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1. INTRODUCTION

This {s the annual report for grant AFOSR 83~0067. The period covered is
May 10, 1984 to April 30, 1985. The contents detail work done on the
investigatin of material problems for high~tenperature, high-power space
energy conversin systems. The specific areas of research include
investigations of methods of d.ooruaing creep at the high temperatures
encountered in the apace environment; inveatigations for improving the
properties of refractory metals, tungsten in in particular by alloy additonas
of rheniun, thoria and hafnium carbide; the development of emissivity data
for materials of interest at elevated temperatures.

In general the baseline system of tungsten, rhenium alloys {s being
researched to improve recrystallization characteristics, creep resistance
and other important properties. Impurity distribution and their deleterious
phenomena are studied. Thorium and hafnium are teing evaluated because of
their obvious influences on recrystallization, impurity segregatin and
embrittlement, sclution, dispersion strengthening and gettering
capabilities,

The alloys being studied are sintered and swaged into rods and wires for
various high temperature mechanical and electronic testing. Among the
testing devices are a high temperature thermionic emiaaion microscope, a
specially designed high-temperature vacuum tensile testing machine, a
specially designed and built zone refiner for some possible refining,
conventicnal metallographic procedures, SEM, TEM, and Auger surface
analyses. A specialized quadrupole mass spectrometer is bein ginstrumented
for determnation of high temperature vaporization and‘ thermodynamic

characteristics of the alloys.

TS TS TH TL I TS A T eI G G G O et AT WA T TNy RIS B I\ E AT P I N C P



o TR T TG W T T L W SR PT ORI ArY AT L T D T e s o e pum——

2
During the past year, the anayltical equipment has been developed and
teating begun on the alleya. Research studiss on aritioal areas such as

oreep have oontinued.
Contributers to the reported work include; Jim Morris, Mysore Ramal ingam,

Charles Bice, Shiomo Snir, Derek Tang, Xuw't von Braun, Joe Vittengel, and

Dean Jacobeon,
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II. DECREASED CREEP FOR INCREASED SPACE POWER

2.1 ABSTRACT

The Air Foroe Office of Scientific Research reaffirmed in its 1982
Confersnce on Prime Power for High-Energy Space Systems "that materials
would be a aritiocal requirement for progress toward high power in space."
Correspondingly high spacecraft weights, particularly for greater waste-heat
rejection, force operating temperatues upward and emphasize the necesaity
of decreased oreep for inoreased space power. In fact alloys capable of
nearly ultimate metal performance will scon be essential. In this spirit
the following paper examines reocent developments in the understanding and
desaription of mechanisms contributing to or detracting froa creep. A
discussion of various areep categories and related processaes ensues. Then
methods of counteracting oreep receive some attention. And a specific
approach to decreased orecp in high-taaperature, low=vapor-pressure spuce
ultralloys terminates the presentation with predictions of improved
ductility, increased rearystallization resistance and simplified processing.
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2.2 REQUIRED MATERIAL IMPROVEMENTS FOR FUTURE SPACE POWER

The Proondin'p of the AFOSR Special Conference on Prime Power for
Hijgh-Bnergy Space Systems atates prefatorially [2.1], "i{t was readily
anticipated prior to the conference that materials would be a aritioal
rejuireaent for progress toward high power in space." And i{n faot 15
prisentations swelled the "Materialas" session of that 1982 conference. Moat
of thozse eaphasized resistance to high teapsratures and irradiation.

Praviously the naﬁorialo-workahop chairman for a NASA-convened
oonference on Future Orbital Power Systems Technology Requirwments had also
stressed thermal performance [2.2]: "If there is a single general trend
that applies to the various combinations of heat aourcos‘ and conversion
methods, it is the one toward higher source temperature and higher sink
temperature--and consequently iighter weight systema, For this reason the
workshop felt that high-temperature-matsrials data was of prime
importance...."

In addition to enabling greater power generation ultimate materials
offer higher probabdilities of withstanding high-pover reception. Increased
short-term toleration of bdburn-through, thermal-shock and/or rldiatic;n
effects fram extremely high-power-density slectrasagnetic and particle beams
could be crucially advantageous. Bccamo.technologiu for bean generation
lead those for concentration, collimation and control considerabl Yy, partial
and sscondary beam exposures are definite possibilities. And in such
situations ultimste material oapabliltia could mean survival,

More generally, in the long~range view of materizl-technology growth,
movement toward the ultimate is inevitadble, motivational and of course
iommediately desirable: Just as supsralloys allowed terrestrial enginsers

greater freedom, ultralloys will enable space engineers to reach new orbits
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of oreative thought. Just as prototypic tungsten, rhenium (W,Re) alloys
evolved fram the pre-1973 space-nuclear~reactor (SNR) program, improved
versions of these ult;ralloya will contribute to multimagawatt SNR
capabilities in the future [2.3 to 2.35]. And the suparior
thermophysicochemical characteristics of such alloys will open previously
inaccessible aress of mission and spacecraft innovation.

