradiation microstructural
design depends on composition and the microstructure produced during
the preceding fabrication sequences. Severe microstructural and
chemical heterogeneity introduced into the structure by fabrication
can eliminate or impair this freedom.

Stringering of the carbide precipitate during hot-forming has been

observed by others R

and the consequences of such inhomogeneity have
been considered in detail by Braski and Leitnaker.6 Homogeneity prob-
lems due to titanium carbide and nitride have also been recently
observed7 in an alloy similar to ours. The resultant phase stability

of a modified austenitic steel during either thermal aging or irradiation
depends intimately on the uniformity and distribution of MC-type

precipitates. 6-9

3.2.4.1 Update on Procurement

Plate and bar products processed from a 1.4-Mg (3000-1b) heat of
Path A Prime Candidate Alloy by Teledyne Allvac have been received.
Results of the vendor's chemical analysis of the finished products are
presented in Table 3.2.1. Details of the processing of this material
were given previously."™ The 13-mm-thick (1/2-in.) plate, 13-mm-diam
(1/2-in.) bar, and 33-mm-diam (A5/16-in.) bar were ultrasonically
inspected by the vendor and determined to be of good quality with respect

to internal flaws.



Table 3.2.1.

38

Vendor's Chemical Analysis and ORNL Analysis
of Products from 1.4-Mg (3000-1b) Heat of Path A Prime

Candidate Alloy”

Content, wt %

Element 4 1 n-diam 33-nn-diam 13-mm-diam ~ 15-™@ (1/2-in.) Plate
(4-in.) Bar  (15/16-in.) Bar (1/2-in.) Bar Vendor ORNL
Ni 16.59 16.63 16.55 15.91 16.2
Cr 14.27 14.31 14.33 13.98 14.0
Mo 1.96 1.95 1.97 1.93 2.3
Ti 0.32 0.31 0.22 0.30 0.24
Mn 1.62 1.83 1.78 1.66 1.8
si 0.53 0.52 0.51 0.50 0.42
c 0.046 0.048 0.043 0.046 0.047
N 0.008 0.008 0.008 0.008 0.0088
Al 0.05 0.05 0.05 0.05 0.03
As <0.01 <0.01 <0.01 <0.01 0.01
B 0.001 0.001 0.001 <0.001 0.0005
co 0.04 0.04 0.04 0.04 0.02
Nb 0.02 0.02 0.02 0.02 <0.05
cu 0.02 0.02 0.02 0.02 0.05
P 0.014 0.014 0.015 0.014 0.0087
s 0.002 0.002 0.001 0.001 0.0027
Ta 0.01 0.01 <0.01 0.01 <0.001
v 0.04 0.04 0.04 0.04 0.02
zr <0.03 0.02 0.02 0.02 <0.0003

%Nendor's analysis unless otherwise indicated.

Balance iron.

A 13-mm-thick (1/2-in.) slice of 0.13-m (5-in.) round cornered

square (RCS) bar was also obtained from the vendor. (This is an

mediate product form in the fabrication sequence.)

inter-

Production of the

RCS bar had included homogenization for 24 h at 1150°C of the 0.30-m-

diam (12-in.) VAR ingot and hot rolling in the temperature range 1150

to 925°C to 0.13 m RCS bar,
by air cooling. The slice was taken from near center of the bar,
corresponding to near center of the original ingot.

the fabrication sequence is shown in Fig. 3.2.1.

then annealing at 1038°C for 1 h followed

A flow chart of
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3.2.4.2 Experimental Procedure

Examination of the alloy consisted primarily of metallography,
transmission electron microscopy (TB), and energy dispersive x-ray
analytical electron microscopy (EDX/AEM). The as-—received finished
product forms were examined by the above techniques. Bulk quantitative
chemical analyses have been performed, and the results are shown in
Table 3.2.1. The intermediate product form was investigated to check
the homogeneity at that step and to compare its microstructure with
that present in the final product form. Initial results prompted a
homogenization treatment investigation. Since the final product form
from the vendor must be further fabricated for specimen stock, several

experimental fabrication sequences were examined to determine the
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microstructural sensitivity to fabrication variables. The experimental
fabrication sequences are summarized in Fig. 3.2.1. Metallographic

and TEM-AEM check points are indicated.

3.2.4.3 Results and Discussion on Intermediate Product, RCS Bar

This material was examined to check the homogeneity after homog-
enization and blooming (see Fig. 3.2.1). The metallographic and TEM
microstructures of as-received material are shown in Fig. 3.2.2 and
3.2.3, respectively. These figures show two levels of inhomogeneity
in this material. Figure 3.2.2(a) shows differences in grain size and
recrystallization following the 1 h at 1038°C anneal given after
blooming, and Fig. 3.2.2(b) indicates that there are patches of TiC

associated with the small-grained or unrecrystallized regions as well

., Y-161587

/

Fig. 3.2.2. As-Received Intermediate RCS Bar. (a) Low magnifi-
cation showing recrystallized regions with reasonably uniform grain size
and unrecrystallized regions. (b) Higher magnification, showing segre-
gation of TiC particles beginning in some areas.
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Fig. 3.2.3. The TEM Microstructure of the As-Received Intermediate
RCS Bar. (a) Bright field, showing dislocation substructure, also nor-
malized microanalysis of a_typical area that includes TiC precipitate.

Beam direction close to (011). (b) Dark field with TiC (111) reflection
to show fine TiC particles.
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as large, blocky TiN or titanium-carbonitride-sulfide particles randomly

dispersed on a very coarse scale. This developing large-scale inhomo-

geneity results from incomplete homogenization, hot working, or some

combination of both. Figure 3.2.3 iIndicates the presence of fine TiC

particles clustered at subboundaries and on dislocations within the

grain. This shows that the TiC is not dissolved at this stage of the

fabrication. Examination of the composition of an area several micrometers

in length and about 0.5 um In width [see Fig. 3.2.3(a)] indicates that

the average composition of the matrix plus precipitate is not far from

the average composition reported by the vendor. This type of fine-

scale inhomogeneity would not be too difficult to eliminate with a

heat treatment capable of dissolving TiC because the interparticle

spacing is small compared with the diffusion distance of titanium.

Macroscopic stringers observed in Fig. 3.2.2 are more difficult t

eliminate because iIn addition to longer diffusion distances, the local

solubility product, [wt?” Ti][wt % C], may exceed the solubility limit

of the matrix, resulting In some TiC iIn equilibrium with the surrounding

austenite.6

We tried to homogenize this as-received material and then investi-

gate the microstructure response to fabrication variables. The material

was annealed in argon for 1 h at 1150, 1200, 1250, or 1300°C and then

water quenched. Fine TiC dissolved at all temperatures, and a homog-

enization treatment of 24 h at 1200°C was selected. Specimens were

cooled either in the furnace cold zone (Path B), in air (Path C), or by

water quenching (Path D) after the homogenization. (Path A was as

received.) Attention will be focused on Paths ¢ and D, and the base

line 1s Path A. In the discussion to follow, subscripts (see Fig. 3.2.1)

will be added to the path letters to designate successive treatments

after these paths; the materials at this stage are thus Als Bys Cps and

D .
Metal lography of the as homogenized materials is shown in Fig. 3.2.4

and TEM microstructures of C1 and D1 are shown iIn Fig. 3.2.5. Both

results indicate that most of the TiC, both fine and macro stringers,

has dissolved. Occasional coarse, blocky TiN and/or titanium-carbonitride-

sulfide particles are still present. Also, Fig. 3.2.5(b) show6 occasional
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small TiC particles that indicate that some small areas may still be
inhomogeneous with respect to TiC and/or titanium distribution. However,
both macroscopically and microscopically, the situation is dramatically
improved over the as-received material shown in Figs. 3.2.2 and 3.2.3.
There appears to be no dramatic differences immediately after homog-
enization in the samples that were water quenched (Path D) compared with
the air-cooled samples (Path C).

The metallography of Paths A, Cz, and D, following hot rolling at

2
1050°C and annealing for 15 min at 1050°C are shown in Fig. 3.2.6, and
corresponding TEMs are shown in Figs. 3.2.7 and 3.2.8. These results

indicate that Path A2 has fully recrystallized but Paths C, and D2 have

not. Both have a significant portion of unrecrystallized rznaterial, but
Path C2 has more than Path D2. The area fraction of recrystallization

in Path C2 appears to be about 50%. For unrecrystallized material to
exist after 15 min at 1050°C is anomalous compared with standard type 316
stainless steel, which can recrystallize in minutes at about 800°C.

The TEM microstructures (Figs. 3.2.7 and 3.2.8) clearly indicate gross
differences in dislocation and TiC structure for the three paths. None
of the samples showed gross stringering of TiC; however, paths A2 and

D2 show microscopic inhomogeneity of TiC distribution. Path A2 showed
complete recrystallization [Fig. 3.2.6(a)] and little or no fine TiC
precipitation within the grains. Paths C2 and D2 both show regions of

fine TiC associated with the dislocations, Fig. 3.2.9. Such an association
is commonly observed between dislocations and fine TiC particless’g’ll
and is a consequence of dislocations aiding nucleationlz and the particles

13,14 This association of the fine

in turn trapping the dislocations.
TiC and dislocations correlates with the unrecrystallized portions of
the microstructure shown in Fig. 3.2.6(a). This also indicates that
the reason for the anomalous recrystallization behavior is the dislocation
trapping by finely dispersed TiC.

A comparison of recrystallized regions for points 02 and D2
(Fig. 3.2.8) indicates that TiC particles in these regions differ
considerably in size and spacial distribution. Fine TiC is present in

recrystallized grains in the 02 sample, which was air-cooled, and coarser
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RCS Bar Following Hot-Rolling and Annealing at 1050°C. (a) C2. (b) D2.
Note the difference in TiC distribution in the recrystallized portions
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Fig. 3.2.9. The TEM Microstructure of the As-Received Intermediate:
RCS Bar, Cp. (a) Bright field of typical unrecrystallized region.

(b) Dark field of fine TiC using the indicated precipitate reflection.
Beam direction is close to [123].
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stringered TiC appears in the recrystallized grains of the water-quenched

Path D2 samples. The TiC size and distribution in the recrystallized

regions are sensitive to cooling rate.

The presence of more recrystallization in D, is easily reconciled

2
with the increased amount of fine TiC in Cz. The question is, why did
the difference in cooling rate result in the difference in amount of
9 and D2 is the sum of
that present after hot-working plus any additional recrystallization

that occurred during the 15-min anneal at 1050°C (see Fig. 3.2.1).

fine TiC? The recrystallization observed in C

Grot and Spruiell' have done some work on TiC formation in titanium-
modified type 316 stainless steel, but data on the actual time-temperature-
precipitation (TTP) curve for a homogeneous, solution-treated alloy does
not exist. General datal’8 indicate that the nose of a TiC formation
curve should be betwen 700 and 900°C, and that the shortest time at
the nose should be in the range from seconds to minutes. In this
light, Fig. 3.2.10 is a hypothetical but not unreasonable TTP curve
with reasonable continuous cooling curves for water quenching and air
cooling superimposed for discussion. Such a nose certainly depends on
pretreatment as well.8 Water quenching should miss the nose of the
curve, but air cooling may intersect the curve. The TIP curve generally
represents detection of observable TiC particles, which means that
nucleation and some growth must have occurred. Even if the Clappears
solution treated, it is reasonable to assume that considerably more
nucleation has occurred than in Dl' Nucleation and growth are certainly
slower at 1050°C than at the nose of the curve, since the curve bends
as shown in Fig. 3.2.10. Nucleation and growth will have to occur
during hot rolling at 1050 to about 925°C. The head start with respect
to nucleation and hence fine TiC formation in C2 could correlate with
the larger amount of fine TiC and lesser amount of recrystallization
observed in 02 than in D2. Nucleation and growth of TiC will also
occur during rolling at 1050°C to about 925°C, but this represents a
dynamic situation and may affect the fine TiC and recrystallization.
Compare A2 (see Fig. 3.2.7) with Paths C2 and D2 (see Fig. 3.2.8).

As noted earlier, A, showed about 100%recrystallization with reasonably

2
uniform grain size metallographically after hot working and annealing
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Fig. 3.2.10. A Hypothetical Time-Temperature-Precipitation (TTP)
Curve with Generalized Relative Continuous Cooling Curves from Water
Quenching and Air Cooling Superimposed.

at 1050°C and no fine TiC microscopically in TEM. This is surprising
because fine TiC particles were observed on dislocations and particu-
larly along subboundaries within the grains of the as-received material.
This material was not rehomogenized and never saw a temperature higher
than 1050°C. Preliminary observations showed that TiC could dissolve
at 1150°C but not below, certainly not at 1050°C. After hot working

at 1050°C and annealing at 1050°C, Path A has nonuniform, coarse TiC
distributions, not only within each grain, but from grain to grain as
well. In fact, some grains have almost no TiC particles. Obviously
the TiC distribution has coarsened some during the hot working and
annealing of the as-received Path A material, and, judging from the
lack of fine TiC, most of the TiC seems to have precipitated. The

lack of fine TiC is the obvious reason for the complete recrystallization.
The question is how did the TiC distribution coarsen? The intra-
granular structure indicates micro-inhomogeneity of titanium (and
carbon), and the grain-to-grain differences indicate that macro-
inhomogeneity with respect to titanium is developing. Several possi-

bilities for coarsening are an Oswald-type ripening, in which small
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particles dissolve and large particles grow at their expense, or the
coalescence of fine particles into larger ones. Both possibilities
have their drawbacks. It is hard to imagine even small particles of

a stable phase like TiC redissolving, but certainly TiC becomes less
stable relative to austenite as the temperature increases simply because
at a high enough temperature, TiC dissolves. Coalescence of precipi-
tate particles is also difficult to visualize because it would require
the particles to move through the rigid matrix. However, strain energy
would certainly be minimized if many small strain centers (as TiC
particles are observed to be by strain contrast in TEM) are collected
into several larger clusters. Furthermore, hot-working corresponds to
high—-temperature plastic flow at whatever stress such flow requires,
and if the matrix immediately surrounding the.particles is moving,
certainly the particle moves with it.

Whatever the case, the failure to homogenize Path A has led to a
totally different structure with respect to TiC and results in con-
siderably more recrystallization and inhomogeneity with respect to
titanium (and carbon) distribution.