Particularly necessary space-power ocapabilities derive from high-
temperature resistance to creep and recrystallization [2.31 to 2.35]. And
fortunately techniques that inhibit creep and recrystallization often
improve ductility--the lack of which erects a major barrier to W,Re
ultralloy applications. SO more ductile alloys that resist high-temperature
creep and recrystallization are metallic combinations that can unlock design

doors to space-power expansion.

c
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2.3 SOME HIGH~TEMPERATURE-MATERIALS CREEP BACKGROUND

Perhaps the preceding section implies that recearch on high-temperature
oreep and reorystallization spun off from the space program. Such an
inference is of course erroneous. True, Sherby in his 1962 paper, "Factors
Affecting the High~Temperature Strength of Polycryatalline Materials,"
credits "the Aeronautical Research Laboratories, ﬁrl@t-?atterson Air Force
Base, Ohlo, for support of a program on & study of the elastic properties of
materials at elevated temperatures and on the role of elastic properties in
the high temperature creep strength® [2.36]. But in his description of
"high temperature deformation...characterized by (a) breakdown of the grains
into subgrains, (b) grain boundary shearing and grain boundary migration and
{c) fine slip difficult to resolve under ordinary microscopic techniques"
Sherby cites much work beginvning in the 1930's and one 1917 publication. In
particular he refers to a 1938 paper wherein "Kanter.,.developed a creep law
which was truly remarkable in that he suggested the importance of both
diffusion and elastic properties on creep...." Diffusional creep effects
received considerable attention from Sherdby in this and his 1968

contribution to Progress in Materials Science, Volume 13 (Incorporating

Progress-in Metal Physics) [2.37,2.169 references].

Lattice diffusion quite naturally appeared to be the simple basis for
diffusional creep initially. Nabarro proposed this mechanism in 1948
[2.38], and two years later Herring provided the appropriate detailed
analysis for "Nabarro, Herring creep" [2.39]. For steady states at suitable
conditions to render lattice diffusion rate-determining the Nabarro, Herring
theory predicts creep admiradly.

But under other conditions this theoretic model underestimates creep

rates greatly. Recogn_izing this deficiency Coble suggested in 1963 that
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accelerated diffusion along grain boundaries ocan accommodate polycrystalline
deformation [2.40,2.41]. And of course in regions where neither grain-
boundary nor lattice diffusion exhibdits negligible effects on creep the
Coble and Nabarro, Herring expressions combine effectively to describe their
compounded contributions. However these mechanisms fail to apply' when grain
sizes grow excessively large which occurs for example in operations near
melting points. Then with similarly low stresses lattice diffusion controls
creep according to the Harper, Dorn theory [2.42].

At the other extreme creep apparently proceeds intragranularly and
increases exponentially with high stress values (note the erid of "High~
Stress Creep"). The exponential stress dependence persists through many
orders of magnitude in creep rate [2.43]. This enigmatic regime continues
to provoke speculative examination [2.44 to 2.47]. But for obvious reasons
the lower creep ranges are mor'e' important practically and therefore rece;ve
greater attention. Under high as well as low svtresaes pure metals and their
solid solutions undergo seemingly similar deformation processes.

Between the high and low creep regions pure metals react to deformation
through a recovery process such as dislocation climb [2.48,2.49]. Here the
required vaca;lcy diffusion proceeds through the lattice or more rapidly
through dislocation cores, the latter often termed "pipe diffusion.”
However for solid solutions ﬁeertman theorized that accommodation occurs
with dislocation glide with a lower-power stress dependency than that for
pure metals [2.37,2.50]. Now lattice-solute-diffusion as well as pipe~
diffusion coefficients become considerations~-although applicability of the
latter is not experimentally verified [2.47]. Some solid solutions undergo
transitions from dislocation climb at lower stresses to viscous glide at

higher stresses and then back to climb near the top of the intermediate

¢
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creep range [2.51]. High-;;emperatu'eéolimb inhibition by stacking faults
from dislocation aplitting appears to impede creep in face-centered-cublic
(FCC) and hexagonal~oclose-packed (HCP) metals compared with body-centered-
cubic (BCC) structures (where dislocations "are in general not believed to
be extended"”). But although stacking-fault energy 1aliuportant. apparently
another reason for reduced FCC and HCP creep lies in lower atomic~diffusion
rates: Impeded transport occurs in the closely packed crystals and their
widely extended or severely distorted dislocations [2.37,2.52].