Finally, Fig. 3.2.11 shows metallography of Paths A3, C3, and D3
after cold rolling to roughly a 50%reduction in thickness and then
annealing in hydrogen for a few minutes at 1050°C. Both 03 and D3 have
a uniform fine-grained structure, which indicates recrystallization with
very little grain growth. On the other hand, A3 has developed a non-
uniform duplex grain size structure with macroscopic stringers of TiC
in the fine-grained bands. Clearly gross heterogeneity has developed
from the microscopic inhomogeneity observed for A2 in Figs. 3.2.6 and

3.2.7. Apparently at A, all the TiC had precipitated. Clearly, no

TiC could have dissolveg during cold rolling or during the anneal at

1050°C. Spacial rearrangement of the TiC somehow occurred during the
cold working and recrystallization step. Although not understood, it
seems that particle motion and coalescence must be considered a possi-
bility. 1t is also obvious that fabrication of improperly homogenized

material simply worsens the situation.
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3.2.4.4 Results and Discussion on 13-mm-Thick Plate Stock
Metallography of 13-mm-thick (1/2-in.,) plate stock is presented in
Fig. 3.2.12 and TEM in Fig. 3.2.13. The grain size is reasonably uni-
form, and some TiC stringers are observable. The TiC particles are
coarse and some grains have many particles, uniformly spaced, while
other grains have no observable particles [compare Fig. 3.2,11(a) and
Ol Figure 3.2.14 and Table 3.2.2 show that the concentration of
titanium is roughly 0.35 wt 7% in an area without TiC precipitation
and about 1.0wt % in an area containing TiC precipitate. The con-
centrations of the alloying elements Cr, Ni, Si, Fe, and Mn are quite
uniform when compared on the same scale. The molybdenum concentration
is higher iIn the area with TiC, which Is consistent with work by

Y-161583

. - L !
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Fig. 3.2.12. Metallography of the As-Received Finished 13-mm-Thick
Plate Stock of Path A, PCA. (@ Low magnification shows uniformity iIn
grain size. (b) At high magnification some coarser TiC is not uniformly
distributed.
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'YE-11723

1 pm

Fig. 3.2.13. The TEM Microstructure of the As-Received Finished
13-mm-Thick Plate Stock of Path A PCA. Inhomogeneity in this sample
with respect to TiC and hence titanium concentration is shown by typical
areas (a) containing coarse TiC and (b) without TiC.
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Si =0.7wt %
Mo=3.(
Ti=1.0V
Cr=150
Mn=2.1
Fe:618

Ni= 15.7

YE-11725

Si =0.65wt %
Mo=2.5

Ti =0. 35\/
Cr=15.0
Mn=2.0

Fe=63.6
Ni =16.0 \

)i

Fig. 3.2.14. Normalized Microanalysis of the Sample in Fig. 3.2.12
Using Energy-Dispersive X-Ray Analysis. (&) An area containing TiC
particles. (b) An area without TiC particles. Note the large difference
in titanium concentration.
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Table 3.2.2. Normalized Microchemical Analysis
of As-Received Path A PCA

Content, wt 7%

Element 0.13-mm 13-mm Finished Plate
Intermediate
Bar? Two TiC Areas No TiC Area
Si 0.32 + 0.01 1.14 0.70 0.65
M 2.68 * 0.07 2.84 3.7 2.5
Ti 0.30 = 0.08 0.90 1.0 0.35
Cr 15.0 £ 1.0 15.70 15.0 15.0
Mn 25 % 0.3 2.0 2.1 2.0
Fe 63.2 £ 0.4 61.62 61.8 63.5
Ni 16.0 £ 0.7 15.80 15.70 16.0

“Maximum error in counting statistics is 10% of
each reported value. The statistical variations
reported here represent area-to-areavariations.

Kenik,15 which shows that, although the metal atoms in TiC are pre-
dominantly titanium, they can be enriched in Mo, Nb, and Zr. The
composition is otherwise in reasonable agreement with the bulk analyses
reported in Table 3.2.1.

The plate stock shows a similar TiC distribution to experimental
fabrication sequence A. The plate stock has coarser TiC particles and
more spacial inhomogeneity than sequence A. The finished material was
hot-worked at 1150°C, which was shown earlier to be capable of dissolving
fine TiC, and the sequence A was hot-worked at 1050°C (see Fig. 3.2.1).
Both, however, have in common the fact that they were not completely
homogenized, as determined for the as-received intermediate bar. The
experimental fabrication sequences showed that the lack of proper
homogenization was primarily responsible for the increasing heterogeneity
with increasing fabrication in sequence A. The same reasoning seems
to apply to the as-received plate stock. Figure 3.2.15 shows a micro-
structure of the Fast Reactor Alloy Development Program Alloy D-9,

which is similar in composition to ours, developed during neutron
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irradiation at about 600°C to about 18 dpa in EBR-II and subsequent ion
irradiation at 675°C to about 165 dpa. Swelling and precipitation
differ greatly from grain to grain, but that doesn't seem unreasonable
if the irradiation started with gross titanium heterogeneities like
those observed above. Optimum TiC distribution will not only protect
from helium effects such as swelling and embrittlement, but should also
be responsible for phase stability, if properly maintained. As important
as TiC is to the microstructure, and microstructural control is to
irradiation resistance, inhomogeneity in the as-received plate stock
of Path A Prime Candidate Alloy is clearly unacceptable and must be
corrected. Investigations of homogenizing have begun in order to solve
this problem. One difficulty may be that the areas containing 1.0 wt % Ti
have exceeded the local solubility product [wt % TiJ[wt % C] at the
homogenization temperature and that some TiC will therefore be in equili-
brium with that austenite. Bulk diffusion on a gross scale will be
necessary in order to remove titanium from areas of high concentration
so that more TiC can dissolve. Clearly such problems should be avoided,
and it seems that proper fabrication techniques with the goal of homoge-
neity can be achieved. More work will be required to establish the
optimum procedure, but it seems that proper care to homogenize at
temperatures of 1200°C or higher is desirable early in the sequence
and possibly several times during fabrication. The hot-working tempera-
ture range should probably not be capable of both dissolving TiC at the
high end (such as at 1150°C) and precipitation at the low end (around
925°C). It may be better to hot work at 1200 to 1050°C, where the TiC
may stay in solution, or at 1050 to 925°C, where once precipitated, it
will not redissolve. Use of the lower working temperature range would
probably need rehomogenization after a given amount of fabrication.

Given identical homogenization treatments and hot working
sequences, air cooling seems to be better than water quenching with

respect to microhomogeneity of fine TiC formation.
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3.2.5 Conclusions and Future Work

1. At an intermediate step in the fabrication, the Path A Prime
Candidate Alloy was examined and found to be inhomogeneous with respect
to stringers of TiC in unrecrystallized regions, as well as containing
fine TiC.

2. Homogenization was examined at 1150, 1200, 1250, and 1300°C.
At all temperatures fine TiC dissolved, but 1200°C was selected to try
to obtain a more uniform distribution of titanium.

3. Homogenization followed by hot work at 1050°C produced a
stable fine precipitate of TiC that resisted complete recrystallization
even after 15 min at 1050°C. Air cooling led to a better fine distri-
bution of TiC in recrystallized regions and less recrystallization overall
than water quenching after homogenization.

4. Fabrication and a failure to homogenize clearly produced a
structure with macro- and microinhomogeneity.

5. The as-received 13-mm plate stock of Path A Prime Candidate
Alloy is clearly inhomogeneous on the scale of several grains. Some
grains contain 1.0 wt % Ti and considerable TiC, while others without
TiC have about 0.35 wt %Z Ti. This inhomogeneity must be corrected
before developing desired microstructures for irradiation.

Fabrication of reactive-metal-modified austenitic stainless steels
is far more difficult and requires more care than fabrication of
standard austenitic steels. 1t is not, however, impossible. Sensi-
tivity of the microstructure component TiC to variables such as homog-
enization temperature, hot-working temperature, and cooling rate
following homogenization has been established. 1In order to exercise
proper microstructural control and variation before irradiation,
attention must be given to fabrication of an alloy with those capa-
bilities. To specify a composition or microstructure without being
able to produce it defeats the purpose of alloy development from the
beginning.

Future work will include trying to homogenize the as-received
finished material, safe fabrication into specimen material, and obtaining
data for TTP curves for solution-annealed and 20%-cold-worked material
to observe particle sizes and distributions of TiC for preirradiation

microstructural variation.
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4. PATH B ALLOY DEVELOPMENT — HIGHER STRENGTH Fe-Ni-Cr ALLOYS

Path B alloys are the Fe-Ni-Cr “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 more phases. Many alloys in this class exhibit low swelling in fast-
reactor irradiations. The technology for use of path B alloys in neutron
radiation environments is not as advanced as for path A alloys. A basis
to select a specific alloy type for further development is lacking.
Accordingly, the ADIP task group has selected five base research alloys
that are representative of the basic systems of path B alloys and deserve
consideration for fusion reactor applications. The systems under
investigation include vy~ strengthened-molybdenum modified, Y’strengthened-
niobium-modified, YY"~ strengthened, and a high-nickel precipitation-
strengthened alloy (Vv75% Ni).

Near—term activities 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 spectrum is approximated by
fission reactor irradiation. Data are presently being obtained on a
limited number of commercial alloys on which scoping studies were initiated
two to three years ago. The emphasis will shift to base research alloys
as they become available. For those properties that are either inadequate
or degraded to an unacceptable level, the influence of composition and
microstructure on the response will be examined. The research program
will be oriented toward determination of mechanisms 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 prime candidate alloy(s).
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4.1 THE FRACTURE MODE OF NIMONIC PE-16 FOLLOWING IRRADIATION IN HFIR —
F. W. Wiffen (ORNL)

4.1.1 ADIP Task
ADIP Task 1.B.14, Tensile Properties of High Strength— High
Temperature Fe-Ni-Cr Alloys.

4.1.2 Objectives
Nimonic PE-16 was chosen as a representative precipitation-

strengthened Path B alloy for investigation of the effect of HFIR
irradiation on physical and mechanical properties. The HFIR experi-
ments were initiated to investigate the response to irradiation
producing helium levels representative of fusion reactor service
simultaneously with production of displacement damage. Experiments
in this series have been irradiated to neutron fluences producing 2
to 28 dpa and helium contents of 120 to 5700 at. ppm. Specimens
irradiated at temperatures between 55 and 700°C are being examined
to determine tensile properties and fracture mode. The results will
be correlated with transmission electron microscopy of the micro-

structures produced by the irradiation.

4.1.3 Summary
Examination of a series of irradiated and tensile tested PE-16

specimens showed that grain boundary separation was the predominant
fracture mode over a wide range of conditions. For irradiation and
test at 300°C the transition from a ductile shear fracture to mainly
grain boundary separation occurred at a fluence producing approximately
1000 at. ppm He. At 600 and 700°C all observed fractures were inter-
granular, even at as low as 350 at. ppm He. Although most failures
were by grain separation, total elongations up to 10%were observed,
usually accompanied by slip steps on the boundaries or limited areas

of dimples characteristic of ductile tearing. Exposed boundaries
showed evidence of the underlying precipitate structure, with boundaries
at 300°C relatively clean, and the coarseness of the precipitate

increasing with increasing irradiation temperature.
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4.1.4 Progress and Status

This is a continuation of reporting on the results of a series of
HFIR irradiation experiments containing tensile-swelling samples of
Nimonic PE-16. These experiments have spanned the irradiation tempera-
tures of 55 to 700°C, and achieved displacement levels of 2.2 to 28 dpa
and irradiation-produced helium contents of 120 to 5700 at. ppm. Complete
examination of the experiments will include immersion density, tensile
tests, fractography, and microstructural examination.

Scanning electron microscopy has been completed on a series of
tensile-tested specimens irradiated in the solution treated and aged
condition (4 h at 1080°C followed by 16 h at 700°C). Table 4.1.1
summarizes the irradiation conditions and tensile ductility for the

fractography specimens.

Table 4.1.1. Irradiation Conditions and Ductility for Selected
Fractographic Samples. All samples irradiated in the
solution treated and aged condition in the
HFIR peripheral target position

Irradiation eutron Displacement He dium Elongation, %

TébelsSle 0.1 ey Damase Content
°c) @) pa) (at. ppm) Uniform  Total
300 0.96 x 1026 7.3 866 0.3 2.7
300 1.11 8.7 1210 0.14 0.49
300 2.0 15.2 2580 0.0 0.0
600 2.05 15.2 2590 0.43 0.46
700 0.56 4.2 350 4.6 9.6
700 1.83 13.7 2210 0.1 0.1

Tensile tests at 300 or 400°C for samples irradiated at the same
temperature as the test showed a transition in fracture mode with
fluence. Figure 4.1.1 shows a series of fractures of specimens irradi-
ated and tested at 300°C. In Fig. 4.1.1(a), where the irradiation-
produced helium content was 866 at. ppm, the fracture was by transgranular

shear, with some areas showing ductile dimples and some areas nearly
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planar. Planar areas showed slip steps and may be grain boundary
surfaces. Irradiation producing a higher helium content, 1210 at. ppm,
led to a fracture that was approximately 80%grain boundary separation
and 20%ductile dimpled area. Numerous slip steps were visible on the
exposed grain boundaries, Fig. 4.1.1(b). At a still higher helium
content, 2580 at. ppm, the fracture surface was almost exclusively
grain boundary separation [Fig. 4.1.1(c)].

Similar results were seen on fracture surfaces of specimens
irradiated and tested at 400°C. In a sample containing 707 at. ppm He
areas showing ductile dimples were predominant, but a number of grain
boundaries were also exposed by the fracture. With a helium content
of 1230 at. ppm failure was mainly by grain boundary separation,
revealing smooth, clean boundaries. AIll samples examined after
irradiation and testing at 600 or 700°C had fractured predominantly
by grain separation, in some cases after total elongation of up to
10%. Al exposed grain boundaries also showed a second level of
structure related to second-phase precipitation. (Confirmatory
electron microscopy has not yet been completed.)

The progressive development of the secondary features on grain
boundaries is shown in Fig. 4.1.2, where the "precipitate™ structure
is coarser at the higher fluence. This secondary structure on the
grain boundaries was a result of the elevated-temperature irradiation,
and not of the test temperature and environment. A specimen irradiated
at about 55°C to a fluence producing 355 at. ppm He was also tensile
tested at 700°C. Failure was by grain separation, but the exposed
grain boundaries did not show the precipitate structure of the speci-
ments irradiated at high temperatures.

The dependence of the grain boundary precipitate phase on the
irradiation temperature is shown for irradiation temperatures of 300,
600, and 700°C in Fig. 4.1.3. It is significant that, although these

structures were quite different, all failed by grain separation.

4.1.5 Future Work
Additional tensile tests, fractography, metallography, and trans-
mission electron microscopy are under way and will be described in future

quarterly reports.
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(b) i, YA & 50 um

Fig. 4.1.2. Fracture Surfaces of Samples of Nimonic PE-16
Irradiated and Tested at 700°C. (a) 350 at:. ppm He, total elongation
9.6%. (b) 2210 at. ppm He, total elongation 0.1%.
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4.2 STATUS OF PATH B BASE RESEARCH ALLOY PROCUREMENT AND FABRICATION —
T. K. Roche (ORNL)

4.2.1 ADIP Task
ADIP Task I.D.lI, Materials Stockpile for MFE Programs.

4.2.2 Objectives
The objective of this activity is to procure and fabricate the

five Path B Base Research Alloys, which will provide a starting point
for development of high-strength precipitation-strengthened alloys

with properties specifically tailored for fusion applications.

4.2.3 Summary
Two 140-kg heats of each of five high-nickel alloys were double

vacuum melted and hot rolled into bar stock. Some of each alloy has
been extruded into round and sheet bar. Part of the sheet bar of
each alloy has been processed to 1.27 and 0.61-mm (0.050 and 0.024-in.)

sheet.