l{hether diffusionally accommodated or not, grain-boundary sliding is a
dominant deformation mode in high~temperature creep [2.53 to 2.57].
Important variables in this process in addition to the basic material
chemistry, grain size and morphology, temperature and stress are additive
and impurity chemistry, grain-boundary segregation and intergranular
particle size and distribution. Grain-boundary-sliding effects are of prime
importance in the nucleation, growth, aggregation, load shedding,
integration and macrocrack generation of intergranular cavities. And of
course this cavitation train travels a direct track to the final fracture.
So intergranular cavity nucleation and growth are significant advanced

stages of high-temperature creep that depend on plastic flow and diffusion.

2.4 DIFFUSION EFFECTS IN HIGH-TEMPERATURE CREEP
Creep in a particular material depends directly on the diffusion
mechanism that predominates under prevailing thermal, mectianical and

morphological conditions:
€ = Cf(T,0,d)D [2.1]

Here the steady-state strain rate ¢ equals the product of a

morphochemophysical constant C and a function of absolute temperature T,

€
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applied stress ¢ and grain size d as well as the pertinent diffusion
coefficient D = D, exp(-Q/RT) involving frequency facter D, activation
energy Q@ and the gas constant R.

The diffusion assignation to this point eppears rather -- diffuse. But
the lack of definition derives from the gamut of diffusion processes
available in a simple metal, Over ten years ago Gjostein presented an
experimentally verified diffusion-coefficient order for FCC metals [2.58]:
Exemplary values at half the absolute melting tempsrature (o.srm) for the
logarithm of the diffusion coefficient (m?/sec) are approximately -19 for
FCC lattices, -14,7 for FCC dissociated dislocations, ~12.2 for FCC grain
boundaries as well &s for undissociated dislocations and -11.4 for FCC
surfaces. The Gjostein inverted-homologous-temperature correlations average
diffusion~coefficient data for a wide variety of metals, surfaces and large-
angle gratn boundaries. Here "undissociated" refers to results for edge-
dislocation entities on small~angle tilt boundaries without partial
dislocations as well as stacking-fault ribbons which characterize the term
"dissociated" [2.59].

Thus for temperatures considerably below 'rm diffusion coefficients for
surfacss, grain boundaries, undissociated then dissociated dislocations and

finally lattices, respectively, satisfy the following expression.

>D >D £2]

Dg > Dy =D a,a > P

dmn

Although this general order darives from FCC results it probably represents
other crystal structures generically. In fact the o.srm value for the BCC

log D, 1is about -13.4. However the apparsnt lack of stacking faults in BCC

b
dislocations presumably precludes D, , leaving only D,  or just Dy to
1 [

¢
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p* For solid solutions

interdiffusion of solute atcms also requires an appropriate diffusivity Di‘

symbolize dislocation-core or pipe diffusion D

So equation [1] invitea the assignment of the dominant diffusion coefficient
or coefficients with subsequent utilization of the pertinent preceding
subscripts such as D" - D”'° e'xp(-QE/R'r) for 1att1ce‘or intragranular
transport.

D!. often appears as Dv denoting "volume diffusion" and rationally

connoting vacancy diffusion: Migrations by vacancies (Schottky defects),
interstitialcies (Frenkel defects) and position exchange offer possibilities
for self or substitutional diffusion as opposed interstitial diffusion of
inordinately small particles. O0Of course generation of interstitialcies
yields a 1like number of vacancies which in turn pramote vacancy diffusion.
And as implied and supported by experimental findings lattice diffusion
'occurs primarily through vacancy effects,

But Balluffil reaches a similar conclusion for "Grain Boundary Diffusion
Mechanisms in Metals, "the subject of his 1982 Institute of Metals Lecture

(59):