4.2.4 Progress and Status

As reported previously," approximately 185 kg (400 1b) of 0.1-m
(4-in.) round-cornered square bar of each of the five Path B Base
Research Alloys was produced by Teledyne Allvac. A small quantity of
each alloy was subsequently extruded to 32-mm-diam (11/4 in.) round
bar and 20-mm-thick (0.8-in.) sheet bar at ORNL. During the present
report period sheet stock 1.27 and 0.61 mm (0.050 and 0.024 in.) thick
of the five alloys was processed to provide material for corrosion
testing and microstructural characterization, respectively. The
vendor's chemical analyses of the alloy heats involved in this work
are shown in Table 4.2.1. Details of sheet processing are described
below.

Rolling billets were cut from the 20-mm-thick (0.8-in.) hot-
extruded sheet bar of each alloy. Alloys B-1, -2, -3, and -4 were
hot rolled at 1100°C (2012°F) from 20 to 2.5 mm (0.8 to 0.1 in.)

thick, then annealed at the same temperature for 15 min and air cooled.
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Table 4.2.1. Vendor's Chemical Analyses of Path B Base
Research Alloys

Content, wt %, in Each Alloy (Heat)

Element B-1 B-2 B-3 B-4 B-6
(5-271-1) (J-268-2) (5-267-1) (J-264-1) (J-262-1)
Ni 24.14 39.47 29.61 40.00 74.73
Cr 9.94 11.71 12.36 11.80 15.20
Fe Bal Bal Bal Bal 4.86
Mo 1.03 2.98 0.02 0.02 0.02
Nb 0.02 0.04 2.01 2.90 0.98
Ti 3.05 1.40 1.93 1.63 2.28
Al 1.59 1.38 0.50 0.31 1.35
1.01 0.08 0.92 0.14 0.19
Si 0.32 0.28 0.27 0.27 0.25
0.032 0.032 0.026 0.026 0.02
W 0.02 0.02 0.02 0.02 0.02
co 0.01 0.01 0.01 0.01 0.01
cu <0.01 <0.01 <0.01 <0.01 <0.01
p 0.006 0.004 0.01 0.01 0.009
Ta 0.01 0.01 0.01 0.02 0.01
Zr 0.05 0.06 0.03 0.03 0.04
v 0.02 0.02 0.02 0.02 0.02
s 0.004 0.003 0.003 0.001 0.001
0 0.0009  0.0023  0.0011  0.0021  0.0011
N 0.0011  0.0028  0.0026  0.0021  0.0007
B 0.002 0.002 0.003 0.004 0.002
As <0.01 <0.01 <0.01 <0.01 <0.01

After descaling, the alloys were cold rolled to 1.27 mm (0.050 in.)
thick, annealed about 15 min at 1050°C (1922°F) in hydrogen, wire
brushed, and pickled, and finally a portion of each alloy was further
cold rolled to 0.61 mm (0.024 in.) thick. Alloy B-6 was processed in

essentially the same manner except that two intermediate anneals in
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hydrogen were used during cold rolling, one at a thickness of 2.16 mm
(0.085 in.), and the other at a thickness of 1.22 mm (0.048 in.).

The results of metallographic examination of the alloys following
the hydrogen anneal and pickling treatment at a sheet thickness of
1.27 mm (0.050 in.) [alloy B-6 was at a thickness of 2.16 mm (0.085 in.)]
can be seen iIn Figs. 4.2.1 through 4.2.5. Alloy B-3 contained a
relatively large amount of second phase (Fig. 4.2.3).

\4\; ;g ‘ ) | . 9 > /L | - wy Q'\ -

Fig. 4.2.1. Alloy B-1. Cold rolled 2.5 to 1.3 mm (0.1-0.50 1iIn.)
thick. Annealed 15 min at 1050°C in Hy. Pickled in Hy0-HNO3-HF. 100x.

¥-161097

Fig. 4.2.2. Alloy B-2. Cold rolled 2.5 to 1.3 mm (0.1-0.050 in.)
thick. Annealed 15 min at 1050°C in Hy. Pickled in Hy0-HNO3-HF. 100X.
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Fig. 4.2.4. Alloy E-4. Cold rolled 25 to 1.3 mm (0.1-0.050 in.)

thick. Annealed 15 min at 1050°C in Hy. Pickled in Hy0-HNO3-HF. 100x.
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Fig. 4.2.5. Alloy B-6. Cold rolled 2.84 to 2.16 mm (0.112—0.085 in.)
thick. Annealed 15 min at 1050°C in H2. Pickled in HyO0-HNO4-HF. 100x.

&
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4.2.5 Reference

1. T. K. Roche, "Status of Path B Base Research Alloy Procurement and
Fabrication,”™ ADIP Program Quart. Prog. Rep. October—December 1978,
DOE/ET-0058/4, pp. 57—58.



5. PATH C ALLOY DEVELOPMENT — REACTIVE AND REFRACTORY 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 metal alloys.” Analyses

of the properties required for performarice of materials in high-flux
regions of fusion reactors and assessments of the known and extrapolated
properties have identified titanium alloys of the reactive metal alloys
and vanadium and niobium alloys of the refractory metal alloys as having
the most promise for fusion reactor applications. For both the reactive
and refractory alloys, there is an extreme lack of data that are relevant
and necessary for selection of specific alloy types for development (i.e.,
solid solution, precipitation strengthened, single or multiphase). In
the case of titanium alloys, the most critical deficiency is the lack of
data on the response of these alloys to high-fluence neutron radiation.
For vanadium and niobium alloys, while the effects of radiation on
mechanical behavior are not adequately known, perhaps the most alarming
deficiency is the near total lack of base-Iline 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 vanadium
alloys, and two niobium alloys for the scoping phase of the development
program. Titanium alloys are generally classified according to the
relative amounts of a (hcp) and B (bcc) phases that they contain. The
titanium alloys selected represent the three alloys (types a plus B,

a rich, and B rich). Vanadium and niobium alloys are not in commercial
use as are the other alloy systems in the program. Selection of the
scoping alloys was based primarily on results of previous programs on
vanadium cladding development for LMFBRs and high-temperature alloys for
space power systems. The three vanadium alloys are V200 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—5% Ti and precipitation-strengthened
Vanstar 7 alloys are significantly stronger. The Nb—1%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—57%Z Mo—
1%Zr is much stronger than the binary and can be developed 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 without helium preinjection, high-
energy neutron sources, and charged-particle irradiations will be used
in the development of techniques to approximate the effects of the fusion
reactor neutron spectrum (He/dpa production). The objective is to develop
sufficient 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 composition and microstructure on alloy performance will then

be investigated in the base research alloys.
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5.1 THE MICROSTRUCTURES OF TITANIUM SCOPING ALLOYS FOLLOWING LOW-
FLUENCE NEUTRON IRRADIATION AT 450°C —
J. A. Sprague and F. A. Smidt, Jr. (Naval Research Laboratory)

5.1.1 ADIP Task
1.C.4. Microstructures and Swelling In Reactive/Refractory Alloys
(Path ).

5.1.2 Objective
The objective of this study was to examine the microstructures of

the titanium scoping alloys Ti-6al-4v (beta anneal), Ti-38-6-44, and Ti-
15-333 following low-fluence neutron irradiation to obtain preliminary
indications of the phase stabilities of these alloys iIn an irradiation

environment.
5.1.3 Summary

The titanium scoping alloys Ti-6al-4v (beta annealed), Ti-38-6-44,
and Ti-15-333 were examined by transmission electron microscopy (TEM)
following irradiation in zer-1I to a fluence of 3.4 x 1021 neutrons/cmz,
E > 0.1 MeV, equivalent to 2.1 displacements per atom (dpa), at a temper-
ature of 450°c, The principal microstructural changes observed in the
Ti-6al-4v were the formation of small dislocation loops and some nearly
planar features 1identified as beta-phase precipitates In the alpha
grains of the alloy. The Ti-38-6-44 and Ti-15-333, both of which are
metastable beta alloys containing alpha-phase precipitates, both preci-
pitated additional alpha phase during irradiation. The precipitation In
the metastable beta alloys was consistentwith that which occurs In these
alloys during long thermal aging at the irradiation temperature, al-
though the irradiation probably enhanced the transformation kinetics.
The precipitation of fine beta phase in the Ti-6aAl-4v, however, appeared
to be an irradiation-induced effect, since the known thermal phase dia-
gram for the alloy indicates that the preirradiation alpha phase should
be stable at the irradiation temperature.
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5.14.1 Background
Titanium alloys are among the several classes of materials cur-

rently being considered for fusion reactor first-wall and blanket ap-
plications. Although titanium alloys have been extensively studied,
mostly iIn connection with aerospace applications, little 1s known about
thelr respones to neutron irradiation. The first step in gathering the
necessary irradiation damage data on Ti-alloys for the fusion materials
program is the investigation of a series of scoping alloys,” which in-
clude the three major alloy types: near-alpha (alsocalled super-alpha),
alpha plus beta, and near-beta alloys. The fTirst opportunity to examine
these alloys after neutron irradiation has been provided by the stress-

2 The microstruc-

relaxation experiment previously reported by Nygren.
tures of unstressed control specimens from this experiment have been
studied by TEM in a joint effort among McDonnell-Douglas, HEDL, and NRL,
In the progress report €or the previous quarter, Sastry, et. a1,3re—
ported on the structures of the alpha plus beta alloy Ti-6al-4v iIn the
mill-annealed and duplex-annealed conditions and the near-alpha alloy
Ti-56218, while the present authors reported on the other near-alpha
scoping alloy, 'ri--624zs.4 In the NRL portion of the work during the
present reporting period, neutron-irradiated specimens of Ti-gal-4v
(beta-annealed), Ti-38-6-44, and Ti-15-333 were examined, and unir-
radiated specimens of beta-annealed Ti-6al-4v and Ti-38-6-44 were
further studied to aid the interpretation of irradiation-induced micro-

structural changes.

5.14.2 Experimental Procedures

The nominal compositions (weight percent) of the alloys examined in
the present study were: Ti-6%A1-4%V; Ti-3%A1-8%V-6%Cr-4%Mo-4%2r; and Ti-
15%V-3%Cr-3%A1-3%Sn. The preirradiation heat treatments given to these
alloys have been described by Davis, et. al,l and Nygren,” but will be
repeated here for ease of reference. The beta-anneal of Ti-6al-4v was
1040°C/30 min plus AC. plus 730°¢c/2 hour. The Ti-38-6-44 and Ti-15-333
were both solution treated and aged, the Ti-38-6-44 schedule being
815°c/30 min plus "rapid cool" plus 620°/4 hour, and the Ti-15-333
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schedule being 760°C/30 min plus AC. plus 510°c/16 hours. The alloys
were irradiated in E3R-II iIn the form of small beams, 1-mm thick. The
irradiation conditions quoted previously by the present authors4 were
preliminary numbers, which have now been updated. More complete calcu-
2L 1 /em?, E> 0.1 MeV,
a damage level of 2.1 dpa, and an irradiation temperature of 450°C,

Following irradiation, TEM specimens were prepared at HEDL by chemically

lations®™ have yielded a neutron fluence of 34 x 10

milling the beams to thicknesses of approximately 0.2 mm in a solution of
65% HNO , , 18% HF, and 17% H,0 at 0°c, and punching 3-mm diss.” The
specimens were then shipped to NRL for final preparation and TEM examina-
tion. Final thinning was performed in a dual-jet electropolisher using a
solution of 300 ml methyl alcohol, 175 ml n-butyl alcohol, and 15 ml
perchloric acid at a temperature of -60°C. The specimens were examined In
a JEM-200A electron microscope operating at 200 kv,

5.143 Results and Discussions

51431 Ti-6Al1-4v, Beta-Annealed. The preirradiation micro-

structure of the beta-annealed Ti-6al-4v, shown in Fig. 5.1.1 (@), con-
sisted primarily of acicular Widmanstatten alpha plates with intsc-
platelet beta. The dark bands which appear between the alpha and beta
phases in this micrograph are the interface phase, an fcc transition
structure which forms during cooling from above the beta transition
temperature.7 After irradiation, as illustrated in Fig. 5.1..1 (b), the
basic Widmanstatten structure was retained, and dense internal damage
structures developed iIn both the alpha and beta phases. Due to imaging
difficulties, caused by the size and shape of the beta-phase plates, only
the damage structure in the alpha phase was examined in any detail. The
principal postirradiation features of the alpha-phase plates are i1llus-
trated in Fig. 5.1.2, a bright Tield-dark field series from one area of
the specimen. The bright field micrograph, Fig. 5.1.2(a), iImaged some
large beta plates, dislocation loops, and some nearly linear features
which appeared to be precipitates. The selected area diffraction of this
area, Fig. 5.1.2(b), indicated a systematic (15102diffraction condi-
tion, with satellite spots and streaks surrounding the primary ceflesc-
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Fig. 5.1.1. Microstructures of beta-annealed Ti-6Al-4V:
(a) unirradiated, showing Widmanstatten structure of alpha plates sepa-
rated by interplatelet beta; (b) irradiated, showing retention of Wid-
manstatten structure with addition of dense internal damage structures

in alpha and beta phases.



Fig. 5.1.2. Internal damage structure in an alpha grain of irradi-
ated Ti-6A1-4V: (a) bright field image, containing beta plate, disloca-
tion loops_and fine beta precipitates; (b) SAD of the area,in a syste-
matic (1010) diffraction condition, with 110£ satellite spots
and streaks;(hc) dark field, (lOth reflection, owing dislocation

loops; (d) dark field, (110)B reflection, showing large beta plate and
fine beta precipitates.
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tions. The primary (lofoh dark field image, Fig. 5.l.2(c), imaged the
dislocation loops. The dark field micrograph formed with a satellite
spot and streak, Fig. 5.1.2(d), Imaged the large beta plates and a set of
linear features with their long axes perpendicular to the streak.

When imaged under a number of beam directions and diffraction con-
ditions, the linear features shown in Fig. 5.2 were identified as beta-
phase precipitates, which agrees with identifications made by Sastry,
et. a1,3 and Powell6 of similar features observed in mill-annealed and
duplex-annealed Ti-sal-4v from the same irradiation experiment. The
beta precipitates were approximately planar in form with a habit plane
close to (1120) in the parent alpha grains. The orientation of the beta
precipitates was the common Burgers orientation relationships produced
by the transformation of beta phase to alpha phase on cooling of Ti-6al-
4V below the beta transus temperature.

Three mechanisms were considered for the precipitation of beta
phase iIn alpha grains of Ti-sal-4v during irradiation: acceleration of
the diffusion kinetics of vanadium, allowing a supersaturated alpha
matrix to decompose at temperatures at which thermal diffusion would be
too slow to cause observable precipitation; irradiation-induced segre-
gation® of vanadium to point defect sinks, increasing the local concen-
ration beyond the phase boundary; irradiation-induced alteration of the
relative stability of alpha and beta phases at a given concentration.10
Regarding the possible existence of a supersaturated alpha phase,
Rhodes and paton,’ in their explanation of interface phase formation,
note that the alpha-beta transformation occurs on cooling through the
beta transus temperature by the growth of alpha plates into the beta
matrix. 1f the cooling rate is sufficiently rapid, they state that the
alpha phase will form at a critical vanadium content higher than the
equilibrium content for this phase. Looking at the Ti-al-v phase dia-
gram, however, it is difficult to use this argument to explain the
precipitation of beta phase at 450°c, The diagrams published by
Molchanovall indicate that the alpha phase in an alloy containing 6% Al
should be stable at temperatures below 600°c for up to 4%V, the total
vanadium content of Ti-5al-4v, The supersaturation of the alpha plate
with respect to vanadium concentration therefore does not seem likely.
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Irradiation-induced segregation of vanadium, on the other hand,
offers a possible explanation for the observed precipitation. Although
the association of precipitates with point defect sinks could not be
proven iIn the present study, Sastry et.al,3 reported that the precipi-
tates in irradiated mill-annealed and duplex-annealed Ti-6a1-~4v formed
preferentially on dislocation lines and low-angle boundaries. For fcc
crystals, it has been shown theoretically® that solute elements which
trap self-interstitial atoms will segregate, and possibly precipitate,
at point defect sinks during irradiation. In nickel, the segregationand
precipitation of silicon, which has a negative lattice misfit, has been
observed by Auger analysis of i1on-irradiated surfaces.12 Recognizing
that the generalization of results from tcc nickel to hcp titanium may
not be valid, vanadium in alpha titanium has misfits of -3% on the a-axis
and -6% on the c—axis,13 SO0 vanadium segregation during irradiation
might be expected. It should be noted, however, that aluminum In alpha-
titanium has misfits of "“0% on the c-axis (at low concentrations) and
-6% on the a-axis, so that the situation 1tnanalloy containing bothelements
could be complex.  Segregation-induced precipitation of beta phase
during irradiation, however, remains a distinct possibility.

The alteration of the alpha-beta phase boundary by irradiation-
produced point defects cannot be ruled out as a mechanism for the ob-
served precipitation, but the assessment of this possibility was well
beyond the scope of the present study. There is a potential coupling
mechanism for this type of phase stability effect, since the thermal
alpha to beta transformation is accompanied by a volume contraction of
approximately 53, but a considerable modeling effort would be required
to translate this iInformation into a phase diagram. This question,
therefore, was left open.

5.1.4.3,2 Ti-38-6-44, The preirradiation microstructure of Ti-33-
6-44, as discussed by Davis, et. al,l consisted of a beta matrix with
large Type-2 alpha precipitates, shown in Fig. 5.1.3(a). Type-2, or
"non-8urgers," alpha forms in many metastable beta Ti-alloys, in which
it appears to be the more stable form of the alpha phase, forming at
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Fig. 5.1.3. Microstructures of Ti-38-6-44: (a) unirradiated, with
large Type-2 alpha precipitates in a beta matrix; (b) irradiated, exhi-
biting some growth of the preirradiation alpha precipitates and addi-
tional precipitation of fine Type-2 alpha phase.
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higher aging temperatures and longer aging times from the initially-
precipitated Type-1 (Burgers orientation) alpha.l‘l’15 After neutron
irradiation at 450°c, the preirradiation alpha precipitate had grown
somewhat, and additional fins-scale Type-2 alpha phase had precipitated,
as shown in Fig. 5.1.3(b). The precipitation of additional alpha phase
during irradiation was very likely the result of the normal thermally-
induced phase transformation, altered by irradiation-enhanced diffusion,
since a larger volume fraction of alpha phase could be stable at 450°c
than at the aging temperature of §20°c,

The size of the Tine Type-2 alpha precipitates observed after irra-
diation at 450°C was consistent with the precipitation reported by
Rhodes and paton® after aging this same alloy at 350 and 500°c. Their
results suggest, moreover, that the precipitation during irradiation
would both increase the yield strength and decrease the ductility of the
alloy. For reference, Rhodes and Paton found that an 8-hour age at 540°c
produced 160 nm Type-2 alpha precipitates, giving a yield strength of
1133 #ra and a plastic failure strain of 38,9%, while a 28-day age at
350°C produced 15 nm Type-2 precipitates, giving a failure stress of 1379
¥pa and no plastic strain. The irradiation-enhanced phase transforma-
tion, therefore, could have some serious effects on mechanical proper-
ties of this alloy.

5.14.33 Ti-15-333., This alloy was investigated in the irradi-
ated condition only, results being compared to the microstructure shown
by Davis, et. al,l
irradiated microstructure was similar to those observed for Ti-38-6-44,

At low magnification, as seen iIn Fig. 5.1,5(a), the

and the electron diffraction patterns indicated Type-2 alpha precipi-
tates in a beta matrix. The precipitates in the Ti-15-333, however, were
somewhat smaller than those observed In Ti-38-6-44, Making a direct
comparison of the irradiated microstructure at higher magnification,
Fig. 5.1.4(b), with the preirradiation structure shown by Davis, et. all
[their Fig. 5.1.4(b) 1, the primary discernable effect of the irradi-
ation was some growth of the preirradiation precipitates. The high
precipitate density in the alloy made it impossible to detect any dis-
location loops or other lattice defects. Since little information is
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readily available on structure-property relationships in Ti-15-333, it
is difficult to speculate on the effect of the observed precipitate
growth on mechanical properties. Qualitatively, one might expect less
irradiation embrittlement of Ti-15-333 than of Ti-38-6-44 by looking at
the microstructural changes, but more experiments would clearly be
required to test this hypothesis.

5143 Conclusions

Neutron irradiation of Ti-sal-4v (beta-annealed), Ti-338-5-44, and
Ti-15-333 to 2.1 dpa at 450°C produced the following microstructural
changes:

- Ti-6Al-4v - fFormation of dislocation loops and planar beta-
phase precipitates iIn the alpha phase, as well as a damage
structure in the beta phase which was not i1dentified;

- Ti-38-6-44 - some growth of the preirradiation Type-2 alpha
precipitates and additional precipitation of fine Type-2 alpha
in the beta matrix;

Ti-15-333 - growth of the preirradiation Type-2 alpha precipi-
tates; but qualitatively less change in phase distribution
than was observed In Ti-38-6-44.

To summarize these findings and the previous data generated iIn the joint
McDonnell-Douglas, HEDL, and NFU study of the titanium scoping alloys in
this irradiation experiment, the near-alpha alloys showed the greatest
phase stability during neutron irradiation, with the alpha plus beta and
near-beta classes both showing significant redistributions of the pre-
irradiation phases. Although some speculation on the iImpact of these
phase redistributions on mechanical properties is possible with these
limited data, the more comprehensive ADIP test matrix will be required to
assess the suitability of the alloys for the fusion reactor environment.

5.1.5 Future Work

This completes the examination of the as-irradiated titanium scop-
ing alloys from the z3r-I1I stress relaxation test. Microstructures of
the titanium alloys in further irradiation experiments will be examined
as they become available.
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5.2 COMPARISON OF THE MICROSTRUCTURE OF TITANIUM ALLOYS AFTER IRRADIATION
IN EBR-IT - S. M. L. Sastry, J. W. Davis, and J. E. 0'Neal
(McDonnell Douglas)

5.2.1 ADIP Task
Task Number 1-C.4. Microstructure and Swelling in Reactive and
Refractory Alloys (Path C)

5.2.2 Objective
To determine the response of titanium alloy microstructures to

neutron irradiation.

5.2.3 Summary
Post irradiation annealing studies of Ti-6A1-4V revealed that

exposure to temperatures up to 500°C produced no significant changes in
the defect microstructure. However, increasing the temperature to 560°C
resulted in a rapid annihilation of dislocations and dislocation loops
and their coalescence to form larger defects. The beta precipitates
observed in the "as irradiated' samples were unaffected by the heat
treatment.

Examination of irradiated Ti-6242s revealed the presence of a high
density of defect clusters and dislocation loops but no evidence of beta
precipitation. The prominant features of the defect structure were
prismatic loops, stacking fault tetrahedra and spherically symmetrical
defect clusters. Post irradiation annealing studies of Ti-6242s revealed
that temperatures >700°C would have to be achieved before there is a
rapid annealing of defect and defect clusters similar to that observed in
Ti~6A1-4V., Exposure to 750°C resulted in the formation of small beta
precipitates in the primary alpha.

Studies of the unirradiated beta alloy Ti-15-3 show that the micro-
structure essentially consists of a fine distribution of elongated alpha
precipiates of varying orientation in a beta matrix. However, after
irradiation, there appears to be a break-up of the alpha precipitate with

the alpha precipitate tending towards a globular morphology.
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5.2.4 Progress and Status
This work is part of a joint study between HEDL, MDAC, and NRL to

determine the microstructural response of titanium to irradiation. The
TEM specimens used in this study were obtained from a stress relaxation
experiment conducted by R. E. Nygren of HEDL.1 These specimens were
irradiated in Row VII of EBR-IT to a fluence of ~3.0x10%1 n/cm2

(E, >0.1 MeV). The temperature during irradiation was maintained at
450°C T 30. Subsequent damage calculations performed at HEDL indicate
that this fluence produced roughly 2.1 dpa's in titanium. This level of
damage is higher than previously reported and is based on more recent
information.2

In the last reporting period the effort at MDAC was directed towards
examination of the Ti-6A1-4V and the Ti-5621s (Ti-5%A1-6% Sn-2%Zr-1%
Mo-0.25% Si).3 The Ti-6A1-4V was in the mill annealed and the duplex
annealed condition, while the Ti-5621s was evaluated in the duplex con-
dition. Examination of the Ti-6A1-4V revealed a fine precipitate of beta
phase along with a high density of dislocation loops and debris. The
beta phase was present in both heat treatment conditions of Ti-6A1-4V and
was found at low angle grain boundaries and along dislocations which were
produced during the heat treatment. They tended to be ellipsoidal in
shape, roughly 100-200A° in size and appeared to follow the Burgers
relationships. Examination of the Ti-5621S8, however, showed no evidence
of this precipitate. The primary defect structure consisted essentially
of extensive dislocation loops and c+a type of dislocations.

At the conclusion of this reporting period several questions remained
unanswered about the nature of the defect structure. For example, at what
temperature would the defect loops become annihalated, and what happens to
the beta precipitate during heating? 1In order to resolve these issues,
during this reporting period, a series of annealing experiments were
performed on the Ti-6A1-4V alloy using the hot stage of the electron
microscope. In addition to the annealing studies, examination was also
made of the radiation damage in Ti-6242s (Ti-6%A1-2% Sn-4% Zr-2%
Mo-0.09% Si) and Ti-15-3 (Ti-15V-3Cr-3A1-3Sn) alloys, The Ti-6242s is a
near alpha alloy (composed mostly of alpha) and is similar to Ti-5621s.
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The Ti-15-3 is a beta alloy (composed mostly of beta). The Ti-6242s was
in the duplex anneal condition while the Ti-15-3 was in the solution treat
and age condition. The annealing times, temperatures, and microstructures

have been previously published in a study by Davis, Sastry and Pionke."

5.2.4.1 Post Irradiation Annealing Studies of Ti-6A1-4V

The temperature dependence of annealing of the neutron induced defect
microstructure was determined by heating thin foils of Ti-6A1-4V in the
hot stage of an electron microscope to temperatures ranging from 200-1000°C.
Examination of samples during heating revealed that for temperatures up to
500°C and exposure times of up to 10 minutes no significant changes were
observed in the defect microstructure other than a limited amount of
defect annihilation. Increasing the temperature, however, to 560°C
(0.43 Tm) resulted in a rapid annihilation of dislocations and dislocation
loops and their coalescence to form larger defects. Figure 5.2.1 shows
the duplex annealed Ti-6A1-4V in the '"as irradiated™ condition (Figure
5.2.1(a)) and the same region after annealing for 10 minutes at 560°C
(Figure 5.2.1(b)). Figure 5.2.1(b) reveals that after annealing, the
density of the defects is considerably less than the "as irradiated"
sample. However, the fine beta precipitates previously observed in the
irradiated specimens are still present after annealing, as seen at
location "B" of Figures 5.2.,1(a) and 5.2.1(b). The fact that the preci-
tate did not dissolve tends to support the conclusion that it is beta
phase, since this temperature is in the two phase region (alpha + beta)
and a beta phase should be stable. However, TEM examination of bulk
annealed samples will have to be performed before final conclusions can

be drawn.

5.2.4.2 Post Irradiation Microstructure of Duplex Annealed Ti-6242s

The irradiation induced defect structure in Ti-6242s is similar to
that observed in Ti—5621s3 and in agreement with the defect structure
reported by Sprague and Smidt at NRL.5 The main feature of the structure
is a high density of defect clusters and dislocation loops and no evidence
of beta precipitation. Figures 5.2.2(a) and 5.2.2(b) show the defect

structure caused by the neutron irradiation, and reveal the presence of
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Fig. 514 Microstructure of irradiated Ti-15-333: (a) low mag-
nification, showing similar structure to Ti-38-6-44, but with smaller
precipitates (see Fig. 5.1.3); (b) higher magnification, showing growth
of alpha precipitates during irradiation (compare with Fig. 5.1.4(b) of
Davis, et. al™).



(a) as irradiated :

(b) after annealing

Figure 5.2.1 Microstructure of Duplex Annealed Ti-6A1-4V. (a) irradiated
to 2.1 dpa at 450°C. (b) heated for 10 minutes at 560°C

after irradiation.
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Figure 5.2.2 Microstructure of Duplex Annealed Ti-6242s after irradiation
to 2.1 dpa at 450°C. (a) bright field image. (b) two-beam
excitation image.
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prismatic loops (see location "P" in Figures) which exhibit double arc
contrast. In addition to the prismatic loops, stacking fault tetrahedra
were also found (see location "s" in Figures) and exhibit a "vV" shaped
appearance. The final prominant feature of this structure are spherically

symmetrical defect clusters.

5.2.4.3 Post Irradiation Annealing Studies of Ti-6242s

To determine the response of this structure to temperature, hot stage
annealing experiments were also performed on Ti-6242s. The effect of
temperature on the annealing of defect structure in Ti-6242s was found to

be similar to that observed in Ti-6A1-4V.

Figure 5.2.3(a) shows the effect of annealing for 10 minutes at 525°C
(0.42 Tm) while Figure 5.2.3(b) shows the same location after an addition-

al exposure of 10 minutes at 650°C (0.53 T Exposure to 525°C essenti-

) -
ally resulted in no significant changes in defect structure and was
essentially equivalent to the low temperature ( 500°C) exposure of Ti-6Al-
4V. Increasing the temperature to 650°C produced some annealing of
defects and defect clusters but nothing as dramatic as that observed in
the 560°C exposure of Ti-6A1-4V, However, when the samples were given an
additional 10 minutes at 750°C (0.53 T,) small precipitates of beta phase
were formed in primary alpha and the dislocations and dislocation loops
tended to coalesce to larger defects. Figure 5.2.4(a) and 5.2.4(b) are
bright and dark field electron micrographs of the beta precipitates
observed in the Ti-6242s after the 750°C exposure, Further increases in

the annealing temperature resulted in a coarsening of this precipitate.