This lecture will attempt to review our current
knowl edge of the atomistic mechanisms responsible
for these grain boundary diffusion phenomena,
Relevant aspects of the structure of grain
boundaries and the point and line defects which may
exist i{n grain boundaries are described first. The
important experimental observations are then
discussed. Diffusion models are then taken up, and
it is conecluded that the atamic migration occurs by
a point defect exchange mechanism which, in at least
the vast majority of boundaries in simple metals,
most likely involves grain boundary vacancies, The
grain boundary sources and/or sinks required to
support divergences in the atomic (vacancy) fluxes
are grain boundary dislocations. Phenomena
therefore occur which resemble the Kirkendall Effect
in the bulk lattice in certain respects. Additional
topics are discussed which include effects of
boundary structure on boundary diffusion and the
queation of whether or not boundary diffusion is
faster along migrating than stationary boundaries.
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And in addition to the {mportance of grain-boundary as well as lattioce
transport in the lou~ocresep ragion, vacancy diffusion along the cores of
dislocations. supports recovery processes such as viscous glide and
dislocation climb {n the intermediate~creep range [2.47].

However a pipe modal also appears best adapted to predict small-angle
boundary diffusion [2.60]. Peterson [2.61] supports this observation with
experimental data [2.60,2.62 to 2.66] in his 1983 paper on "grain-boundary
diffusion in meotala.” And of course he agrees with Balluffi that
dissociated dislocations and stacking faults are relatively ineffective
diffusion paths compared with their undissociated counterparts. Evidence
favors "a rather well localized vacancy®" activity in a three-dimensionzal
process for the appropriate dislocation~-core~diffusion modelling
[2.64,2.65]. Peterson also asserts that "the effective width of a boundary
for grain-boundary diffusion is about two atomic planes. Gleiter computed
such grain-boundary dislocation widths and reveals that separate-dislocation
model ing applies only for boundsries with orientation dependenciaa.or energy
such as small-angle geometries [2.57] ~- although Turnbull and Hoffman
indicate applicabilities to 16° or possibly 28¢" [2.60]. Peterscn also
observes that diffusion along moving grain boundaries apparently can be
ordsrs of magnitude greater than along stationary ones. And he discusses
grain-boundary-diffusion impurity sffects with special attention to
segregation.

Thus very important diffusion eflfects on creep involve solute, additive
and/or impurity segregation at lattice interruptions such as dislocations,
grain boundaries and surfaces. Diffusion driven by chemical-potential

gradients segregates foreign elements within the primary metal. Then those
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segregated matorials affeoct lattioe, dislooqtion and grain-voundary
diffusion proocesses which in turn influenie oreep [2.68]:

Cases of retarded Herring-Nabarrc craeep are analyzed

in terms of the efficacy of grain boundaries as

sources and sinks for vacancliea: atrongly bound

segregant atoms at grain boundaries affect the

mobility of defecta and hence control the operation

of vacancy sources. Recently, observations have

been made on the effect of strongly segregating

solutes on grain boundary diffusivity. such

behavior influencea Coble oreep rates, produvoing a

general retardation. Here we assess the magnitude

of the effeoct induced by various surface active

spegies on grain bdboundary diffusivity and

consequently on Coble creep; predictions show that

in general, small amounts of highly surface active

impurities induce a remarkable inhibition of this

form of creep.
Here Hondros and Henderson [2.68] point to a mechanism capable of exerting
profound influences not only on c¢reep-~research results but also on t.l'ie.
ultimate development, production, fabrication and positive or negative
performance of ultralloys.

Exemplary of this observation is the extreme segregation of exceedingly
low overall concentrations of oxygen to grain boundaries in VIA-group
metals--and the resultant embrittlement [2.69 to 2.71]. In this vein
Honeycombe [2.69] discusses impressive effects of "micro-alloying" to
increase not only creep strength but also ductility and recrystallization
resistance. This was the subject Honeycombe (Goldsmiths' Professor of
Metallurgy, Cambridge University) treated in his "Carmemorative Lecture by
the Twenty-Eighth Gold Medalist of the Japan Institute of Metals" in Tokyo
on April 2, 1983. So the importance of these implications are certainly
appreciated internationally. 1In fact the well~known Soviet expert on
ultralloys Savitsky [2.9, 2.28, 2.29] dwelled on the strong influences of

fractions of an atomic percent of hafnium and zirconium carbides on the
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"phase composition, structure, and properties of vacuum-melted W-
c(zr ,Hf,Nb,Ta,Re) 2lloys in his invited" lecture held an the 9th Plansee
Seminar, Reutte, 1977" [2.72]: "It has been established that high
mechanical properties of tungaten alloys at tempsratures up to 2000-2500°C
are associated with the formation of dlspersed, thermodynamically stable
precipitates of high-melting-point Me carbides or Me-C complexea." Savitsky
et alii emphasized gratifying results for very small quantities of such