5.2.4.4 Post Irradiation Microstructure of Solution Treated and Aged
Ti-15-3

Figure 5.,2.5(a) is an electron micrograph of the unirradiated beta
alloy Ti-15-3 while Figure 5.2,5(b) is the alloy after neutron irradia-
tion. The microstructure of the unirradiated specimen (Figure 5.2.5(a))
shows a fine distribution of differently orientated, elongated alpha
precipitates in a beta matrix. However, after irradiation there appears

to be a break-up of the alpha precipitate with the alpha precipitate
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Microstructure of irradiated Ti-6242s after heating in
electron microscope. (a) heated for 10 minutes at 525°C

after irradiation. (b) heated for 10 minutes at 525°C and
10 minutes at 650°C after irradiation.
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Figure 5.2.4 Microstructure of irradiated Ti-6242S after heating in an
electron microscope for 10 minutes at 525°C, 10 minutes
at 650°C, and 10 minutes at 750°C.
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tendency towards a globular morphology, as seen at location "A"™ of Figure
5.2.5(b). The substructure in the beta phase consists of a high density
of defect clusters and prismatic loops which are shown in location "B"
of Figure 5.2.5(b). The details of the defect structure in the alpha

phase were too fine to be resolved.

5.2.5 Future Work

During the next reporting period, the thermal stability of the
radiation induced defect structure in Ti~6Al-4V, Ti-6242S, Ti-5621S and
Ti-15-3 will be studied by vacuum annealing bulk samples of the irradiated
alloys at various temperatures and monitoring the change in microhardness

and microstructure.
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Figure 5.2.5 Microstructure of Solution treated and aged Ti-15-3.
(a) solution treated for 15 minutes at 760°C and aged
for 16 hours at 510°C. (b) irradiated to 2.1 dpa at 450°C.
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long. Chemical analyses are being obtained for each of the ten (10)

total second melt ingots. Analyses will be performed for both metallic

solute contents and interstitial (carbon, oxygen, and nitrogen) levels.
One of each of the 20 c¢m long ingots will be cut in half to yield

two 10 ¢cm long extrusion billets. For each of the scoping alloys a

total of three extrusions will be carried out. These are:
INGOT SIZE EXTRUDE TO
8.6 ¢cm Diam. x 20 c¢m long Sheet Bar (v 5 ¢cm x 1.9 cm)
8.6 c¢cm Diam. x 10 c¢m long Sheet Bar (v 5 ¢cm x 1.9 cm)
8.6 c¢cm Diam. x 10 ¢cm long Round Bar (v 2.5 c¢cm Diam.)
All extrusions will be carried out at approximately 1200°C. The reduc-

tion ratios are about 6:1 for the sheet bar extrusions and about 11.4:1
for the round bar extrusions. All ingots will be canned in evacuated
stainless steel cans for the extrusion process.

Extrusions will be carried out at the metalworking facility at
the Oak Ridge National Laboratory. Current estimates of the schedule
indicate this should be completed by about early May. Westinghouse has
requested, and received, a no-cost extension of the period of performance
of this project. Delivery to the Oak Ridge Fusion Materials Stockpile
is now scheduled for mid-July. This extension was necessitated by a

nine (9) week delay in the receipt of the starting material.
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5.4 THE DUCTILITY IN BENDING OF MOLYBDENUM ALLOYS IRRADIATED BETWEEN
425 and 1000°C — F. W. Wiffen and B. L. Cox (ORNL)

5.4.1 ADIP Task
ADIP Task 1.B.15, Tensile Properties of Reactive/Refractory Alloys.

5.4.2 Obiectives

This work was directed at measuring the effect of elevated-
temperature irradiation on the mechanical properties of molybdenum and
molybdenum-base alloys. Small tab specimens were bend-tested over a
range of test temperatures. Ductile-to-Dbrittle transition temperatures
(DBTT) were defined by the break or bend behavior in the test. Further
refinement was provided by scanning electron microscopy of fracture

surfaces on broken or cracked specimens.

5.4.3 Summary
Irradiation of Mo, Mo—0.5% Ti, and TZM at 425 to 1000°C to fluences

producing 11 dpa resulted in DBTTs in bending above room temperature
for all irradiation temperatures. The most severe embrittlement was

a DBTT between 550 and 700°C produced by irradiation at 585°C. Alloying
at the concentrations in the two alloys tested had a relatively minor
effect on the DBTT. For the two most embrittling irradiations, at 585
and 790°C, the alloys had lower DBTTs than did the unalloyed Mo. This
may be related to the alloying raising grain boundary decohesion stress.
The DBTT shift with irradiation temperature could not be quantitatively
related to the observed microstructures.

The increase in DBTT to above room temperature for all irradiation
temperatures investigated suggests that molybdenum alloy structures
could not survive a fusion reactor shutdown. Unless molybdenum alloys
more resistant to irradiation embrittlement could be developed, it is

unlikely that they could be used for a fusion reactor first wall.

5.4.4 Progress and Status

. . . 1
The major experimental results of this work, reported last quarter,
are summarized in Fig. 5.4.1. The experimental findings lead to the

following observations:
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Fig. 5.4.1. Summary Compilation of all the Bend Test Results for
Three Molybdenum Alloys Irradiated at Four Temperatures. Open symbols
indicate behavior determined by macroexamination only; filled symbols
indicate scanning electron microscopy of the fracture surface. The
shaded zone contains the DBTT.

1. The preirradiation DBTT is below room temperature for all
three materials.

2. Differences in behavior of the three materials are smaller
than differences due to irradiation conditions.

3. The shift in the DBTT is a strong function of the irradiation
temperature.

4. For the available irradiation temperatures, the greatest
degradation of properties was produced by the 585°C irradiation.

5. For all four irradiation temperatures and for all three
materials, the DBTT is above room temperature.

6. For a single irradiation temperature, the fracture appearance
changes from predominantly cleavage to mainly grain boundary separation
and finally to ductile tearing as the test temperature is increased
from below the DBTT to above the DBTT.
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7.  Molybdenum generally shows more grain boundary separation
than Mo—0.5% Ti or TZM when tested at the same temperature, although

there was some cleavage area in all brittle fractures.

5.4.4.1 Discussion and Comparison with Literature Results

The results show that irradiation temperature has a strong
influence on the DBTT of irradiated molybdenum alloys, but that
composition (within the range examined) has only a minor effect. For
a fixed irradiation temperature, the fracture mode can include a
combination of cleavage, grain boundary separation, and ductile dimple
fractures. Cleavage is predominant at the lowest temperatures, grain
decohesion at the intermediate temperatures, and ductile failure at
the highest temperatures.

The criterion used to define brittle failure in this work is far
less restrictive than in many other investigations. 1In this work, a
test that resulted in a crack, but with some ductile failure at the
tensile face of the fracture, was defined as being above the DBTT.

In contrast, Webster et al.2 defined specimen fracture in a tensile
test with less than 50%reduction of area as brittle behavior. This
type of difference in definition of "brittle fracture" and the many
other experimental differences make comparison of the present results
with the few available published results difficult.

Results for the two lowest irradiation temperatures indicate a
very strong irradiation temperature dependence of the DBTT in this
range: irradiation at 425°C produced DBTTs in the range from 50 to
200°C, but irradiation at 585°C shifted the DBTT to above 550°C.
Tensile te:sts3 on rod specimens from this same irradiation experiment
showed that for a strain rate of 3 x 10_4/3 irradiation at about 450°C
resulted in a DBTT between 550 and 650°C. Since the two test types are
quite different, this result is within the range defined in the current
experiments and also suggests that the dependence on irradiation
temperature may be strongest in the 400 to 500°C range. Only two rod
specimens of molybdenum from the earlier experiment had been irradiated
at a higher temperature. These samples were irradiated at about
1000°C; the two tensile tests showed the DBTT to be above 22°C but

below 400°C, which is also consistent with the current results.
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Webster et aI.2 tensile tested samples of irradiated molybdenum
and TZM at room temperature and at the irradiation temperature for
irradiation temperatures of 465 to 680°C. They reported brittle
failures for all tests at room temperature, with elongation less than
0.4% in all cases and too small to measure in most cases. They
inferred DBTTs in the range from 450 to 720°C for various test and
material conditions. The current results agree approximately with
those results, but detailed comparison is not possible because of the
differences in definition of DBTT and because Webster et al. tested
only at the irradiation temperature. Their irradiations were also
for fluences well below ours.

All the specimens in this experiment had a fully recrystallized
microstructure before irradiation. This undoubtedly had a major
influence on the high amount of grain boundary separation in many of
the brittle failures but probably is not a determining factor between
ductile or brittle behavior. Since there was an appreciable fraction
of cleavage fracture, even in failures that were mainly by grain
separation, strengthening or elimination of grain boundaries could
have raised the fracture stress in a given test, but would not have
restored ductile fracture. Webster‘s2 results indicated a similar
effect. Recrystallized molybdenum and TZM failed by intergranular
separation but cold-worked or stress-relievei specimens failed by
transgranular cleavage. The DBTT appeared to be relatively insensi-
tive to fracture mode for these two brittle modes.

The effect of test temperature on the fracture mode suggests
that, while the cleavage stress is relatively temperature independent,
the grain boundary decohesion stress decreases with increasing tempera-
ture and drops below the cleavage stress over the testing range. The
three fracture modes can be understood in terms of the modified Ludwig-
Davidenkov diagram shown schematically in Fig. 5.4.2. At the lowest
temperatures the cleavage stress is the lower of the three stresses
shown, and cleavage is the predominant failure mode. At increasingly
higher test temperatures, the grain boundary decohesion stress drops
below the cleavage stress and failure is initiated by the separation

of the most highly stressed grain boundaries. The fracture progresses
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Fig. 5.4.2. Schematic Ludwig-Davidenkov Diagram, with Grain
Boundary Decohesion Stress Added. The test temperature Tp is the DBTT;
71 is the boundary between cleavage and decohesion failure modes.

through connected separation of grain boundaries appropriately oriented,
with cleavage failures through some grains to connect the opening
boundaries. At still higher test temperatures the flow stress is

lower than either of the brittle failure mode stresses and the sample
deforms. The deforming sample may then either work harden to the
cleavage stress, and brittle fracturewill occur, or it may deform to
produce fully ductile failure.

The cleavage stress of molybdenum and molybdenum alloys is little
affected by irradiation.g The decohesion strength is assumed to be
only weakly temperature dependent, is probably raised by alloying,
and may be sensitive to irradiation. The flow stress is markedly
increased by irradiation.

Irradiation temperature thus affects the DBTT through the effec-
tiveness of the matrix hardening produced at each temperature. Hence,

raising the flow stress increases the intersection with the brittle
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fracture stresses to higher temperatures, thus raising the DBTT

(Fig. 5.4.2). The DBTT shifts measured in these experiments can only
be qualitatively related to the previously reported microstructural
features in these same samples. The highest void concentration was
found4 after the irradiation at 585°C, with void concentrations
decreasing in the order 425, 790, and 1000°C. The highest DBTT
corresponds to the highest void density, but the other DBTT results
do not correlate with observed void concentrations. The dominant
microstructural feature after irradiation at 425°C was the very high
concentration of small dislocation loops. The susceptibility of this
microstructure to deformation by channeling, with high local ductility,3
is probably related to the DBTT being lower after 425°C irradiation
than after 585°C irradiation, where void hardening predominates. Void
concentration differences among the three materials at any one irradi-
ation temperature also do not correlate with the DBTT results. The
other microstructural components that strengthen the matrix are dislo-
cation loops and dislocation networks. These microstructural features
were described only qualitatively. The dislocation density decreased
with increasing irradiation temperature and was higher in the two alloys
than in the molybdenum. Loop concentrations after 425 and 585°C
irradiation were too high to measure and would be expected to provide
the major part of the strengthening.

The differences in fracture mode between the molybdenum and the
two alloys suggests that alloying has raised the decohesion strength
relative to that of unalloyed molybdenum. The cleavage stress in
molybdenum and Mo—0.5% Ti was previously found3 to be almost identical

and essentially independent of temperature.

5.4.5 Future Work
This work is complete. No future work or further reporting is

planned.
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5.5 MECHANICAL PROPERTY TESTING OF UNIRRADIATED PATH C ALLOYS —
K. C. Liu (ORNL)

5.5.1 ADIP Task
ADIP Task 1.B.3, Fatigue Crack Growth in Reactive and Refractory
Alloys.

5.5.2 Objective
Fatigue and crack growth behavior are among the most important

properties of an alloy to be used in a fusion reactor. There is
essentially no information on these properties for refractory metal
alloys. The objective of this work is to develop base-line information
for the Path C refractory metal scoping alloys in the unirradiated

condition.

5.5.3  Summary
A closed-loop controlled servohydraulic testing system has been

assembled and checked out for conducting tensile, fatigue, and crack
growth tests at elevated temperatures. A set of axial strain exten-
someters specifically designed for miniature sheet specimens has been

developed for testing under high vacuum at elevated temperatures.

5.5.4 Progress and Status

A multipurpose material testing system with closed-loop servo-
control features, as described in an earlier progress report," has
been assembled, checked out, and put into operating condition. A
set of special grips was designed for use in vacuum and is adaptable
to either sheet or rod specimens tested at elevated temperatures.
Heating for elevated-temperature tests is accomplished with an induction
heating generator.

A vacuum system has been designed for use with the special grips
and is being constructed by a commercial vacuum product firm. The
chamber will be pumped by a cryogenic vacuum pump capable of pressure
below 0.1 uPa. The supplier has delayed delivery of the system from
December 1978 promised on the bid to the end of May 1979.
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A few preliminary tests using sheet fatigue specimens with
Grodzinski fillets made of stainless steel were performed at tempera-
tures up to 750°C. Lack of an appropriate environmental chamber in
the testing system was the reason not to use specimens made of refrac-
tory metal alloys in these tests. An examination of test results
indicates that the testing system is performing at its optimum
condition.

The outcome of experiments using miniature specimens is sensitive
to the accuracy and methods of strain measurement used. For tests
using hourglass rod specimens, a diametral strain extensometer will
be used. However, tests using Grodzinski specimens with a constant-
width gage section require axial strain extensometers. A short-stroke
axial strain extensometer was designed and fabricated for use in the
system checkout tests. The limit is *10% strain. Tensile tests require
a long-stroke axial strain extensometer. A new design capable of
accurately measuring a relative displacement in excess of 10 mm
(0.4 in.) across an axial gage length of 12.7 mm (0.50 in.) is being
fabricated. Use of the extensometer beyond the design strain range
is permissible provided the strains exceeding the limit are properly
extrapolated with correction factors.

Details of the apparatus development and experimental techniques

will be summarized in a topical report.

5.5.5 Future Work

Miniature central crack tension specimens similar to those
specified in ASTM E 338-67 are being considered for fatigue crack
growth studies. A preliminary test will be performed with use of
visual methods of crack extension measurement. Unless the induction
heating used in the test system is a restriction, dc potential

techniquesz’3 will be used with the direct optical method.
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6. PATH D ALLOY DEVELOPMENT — INNOVATIVE MATERIAL CONCEPTS

Innovative material concepts are included as a path in the alloy
development program because the fusion reactor environment is extremely
demanding on materials in the high-flux region and the more conventional
materials and metallurgical concepts may not be adequate. Novel approaches
to alloy design, nonconventional material processing to tailor properties,
or alternate materials such as structural ceramics and fiber composites
will be considered.
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7. STATUS OF IRRADIATION EXPERIMENTS

Irradiation experiments are presently being conducted in the ORR and
HFIR, which are mixed-spectrum fission reactors, and in the EBR-1I, which
is a fast-spectrum reactor. Experiments are generally cooperative between
several program participants. Experiment plans, test matrices, etc., are
reviewed by the Alloy Development for Irradiation Performance Task Group.
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7.1 IRRADIATION EXPERIMENT STATUS AND SCHEDULE

The following charts show the irradiation experiment schedule,
including experiments completed, in progress, and planned. Experiments
are presently under way in the ORR and HFIR, which are mixed-spectrum
reactors, and the EBR-II, a fast reactor.

EBR-II subassembly X 287 was received at ORNL and will be disas-
sembled early in the next quarter.

ORR-MFE-II was removed from the reactor on November 27 because
a small pinhole leak developed in a weld in the experiment containment.
Hardware necessary for remote repair of the weld was developed during
December. The capsule is expected to be repaired and reinstalled in
the reactor by May 1, 1979. While the MFE~IT was out of the reactor,
a dosimetry experiment was conducted. Results from this experiment
are being analyzed at the present time. This dosimetry experiment had
been previously assembled and was awaiting a convenient time for
irradiation.

Irradiation and disassembly of HFIR-CTR-23 containing hourglass
specimens of Nimonic PE-16 will be completed by early May, and specimens
will be available for fatigue testing.

Experiment HFIR-CTR-24 was removed from the reactor in December.
Disassembly is complete. This experiment was basically a temperature
calibration experiment, containing passive temperature monitors (melt
wires, SiC, Mo for postirradiation recovery experiments). Evaluation

is in progress.



119

1030891 2yl JO 3no sem Juduwriadxs syl aTTYM

*7-24W YITM Se UOTIean8TJuod 2100 yiTm pawrojrad sem juswriadxa A132WISOP ®
6,67 TTaidy 3o 3aed 1933eT 2yl Suranp 1030eax 9yl UL paTTeISUT™ 99 TTIm Juswriadxs 9yl eys
peiedIdoriue ST 31 °JulWUTRIUOD JuswTIadxd 8yl uT BaT Wnf[ay [Tews ® ITeda1 o3 ‘g/6T *67 °"AON UO WYO @Yl WOIJ poAOWRI SBA N|mmz.

e

uoTJjRrUTWEXY
wria3juy * }

pauuelgd +F—
SSOA80aJ UT e
930TdWO)  efejujuie
SANIOIT

1 1 I ] : L 1 1 ] 11

-sTseq
3uTnuIIUVOD UO UOTIEBTpRII]
*oT3ex Bdp/3H 3091100 utel

-ulew o) SurioTrel [eizodads

*SAOTTE ydaeasaa aseq g Yjed

pue (ALOTTV 923epPIpUBR) SWT1{)

vdd V yaed jo dasid uoilelp

-e1a1T pue ‘an3riey ‘arrsual

uo UOT3IBIpPEIAT JO 3093FFF

FsfoTTe D pue ‘g ‘v yied aarl

-ejuasaadax ur yimoad Hoead
angr3e3 uorlerpeairisod
UO UOTIBIPEIIT JO SI2231F

sfoTTe D pue ‘g ‘y yjed aar3
-ejuasaadaa jo dsaad uollerp
-e1ar pue ‘andriej ‘slrsual
2yl UO 2IN3ONIISOIITW

pue uorirsodwod Jo S$303339
2yl adoos 031 sjuawraadxy

7—3IW-940

€ -JdW-¥30

C-3IN-JH0

T-EdW-YA0

103089y ydieasay 293pryd ABO 'V

ANOSVITRVRHWAT
086T

ANOSVYILLHRVYVRAT
6L61

ANOSVITRWRVKWAT
8/6T1

ANOSY I THVHITC
LL6T

aa1399(qo 0feR

uot3eudIsSag
JuawTtaadxy




120

Z0T—00T SU 1 103 § mol ‘g6—96 SUN1 103 7 mol ‘48ed a«m-

‘66 Uni JI-¥gd 103 paaowax %Hn_ammmmp:m.
9874 Pue ¢gzg surd ‘g mox .:émm.

3
3
9

*Z8/U g70T x §°6—5"%
,  FONSRL ‘0,065 pue ‘ogy
0§ °skoTle Burdoos 11 30
sat3jaadoad yimoad oeado pue . pue ..
‘an813e] ‘oTTsuel ‘JurTToMs $930U300] 39§
uo UOTIBIPBIIT JO IVVIIH

- asiz X
sk IIV T1 © F3® §@ SE=3S A{quesseqng
*0,00/—00% *,W/¥ 4,0T x ¥>
aosuanTg .wMOHHm qN pue A
‘9T-Ad ‘SS 9T¢ 3JO SITIIL £8¢ X
—-doad aTTsSua3 pue 2iIn3joniais ATquasseqng
—o1dTw uo (9 wdd °3e 007-T)
untTay pa3ioalfuraad jo 109334
*0,678—006 ‘,w/u 4,01 x €°¢>
2ouanTgd ‘sAOTTe QN Pue A
‘9T-3d ‘SS 9T¢ 3o SITIId %97 X
—~doad aTIsus3l pur 23IN3dNIIS ATowassen §

-oxotw uo (wdd °3e Q0Z—2)
wniTay pelodaluraad jo 102334

1] 103o®Bay 19paeig [ g vorTaalxz q

3 Gurialxs »3J 13

,ﬁ _ _ ,ﬁ # _ » r %> 30 9 @ [Iej 1030B & -1 §~2dH-WA0
GNOSVITHYRAICIACNOSYV I ITHVHIL[ANOSVYVIITRVHILANOSYV LLTRY Wdrl aat309[q0 10lER COﬂuMCwMWQQ
0861 6L61 8L6T LL6T Jusur 12dx3




121

-aTnpayd>s jusmdoTaasp AoTTe juasaid uo uySeq ued SUOTIBRIPEIIT SIBP ISOTTaed

ﬁ aH wdd -3® 000T—00%
: N ‘edp 816 ‘0,089-08C

‘sarjiadoad sTisue3 pue
BuyrTams 103 IL + 9I€ Pue 9T¢

aake oot R (- 30 @3e0FTdnp 8-¥10-¥I14H

oy wdd ‘3B 000€—0STT

‘edp 816

0,00/—00¢ °‘so@T3zadoad arTs
-ua3 pue Buyrems 103 9T1-Ud

aH wdd ‘38 0$6—001
o ‘edp ¢°4-7°C
2,00/~00¢ ‘sariaadoad arys
-ual pue JupTeMs 103 9T1-Ad

6—-410-4IJH

b a4t g L-LLD 914X

3-410-914H

(414H) 103oedy odojos] xnTd YBTH °O

*33jeWIISD 2oUaNTJ
ou 2103313yl ‘pazileury *PaTITIUSPT
I jou 1039E31 U UOTITSOJ 394 30u
— ‘0,069 PU® ‘0SS ‘0S% ‘OLE ?oeds 11-¥43
*sAoTT1e Buydods qN pue A JO *£ITTTIqeITRAR

sar3xadoad yimoad oeid pue LoTTe uo

‘an3yjey ‘a1fsual ‘Buryioms spuadap uerd

I uo UOTI®P 3 I IO I 334 juawrxadxy
INOSVILfHVWIIANOSVYV I ITHRYW [(|ANOSVY. IFIANOS VL ITRVRAL uofreusdysag

086T 6L6T § LL6T 2532 [q0 3 [en Jusmr1adxy




122

1Rl3W
prem ut af wdd “3® (94091
‘edp £1-L°9 ‘D.02908T

11 N ‘gTsiTEuUE SANTIBJ PUE $3T1313 {T-41D-¥14H
; ldoxd aTFsue) 103F TeEl=am AITTT3I
Z-8-9T1 YITH Papram 9T¢ 2dAL
i (KoTTe uo Fuipuadap)
eg wdd ‘*31® QOLZ-0ST
NN ‘edp 11-$"¢
1T J 9,66~ ‘sarizadoad aTTsuel 9T-¥LD-UI4H
i pue Sup[Tams 103] (09 Tauodul
| pue ‘9T-dd *spram ‘9Tt
|
m sy wdd -3® 005007
==t i w ‘edp TT<°¢ ‘2,005 ST—¥LO-¥14H
: urise) an8Tley 103 9TE MD-%0T
w sy wdd ‘I® QOOT-00Y
I * e ' ‘edp g1—6 "0,00€ T-¥1D-¥IdH
Purisai endriey 103 9TL MO-%0T
. i 71~ 3o 23e>71dnp €1-¥1J-4I4H
, af wdd -3® 005002
_ ‘edp TT—%°¢ ‘D,089-082
e *gayiaadoad mﬁﬂmcwu pue TT-413-¥14H
furTTess 103 Tl + 9Tf PuU® 9T
et - 30 38oTTdnp TT-¥I1D-¥I14H
fpepetret OT-¥1D-¥IJH
ONOSY I THYRACGNOSYEITHYHRATCKOSY I THYHAANOSVIITHVYHRATS ea7193(q0 10fER uoTIBUBTSAq
086T 6161 8461 LI6T juswf1adxg




123

og wdd *3® QOQT-OLE
‘edp 6% v ‘D,00€
‘gurasel 2n813e] 103 91-4d

0¢- 30 3®OFI0 @

oH wdd *3® 000T-—00%
‘edp 816 ‘0,005 ‘3urisal
an813®3 103 9TE MD-%07

oy wdd ‘3@ 005007
80 T1-5°S “2,00¢ ‘Surasai
an813ie3y 103 9T¢ MD-%02

sy wdd -3® 005-00T

‘edp T1-5°¢

‘0,079-08Z ‘s?13

-13doad eTTsu9?l 103 TeISW
13TTT3 9TE YITA P3PTaA 9T¢

oy wdd -3® 00T7Z—009T

‘edp y¢—L7 :91¢

o4 wdd -3 0095—00%E

‘edp [Z7—/T :9T-3d
‘0,00(—08Z7 ‘S?@T119

~Goa® sTfsual pue Bupyroms

103 91E 2d4A31 MD-%07 PuUe 9T1-3d

€C-410-d14H

ZZ—4LO-YIJdH

TZ-410-¥I1dH

0Z-410-¥I4H

6T—4LD-¥I4H

8T—-410—4IdH

CNOSVITHVRITCT
0861

CNOSVILHRYRATCL
6/61

CNOSVILTHVHAT
8L6T

ANOSVYVITRVRKATCL
LL61

aar3vafqo 1ofen

uotleudrsaq
Juawtxadxy




124

*Buruuerd 103 S3T240 g
*Buruueld 10J s9T240 QT

paunssy
q

unss
paunssy

i

SuoTjeTIRA TEAIN]IONIJS

-0I1dTW yod 4 yied ‘sa13
-13doad ay1su231 pue Bujyyrom§

sy wdd -3e Qogz ‘®dp 0%
‘SuoTlelieAa [eINIONIIS
—-0IdTW Y¥3d V Y3red ‘sor3
-12doxd a1Tsua1 pue Juryiasg

of wdd -3e oGvg ‘edp 9¢
‘9T¢ 39y AW Fo seI
-19doad ayysual pue SujplToMmS

94 wdd -3e oQ6T ‘®dp Z€
‘9TE 39 AW JO S9T3
-13doxd a7Jsual pue SuyTromg

°H wdd -3e o¢yg ‘edp g¢
‘9T€ "39§ FIW 3JO ST
-19doad a1Tsuai pue Suyrromg

°H wdd -3e 06T ‘edp g
‘9T€ "324 AW Jo s3I
-13doad aTtsuajl pue Suryremg

9y wdd -3e Qg

‘edp gz°7 ‘91¢ "33%

441 3O sor3aadoad sTfsual
‘uorleaqrred aanjeaadway

94 wdd -3® Qg

‘edp ¢z°¢ ‘91¢ -39y

44N 3o satlraadoad arrsual
‘UofieiqITeD @2anjeiaduwal

QHﬂlMHolmHmm

pOE€-¥LD—¥I4H

6Z2-410-4I4H

8C¢-410-¥I14H

LT-41D-¥14H

9Z-410-4I14H

SZ-¥10-¥I4H

97-410-414H

ANOSVITHYHWATS
0861

CNOSVITHRVKATC
6L6T

AGNOSVYVILTHVRATCT

8L6T

ANOSVILLRVRAT
1161

aAT322(qQ aofleR

uorleudrsag
Juawt x9dxXq




125

7.2 ETM RESEARCH MATERIALS INVENTORY — F. W. Wiffen, T. K. Roche (GRNL),
and J. W. Davis (McDonnell Douglas)

7.2.1 ADIP Task
ADIP Task I.D.I, Materials Stockpile for MFE Programs.

7.2.2 Purpose and Scope

The Office of Fusion Energy (ETM) of the Department of Energy has
assigned program responsibility to ORNL for the establishment and
operation of a central inventory of research materials to be used in
the Fusion Reactor Materials research and development programs of the
DOE. The primary objective is to provide a common supply of materials
for use in the nationally coordinated Fusion Reactor Materials Program.
This will minimize unintended materials variables and provide for
economy in procurement and for centralized recordkeeping. Initially
this inventory is to focus on materials related to first wall and
structural applications and related research, but various special-
purpose materials may be added in the future. |1t is recognized that
materials supplementary to this inventory will be introduced to the
ETM programs from time to time, and records of those materials shall
be made available to ORNL and incorporated in the records of the ETM
Research Materials Inventory.

The use of materials from this inventory for research that is
coordinated with or otherwise related technically to the Fusion Reactor
Materials Program of DOE but which is not an integral or directly
funded part of it is encouraged, with the understanding that the results
of such research be made available to the Fusion Reactor Materials

Program.

7.2.3 Materials Requests and Release

Materials requests must provide a statement of the programmatic
end use and agreement that characterization information developed by
the user shall be supplied to the inventory records. Requests for
materials shall be directed to ETM Research Materials Inventory at ORNL

(Attention: F. W. Wiffen). Materials will be released directly if:
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(a) The material is to be used for programs funded by ETM, with
goals consistent: with the approved Materials Program Plans of the
Materials and Radiation Effects Branch.

(b) The requested amount of material is available, without com-
promising other intended uses.

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

Office of Fusion Energy, for agreement on action.

7.2.4 Records
Chemistry and materials preparation records are maintained for
all inventory material. AIll materials supplied to program users will

be accompanied by summary characterization information.

7.2.5 Summary of Current Inventory (March 1979)

7.2.5.1 Path A Alloys

1. Reference alloy — 20%Z-cold-worked type 316 stainless steel.
Plate, rod, and 0.180-in.-diam tubing are in stock. Rework will
be scheduled as required.

2. Prime Candidate Alloy (PCA) (Fe—16 Ni— 14 Cr-2 Mo—¥Mn, Ti, Si, C).
All the PCA has been delivered to ORNL by the vendor, Teledyne
Allvac. Table 7.2.1 lists the product forms in stock.

3. PCA tube production and remelt for composition variation is

planned for late FY 1979.

7.2.5.2 Path B Alloys
4. A reference heat of PE-16 is in stock at ORNL. Plate, rod, and
0.180-in.-diam tubing are available.

5. Base Research Alloys

Alloy Ni Cr M N Ti Al Si
B-1 25 10 1 3 1.5 0.3
B-2 40 12 3 1.5 1.5 0.3
B-3 30 12 2 2 0.5 0.3
B-4 40 12 3 1.8 0.3 0.3
B6 75 15 1 25 1.5 0.3
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Two 140-kg (300-1b) heats of each alloy were purchased from Teledyne
Allvac. This material was delivered to ORNL in September 1978, and
the yield was approximately 180 kg (400 1b) per alloy.

Secondary breakdown has begun. A single sheet bar and a rod have
been extruded from each of the five alloys, and the material is
being used to determine thermomechanical treatment to produce final
product form.

Table 7.2.1 lists the available primary product forms of the five
alloys. Chemical analysis and metallography of each alloy are given

in Sect. 4.2 of this report.

7.2.5.3 Path C Alloys (Refractory Alloys)

6.

7.

Small amounts of several niobium- and vanadium-base alloys are
currently available at ORNL. Quantity and product forms are
limited.
An order has been placed for the purchase of approximately 6 kg
each of five alloys. Only sheet and rod will be produced.
Alloys: Nb—1% Zr

Nb—5% Mo—1% Zr

V—=20% Ti

V—-15% Cr—5% Ti

V—9% Cr—3.37% Fe—1.37% Zr—0.05% C (Vanstar 7)

Delivery of material is expected in the late summer of 1979.

7.2.5.4 Path C Alloys (Reactive Alloys)

8.

The titanium-base scoping alloys have the following compositions,

wt %:
Alloy Al V M 2r Sn Cr _Si
Ti-64 6 4
Ti-6242S 6 2 4 2 0.09
Ti-56218 5 1 2 6 0.25
Ti—38644 3 8 4 4 6

At least 0.75 m2 (1200 in.2) of each of these alloys is currently
available in 0.76-mm (0.030-in.) thickness. This sheet is from
the same heat as material currently in reactor experiments. Larger

section sheet of alloy Ti-5621S is also available.
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Orders are now being developed to purchase new stocks of these
alloys in several product forms. Delivery dates have not yet been
determined.

The titanium-base alloys are stored at McDonnell Dougias. However,
inventory control and materials release are handled by ORNL, and

requests should be addressed to ORNL.






8. CORROSION TESTING AND HYDROGEN PERMEATION STUDIES

Corrosion, erosion, and mass transfer are processes that may degrade
mechanical properties, alter heat transfer characteristics of heat trans-
port systems, and present maintenance problems when radioactive nuclides
are involved. The importance of hydrogen permeation and the behavior of
hydrogen in the alloy systems under development is clear from consid-
eration of tritium inventory, containment, etc. |In the early stages of
the development program, base-Iline information is required to define
compatible or noncompatible alloy systems and coolants. As optimized
alloys are developed, more detailed data on effects of adjustments in
alloy composition or structure may be required. Extensive engineering

compatibility data will be required on the final optimized alloys.

131
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8.1 HYDROGEN DISSOLUTION AND PERMEATION CHARACTERISTICS OF TITANIUM-
BASE ALLOYS - E. H. Van Deventer, E. Veleckis and V. A Maroni
(Argonne National Laboratory).

811 ADIP Task

1.A4. Hydrogen Dissolution and Permeation Effects. The results
presented in this section contribute to Subtask I,A,4,, Milestones I.4A.b,

and I,A.c.

812 Objective
The objective of the work reported in this section is to provide

base-li1ne hydrogen dissolution and permeation data for the group of
titanium-base alloys currently under examination as part of the ADIP Path
C alloy development activities. The hydrogen dissolution, outgassing and
permeation characteristics of this family of materials is vital to an
understanding of their performance as first-wall and blanket structural
materials for fusion devices, A further objective of this work is to
begin examining methods for overcoming any serious hydrogen isotope up-
take and migration problems associated with the rather strong hydride-
forming nature of titanium and i1ts alloys,

8.1.3 Summary
Hydrogen dissolution in pure Ti-6A1-4V and the hydrogen permeation

characteristics of an 1on-nitride coated sample of Ti-6A1-4V have been
evaluated. The permeability of the coated sample was at most ten times
lower than had been observed for uncoated Ti-6A1-4V in the temperature
range from 350 to 550°C, The solubility parameter for pure Ti-6A1-4V
(Sieverts™ constant) ranged from 360 wppm H/torr!/2 at 500°C to 1600 wppm
H/torrl/2 at 700°C., The pressure exponent observed for the permeability
relationship, ~0.,8, indicated that surface interactions were affecting
the hydrogen migration mechanism. The generally high hydrogen solubility
and permeability exhibited by titanium-alloys must be considered as an
important area of concern in any assessments of the applicability of
titanium-base materials to fusion reactor first-wall/blanket systems.
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8.14 Progress and Status
Studies of the hydrogen permeation characteristics of titanium-

base alloys have continued through the second quarter of FY-1979. As an
added feature of this effort we have initiated studies of the solubility
of hydrogen in Ti-6A1-4V.

Extensive iInvestigations were conducted on the hydrogen permea-
bility of a nitride-coated Ti-6A1-4V specimen"‘2 and the results were
compared with previously obtained data2 for uncoated Ti-6A1-4V. Over 50
measurements were made in the temperature range from 350 to 780°C using
hydrogen driving pressures from 04 to 56 Pa. The time span over which
these measurements were made was ~2300 hours.

The data for the nitride-coated Ti-641-4V alloy, normalized to a
half-power pressure dependence, are represented by the designated hatched-
in area in Fig. 3,1.1. A similarly derived hatched-in representation is
given in Fig. 8.1.1 for the "as-received' Ti-6A41-4V alloy based on data
reported in reference 2. Also included in Fig. 8.1.1 is the permeation
curve for 316-stainless steel (ss) for comparison purposes. The results
in Fig. 8.1.1 indicate that the permeability of the nitride-coated alloy
is (O at best an order of magnitude lower than that of the uncoated alloy
and (@ still too high to be acceptable in most fusion reactor first wall,
blanket or heat-transfer system applications.3

The iIncreased scatter in the permeation results for the class of
titanium-alloys currently under study, compared to previous results for
austenitic and nickel-base alloys,4’5 is believed to be due In part to
the sensitivity of the titanium-bearing materials to surface Impurity
effects and metallurgical phase transformations. However, we have also
observed that the pressure dependence factor (pressure exponent) for
the titanium alloys studied to date usually comes out to be in the range
from 0.7 to 0.8 instead of the expected value3 of 05 for bulk-diffusion-
limited flow. As is shown in Fig. 8.1.2, the range of the scatter for the
nitride-coated Ti-541-4V data s reduced considerably if an optimized
pressure exponent is used. In fact, In any subsequent utilization of the
results presented herein for the nitride-coated sample, it would be

advisable to apply the data represented by the PO'8 curve in Fig. 8.1.2
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The apparent curvature in the hatched areas in Fig. 8.1.2 is
believed to be a real effect and is most probably due to the fact that
the solubility of hydrogen in titanium is decreasing at a greater exponen-
tial rate with temperature than the corresponding diffusion coefficient
is increasing. Although a complete understanding of the permeation mech-
anism for these titanium alloys is not yet at hand, it is clear that it
is more involved than the classical Fick's Law formulation normally
employed for non-hydride forming metals. 3

Visual examination of the ion-nitride coated sample after perme-
ation testing gave evidence that some of the nitride surface coating has
either partially diffused into the bulk alloy or been chemically trans-
ported to another region of the permeation apparatus (presumably by
hydrogen). Metallurgical and chemical analyses of this sample are in
progress.

The sample presently under study in the permeation apparatus is a
specimen of Ti-6A1-4V that has an anodized coating on both surfaces (up-
stream and downstream). Preliminary data for this sample indicate that
the hydrogen permeability may be reduced by a factor of 50 to 100 compared
to uncoated Ti-6A1-4V,

Because of the present uncertainties with regard to the exact
nature of the permeation mechanism in titanium-alloys, it has not been
possible to obtain reliable values for the solubility of hydrogen in these
alloys by unfolding the initial transient portions of the time versus
flow rate curves. Accordingly, an equilibrium solubility experiment has
been conducted using tensimetric procedures and employing an existing
Sieverts' Law apparatus. Results for the Ti-6A1-4V alloy are shown in
Fig. 8.1.3 as isothermal plots of PO'5 versus the amount of hydrogen
dissolved in the alloy. Sieverts' constants, KS, obtained from the
linear sections of the isotherms in Fig. 8.1.3 are plotted in Fig. 8.1.4
together with some earlier data for the same alloy reported by Waisman
et al.6 The two sets of data taken collectively are considered to rep-
resent a reliable expression of the Sieverts constant as a function of
temperature for Ti-6A1-4V, Observe that at 500°C and a pressure of 1072
torr (1.3 Pa), the weight fraction of hydrogen in the alloy would be
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> 150 wppm and the corresponding atomic fraction would be >7500 wppm.
A data set is presently being collected ata temperature near 400°C to
extend the results in Fig. 8.1.4. The data values in the 400 to 550°C
region are particularly important because this is the temperature region
wherein it is expected that alloys such as Ti-6A1-4V will be operating

in fusion reactor applications.

8.1.4 Conclusions

The reduction in hydrogen permeability attributable to the ion-
nitride coating applied to the upstream surface of a Ti-6A1-4V sample was
at best a factor of 10-X compared to the uncoated material. The pressure
exponent of the permeation equation for this coated alloy, ~0.8, in-
dicates that surface-related interactions were affecting the hydrogen
migration process. Recent measurements of the solubility of hydrogen in
T1i-6A1-4V between 500 and 700°C are consistent with earlier data collected
between 600 and 800°C., Because of the generally high solubility and per-
meability of hydrogen isotopes observed with these alloys, tritium in-
ventories, migration rates, and hydrogen embrittlement must be con-
sidered as major concerns in addressing the applicability of titanium-base

materials to fusion first wall/blanket systems.
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8.2 THE CORROSION OF Ni-Fe-Cr AND Co-V-Fe (LRO) ALLOYS IN STATIC
LITHIUM —P. F. Tortorelli and J. H DeVan (ORNL)

8.2.1 ADIP Task
ADIP Task 1.A.3, Perform Chemical and Metallurgical Compatibility

Analyses.

8.2.2 Objective
The purpose of this program is to determine the chemical compati-

bility of possible fusion reactor materials with metallic lithium.
Specimens are exposed to static lithium containing selected solute
additions to identify the kinetics and mechanisms that govern corrosion
by lithium. Specific program objectives are (1) to determine the
effects of N, C, H, and 0 on apparent solubilities in lithium; (2) to
determine the C and N partitioning coefficients between alloys and
lithium; (3) to determine the effects of soluble (Ca, Al) and solid

(Y, Zr, Ti) active metal additions on corrosion by lithium; and (4) to

determine the tendencies for dissimilar-metal mass transfer.

8.2.3 Summary
The compatibility of alloy 600 and a 60% Co—25% V—15% Fe ordered

alloy with static lithium was investigated. Alloy 600 corroded signi-
ficantly in pure lithium between 500 and 700°C. However, it lost no
weight when exposed to Li—5 wt % Al under otherwise similar conditions.
Alloy 600 welds were not significantly attacked by the lithium. A
long-range-ordered (LRO) alloy was exposed to lithium at 600 and 850°C
for 2000 h and then tensile tested. The samples exposed at 850°C showed
no loss of ductility at room temperature and just a small amount of
intergranular cracking; however, specimens exposed at 600°C exhibited
loss of ductility and an extensive number of grain boundary cracks.

No chemical dissolution of the LRO alloy due to lithium exposure was

observed.
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8.2.4 Progress and Status

In order to obtain preliminary data on the compatibility of molten
lithium and representative Path B alloys, alloy 600 was tested in static
lithium. It has about the same nickel content as the 757%-Ni base
research alloy (B-6). Alloy 600 coupons were sealed with pure lithium
or Li—=5 wt %Z Al in alloy 600 tubing, and these assemblies were enclosed
in type 316 stainless steel capsules. Tests were performed for 1000 h
at 500, 600, and 700°C. The resulting weight losses are given in
Table 8.2.1 together with comparable data for type 316 stainless steel.
Despite the scatter in the data, two points are evident: (1) the
corrosion of alloy 600 is much more severe than that of austenitic
stainless steel, and (2) the addition of aluminum to the lithium

appears to be an effective means of inhibiting the corrosion.

Table 8.2.1. Weight Changes of Alloy 600 and Type 316
Stainless Steel Exposed to Lithium and Li—5 wt % Al4

Weight Change, g/m2

Bath Tem(poecr)ature

Alloy 600 316 SS
Li 500 0.0, —47.3 10. 3
Li 600 —2.3, =57 —0.1
Li 700 —176.6, —227.6 —0.3
Li—5 wt % Al 500 +9.0, +9.3 +11
Li—5 wt % Al 600 +2.9, +17.1 +6.5
Li—5 wt % Al 700 +10.9, +33.1 +19.3

aExposure time of 1000 h for all tests except
the 316 SS/Li—5 wt % Al series, which had 2000 h
exposures.

The enhanced corrosion of alloy 600 relative to that of stainless
steel is not unexpected since nickel is much more soluble in lithium
than iron or chromium.' This trend has already been observed2 in that
type 310 stainless steel (20%Ni) corroded more in static lithium at
700°C than did other austenitic stainless steels with 8 to 12%Ni. The

results of these alloy 600 experiments, however, are confused by the
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inconsistency of the observed corrosion. In addition to the scatter
in the weight change data, metallographic examinations revealed non-
uniform corrosion across the surfaces of individual specimens.

Figure 8.2.1 shows how the extent of the corrosion varied on one
particular specimen. More experiments are required to clearly define
the corrosion processes. The welds (82T filler wire) that were used
to join the alloy 600 tubing to the alloy 600 end caps were also
metallographically examined after test and appeared to be more com-
patible with the static lithium than the wrought alloy.

In the same test series we also determined the effect of aluminum
additions to lithium on the corrosion of alloy 600. Previous Work2
had shown that weight losses between 500 and 700°C were significantly
reduced for type 316 stainless steel when aluminum was added to static
lithium. Additionally, the corrosion of type 316 stainless steel in
flowing lithium was reduced by a factor of 5 at 600°C when the lithium
contained 5 wt % A1.3 Because of the effectiveness of 5wt % Al
additions in previous tests, that same aluminum concentration was
used in the present test series. With the aluminum added, the weight
losses of alloy 600 were negligible in static lithium at 500, 600, and
700°C. As with the type 316 stainless steel tests in lithium plus
aluminum,2 the aluminum reacted with the alloy 600 to form corrosion-
resistant intermetallic surface layers. An example of this layer is
shown in Fig. 8.2.2.

A series of long-range-ordered (Co-V-Fe, Co-V-Fe-Ni) alloys has
been developed at ORNL and may offer a significant advantage over
conventional or disordered alloys for first- wall applications.4 Con-
sequently, they are primary candidates for Path D of the ADIP program.
In order to gain a preliminary assessment of the compatibility of these
alloys with molten lithium, samples of the LRO-1 alloy (60 wt % Co—

25 wt % V=15 wt % Fe) were exposed to pure static lithium. Tensile

specimens were placed in LRO-1 alloy cylinders (open at the top) con-
taining lithium and were subsequently sealed inside type 316 stainless
steel capsules. In 2000 h at 600 and 850°C the average weight changes
were -0.2 g/m2 and +2.1 g/m2, respectively. The 600°C test result is

comparable to that for type 316 stainless steel, which lost about
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Y-161239

J Y-161240

Fig. 8.2.1. Alloy 600 Exposed to As-Purified Lithium for 1000 h
at 700°C; Two Areas on the Same Surface.
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Fig. 8.2.2. Alloy 600 Exposed to Li—5 wt %# AL for 1000 h at
700°C. 500x.

0.1 g/m2 in 2000 h at 600°C. After lithium exposure, the ordered alloy
was tensile tested at room temperature. Compared with tensile results
for an unexposed specimen, lithium exposure at 600°C caused a decrease
in ductility at room temperature. However, the ductility was unaffected
by exposure at 850°C. The reduced ductility after 600°C exposure is
not well understood at the present time, but may be related to contami-
nation by interstitials that come from the lithium or the stainless
steel capsule.

After mechanical testing, two of the LRO-1 alloy tensile specimens
were metallographically examined. The results are summarized by the
micrographs in Fig. 8.:2.3. For the specimen that was held in a lithium
bath at 600°C for 2000 h, tensile straining produced many intergranular
cracks along the exterior surface, including the grip area, where the
amount of deformation was small. In contrast, tensile deformation of
the sample exposed to lithium for 2000 h at 850°C resulted in fewer
intergranular cracks over the gage length and no significant cracking
in the grip area. The specimens are now being chemically analyzed to
he deformation behavior can be correlated with

e
changes in contents of carbon, nitrogen, or oxygen.
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Fig. 8.2.3. Long-Range-Ordered Alloy LKO-1 (Co-25%V—15% Fe)
Exposed to Lithium for 2000 h and Then Tensile Tested at Room Tempera-
ture. (a,b) Fracture area. (c,d) Grip area. (a,c) 600°C exposure.
(b,d) 850°C exposure.
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8.2.5 Conclusions

1. The corrosion of alloy 600 in static lithium was more severe
than that of stainless steel. The addition of 5wt %Z Al to the lithium
effectively inhibited the corrosion.

2. Long-range-ordered alloy LRO-1 (60%Co—25% Fe—15% V) was as
corrosion resistant in static lithium as stainless steel. After a 850°C
exposure in lithium, it retained its original room temperature ductility,

but a decrease in ductility was observed after exposure at 600°C.
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8.3 CORROSION IN LITHIUM-TYPE 316 STAINLESS STEEL THERMAL-CONVECTION
SYSTEMS — P. F. Tortorelli and J. H. DeVan (ORNL)

8.3.1 ADIP Task
ADIP Task 1.A.3, Perform Chemical and Metallurgical Compatibility

Analyses.

8.3.2 Objective
The purpose of this task is to determine the corrosion resistance

of possible first-wall materials to flowing lithium in the presence of

a temperature gradient. Corrosion rates (in terms of both dissolution
and deposition) are measured as functions of time, temperature, additions
to the lithium, and flow conditions. These measurements are combined
with chemical and metaliographic examinations of specimen surfaces to
establish the mechanisms and rate-controlling processes for dissolution

and deposition reactions.

8.3.3 Summary
X-ray fluorescence of the coupons from a type 316 stainless steel

thermal-convection loop that circulated lithium with 500 wt ppm N
indicated that the addition of nitrogen to the lithium affected the
distribution of nickel around the circuit. Metallographic examination
revealed that the added nitrogen did not change the basic dissolution
mechanism and did not promote intergranular attack. Two type 316
stainless steel loops that had circulated as-purified lithium for long
periods of time developed plugs. One of these plugs was examined and

appeared to be composed of a tangle of small chromium crystals.

8.3.4 Progress and Status

As described previously,l two types of thermal-convection loops
(TCLs) are being used to determine the compatibility of austenitic
stainless steels with lithium. The first type is in the form of a
0.46-m by 0.64-m parallelogram that contains interlocking tab specimens
of the same material as the loop. The loop is operated without inter-

ruption for 3000 to 10,000 h and is then cut open to remove tab specimens
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for analysis. The second type of TCL is larger (0.48 m by 0.76 m) and
is designed so that tab specimens can be withdrawn and inserted without
altering the loop operating conditions. In this way, corrosion rates
can be monitored at selected time intervals for a given set of test
specimens.

The preceding quarterly2 reported weight losses for a type 316
stainless steel thermal-convection loop that operated for 3000 h
with a maximum temperature of 590°C and a temperature difference of
170°C. The lithium in the loop had been purposely contaminated with
LigN to about 500 wt ppm N. From the weight losses of this loop and
similar data for earlier loop experiments using pure and nitrogen-
contaminated lithium, we concluded that the presence of added nitrogen
(500—1700 ppm) in lithium had no significant effect on the amount of
dissolution in type 316 stainless steel systems.2 Since then, both
chemical and metallographic examinations of this loop's coupons have
been completed. X-ray fluorescence of the individual samples revealed
the same type of behavior as found for earlier loops with purer lithium:
preferential losses of nickel and chromium from the hotter region of the
loop and subsequent deposition in the colder areas. This phenomenon
is illustrated in Fig. 8.3.1, which shows coupon surface composition,
as determined by x-ray fluroescence, versus position in the TCL. While
it is similar, in general, to data obtained from other stainless steel
loops (see, for example, ref. 3), the plot in Fig. 8.3.1 differs in one
important respect: the position of the cold leg nickel balance point,
which is defined as the location at which the nickel concentration of
the coupon is approximately its original weight fraction in the steel.
This point is noted in Fig. 8.3.1. The difference between the nickel
balance point in this loop and other lithium TCLs that contained
differing nitrogen concentrations is shown in Table 8.3.1. Note that
for the loops with added nitrogen, the nickel balance point is further
downstream than in type 316 stainless steel loops containing purer
lithium. In contrast, the chromium balance points for the four TCLs
listed in Table 8.3.1 are all less than 0.48 m downstream from the point
of maximum temperature. Their positions cannot be measured exactly

because they fall in horizontal sections of the loops, which cannot
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Fig. 8.3.1. Coupon Surface Composition Versus Loop Position as
Determined by X-Ray Fluorescence.
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Table 8.3.1. Comparison of Nickel Balance Points in Thermal-
Convection Loops of Lithium in Type 316 Stainless Steel

N i
oop I NSt T M velorny PYICE o
(m)
1 3,000 0 600 200 22 0.58
2 10,000 0] 600 200 15 0.58
3 3,000 500 590 170 7 0.78
4 3,000 1700 600 200 16 0.70

“Measured downstream from the point of maximum temperature.

be monitored by coupons. Nevertheless, one can conclude that the
distribution of chromium is less affected by nitrogen added to the
lithium than is the distribution of nickel.

The ratio of the complementary regions of weight gains and losses
in a thermal-convection loop is critically dependent on the relative
kinetics of the dissolution and deposition processes. For example,
if dissolution is rapid compared with deposition, then, given the
fact that at steady state what goes into the lithium must come out
(that is, conservation of mass), deposition must occur over a larger
region than dissolution. In view of this, the above observation that
nitrogen in lithium tended to move the nickel balance point downstream —
that is, tended to decrease the area over which nickel deposition took
place — indicates that if the same mechanisms are operative, the nickel
dissolution step was slowed and/or the nickel deposition reaction was
accelerated. Since the difference in the weight changes at the maximum
temperature between the loop with 500 wt ppm N (loop 3 as reported in
Table 8.3.1) and loop 1, which circulated pure lithium, is not great,2
we can assume that the nickel dissolution rate was unchanged and there-
fore the nickel deposition rate was faster in flowing lithium containing
nitrogen.

Coupons from selected positions in the TCL test with 500 wt ppm

added N (loop 3) were metallographically examined. Parts (a), (b), and
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and (c) of Fig. 8.3.2 are micrographs of coupons from this loop that
represent the maximum temperature, an intermediate temperature in the
cold leg and the minimum temperature (bottom of cold leg), respectively.
For comparison, a micrograph (d) of the coupon at the maximum tempera-
ture position in loop 1 (Table 8.3.1) is also included. Although the
depth of attack at the hottest points is different in loops 1 and 3,
the manifestations of attack are quite similar in the two loops. In
particular, no grain boundary attack was observed in either loop.
Coupon surfaces near the points in the loop where there was no apparent
weight change showed a combination of a porous layer, indicative of
material loss, and surface deposits [see Fig. 8.3.2(b)]. Further down-
stream, deposition was dominant, as seen in Fig. 8.3.2(c).

The accumulation of deposits in the colder regions of a lithium
circuit tends to be even more serious a problem than the loss of struc-
tural material in higher temperature regions. Such deposits slow or
stop flow by plugging. In this last quarter, two of our large thermal-
convection loops had to be shut down because of this problem. Both
were drained of their lithium, and their cold legs were cut out of the
circuits and sliced lengthwise. Examination of the leg from the loop
with over 10,000 h operation revealed a plug near what was the loop's
coldest point (see Fig. 8.3.3). However, no plug was found in the
second loop (over 6000 h of operation), but remnants of one were
observed in the same location as the plug in the first loop. W thus
believe that it dislodged during draining. The plug from the first
loop appeared to be composed of lithium and small crystals that seemed
to resemble the almost pure (95%) chromium deposits found4 on cold leg
coupons in a loop that operated for 1700 h. These deposits and the
extracted plug are presently being studied in detail. Preliminary
indications are that the initial mass transfer deposits are nearly
pure chromium, but as the loop operation continues, the composition of
the deposits changes. W hope that the results from this work will
help in understanding the complex deposition processes that take place

in nonisothermal systems of lithium and stainless steel.
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Fig. 8.3.2. Surfaces Exposed 3000 h to Flowing Lithium. (a) Li—
500 wt ppm N, 590°C. (b) Li—500 wt ppm N, “460°C. (c¢) Li—500 wt ppm N,
420°C. (d) Pure Li, 600°C.
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Fig. 8.3.3. Plug that Formed in the Bottom of the Cold Leg of a
Type 316 Stainless Steel Loop that Circulated Lithium for over 10,000 h.

8.3.5 Conclusions

1. The presence of nitrogen in a lithium type 316 stainless
steel thermal-convection system altered the distribution of nickel
around the circuit.

2. The aggregation of mass transfer crystals in a lithium
stainless steel circuit can severely restrict flow. The plugs that
develop seem to be composed of nearly pure chromium crystals, which

form during the initial stages of mass transfer.
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8.4 VANADIUM ALLOY/LITHIUM PUMPED LOOP STUDIES - D. L. Smith and V. A.
Maroni (Argonne National Laboratory).
8.4.1 ADIP Task
I.A.3. Chemical and Metallurgical Compatibility Analysis. The
results presented in this section contribute to Subtask 1.A.3.4, Mile-
stones I.A.3.c, and 1.A.3.d.

8.4.2 Objective
The objective of this work is to develop preliminary data on the

compatibility of candidate Path ¢ alloys exposed to a flowing Iithium
environment. The major effort will involve investigations of non-
metallic element interactions in reactive/refractory metal-lithium
systems. Information relating to atmospheric contamination of re-
active/refractory metal alloys will also be generated. Specific near-
term experiments will include measurements on the distribution of
nonmetallic elements between selected vanadium alloys and lithium, and
the effects of lithium exposure on the mechanical properties of vanadium
alloys. The results of this work will contribute to the data base for
relating compatibility and corrosion phenomena to other alloy develop-
ment activities and provide a basis for selecting candidate alloys
for further development.

8.4.3 Summary
A stainless-steel-clad vanadium-15% chromium alloy loop for

circulating liquid Iithium has been constructed and placed iIn operation
at the Argonne National Laboratory. This 0,5 1liter-capacity, forced
circulation loop will be used for investigations of the distribution

of nonmetallic elements In lithium/refractory metal systems and effects
of a Irthium environment on the mechanical properties of selected re-
fractory metals. Valuable information on weld integrity of vanadium-
base alloys and problems associated with protection of refractory metals
from atmospheric contamination is also being obtained. The results of
this effort will contribute to the selection of candidate Path C alloys
for extended development within the ADIP program.
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8.4.4 Progress and Status

A small ($0.5 liter capacity) stainless steel-clad, vanadium-15%
chromium loop for circulating liquid lithium has been constructed,
filled with lithium, and piaced in operation. The basic features and
design details of the loop have been described elsewhere.’ »2
Figure 8.4.1 is a photograph of a typical joint assembly showing the
vanadium-alloy weld and the stainless steel cladding. Figure 8.4.2
contains photographs of the fully assembled loop before and after
applying heaters, instrumentation, insulation, etc. The horizontal
legs of the loop are 45 c¢cm long. The 0.125-cm-wall vanadium-alloy
tubing was extruded in the ANL Materials Science Division. The short
vertical leg and the horizontal legs are 1.25 c¢cm OD whereas the ex-
tended vertical leg, which serves as the specimen test section, is
1.50 an OD. The vanadium alloy tubing is clad with 0.125-cm-wall
Type 304 stainless steel tube to form the duplex stock which serves
to protect the vanadium alloy from atmospheric attack. The extended
vertical leg is equipped with a retrieval tube and a ball and gate
valve arrangement that provides a specimen loading and sample
retrieval capability. The loop is equipped with an electromagnetic
linear induction pump on the lower horizontal leg and a magnetic flow-
meter on the upper horizontal leg.

The loop was filled with lithium from an attached reservoir and
flow was initiated in early April. During checkout of instrumentation
and procedures the loop has been operated at a temperature of 400 -
450°C with lithium flow rates of 1.0 cm®/s. Samples of lithium have
been taken from the loop for analysis before increasing the temperature
to the scheduled 600°C operating value. After the desired operating
conditions are established a series of refractory metal test specimens

will be loaded into the test section.

8.4.5 Conclusions

No experimental results have been obtained to date on this program.
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eassembly and welded configuration
S-clad V-15Cr lithium loop.



159

Fig. 8.4.2 Photographs of the SS-clad V-15Cr lithium loop before (A)
and after (B) application of insulation and instrumentation.
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