carbides in W,Re ultralloys: "ZrC and HfC formaticn in W alloys radically

® (by 300-600°) shifts the onset of structural changes upon recrystallization
into the high~temperature region." And because recrystallization is a
diffusion-controll ed phenouenoh of course the previously mentioned
1® accompanying increases in creep strength are aiso very substantial.
Before departing this section on "diffusion effects in high-temperature
creep" two sources for lattice, grain-boundary and surface diffusion
d coefficients deserve mentioning. The pertinent references [2.73 and 2.74]
both originated with Rice et alii in the Brown University Division of.
| Engineering. And in addition to Acta Met.alluriica they appear in
’ Pei'spectives in Creep Fracture edited ty Ashby and Brown of the Cambridge
University Engineering Laboratories [2.75].
© 2.5 GENERIC CREEP
High-temperature creep iike recrystallization proceeds through
thermally activated processes such as diffusion in the inexorable drive
& toward reduction of the total free energy G {2.T1, 2.76, 2.77]. Perhaps
better terminology for the Gibbs function G is "thermodynamic potential" or
n"free enthalpy" [2.78 to 2.80]:
€ GaoH~TS «aU~-TS + PV = F +PV (2.3)
C
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with enthalpy H, absolute temperature T, entropy S, internal energy U,
pressure P, volume V and Heimholtz function F alsc ocalled "work content® or
again "free energy." '

In any event ~AG equals the net or available work for an isothermal
reversible changa -~ or under such conditions the maximum work at constant

tamperature W, minus the external work of expansion against a cgonstant

T
presaure PAV:

G = W, ~ PAV = H - TAS (2.4)

T

And in systems involving other than P,V work effects those intensive and
extonsive quantities undergo replacement by or coordination with slectric
intensity and polarization in capacitive effects, magnetic fisld and
magnetization in magnetic materials, electromotive force and charge in
electric cslls, surface tension and area ip superficial films as well as
tenalle force and 1oxisth in elongated wires.

But in usual chemical thermodynamics G = f£(T,P,n,,Ng,...) fOR Ny, Ngyaee
amounts of substances 1,2,... in the systez phase y.elds a very important
partial molal property, the chemical potential p:

(5'51) PoToNy Ng,ee. -~ M (2.9

And component i tends to escape from regions of its higher chemical
potentials to regions of its lover chemical potentials. Therefore chemical-
potential differences indicate escaping or migrating tendencies of a systen
constituent [2.81].

Adnittedly Fick's First Law for flov rate dN/Gt = -ADcao/Bx and Fick's
Second Law 3o/t = Dca’clax’ purrport to describe diffusional effects

entire.y as funccions of concentration c¢. However Fick's First and Second

AR PR U AR S5 AT A Bt P 4 Ry F i o)



A Sl i L R g B R T e TR T ——

15

Laws fail to explain "uphill" diffusion that inaresses rather than decreases

concentration -- such as grain~boundary segregation. Because, as previoualy

®
observed, diffusion is a thermally activated process dedicated to the
diminution of total free enthalpy, atoms migrate in directions leading to
® overall aystem equilibrium -- not necessarily to concontration homogengity.
And in a chemioal system, equilitrium 0dtains when the chemical potential of
each species is the same throughout,
l o Therefors the gradient of chemiosal potential 3u/9x not of concentration
drives diffusion:
. N/dt = - ADuau/Gx {2.6)
| @
with the chemical~potential diffusion coefficient D‘.l as a function of its
concentracicn counterpart D o
o D, = oDy Anc/du = o o VFT 31nesay (2.7)
Here u = u° + RTlna where u®* =~ y for the pure component and activity a = Ye
P with gzotivity coefficient Y. Of course nc - Dco exp(-AH/RT) is the
' Arrhenfus dGiffusion~constant expression with frequency factor De o and
activation enthalpy AH. Thus as expscted diffusion driven by chem{cal-
: P potential gradients @ows exponentially with inureasing temperature. And
' further generalization requires consideration of the tctal thermodnmamic
potential. For example electronic migration depends on the sum of the
¢ chemical potential and the motive (similar to the eleciric potential) -- or
' the total electrochemical potential of the electron phase [2.81]. Scaled
migraticnal similarity prevails for ionic phases, Analogously, atress
" concentrations pramote vacancy movement and countercurrent atom flux, So
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diffusional effects under generalized service conditions often become quite
oompl ex.

And as the preoceding section indicates, diffusion is a major factor in
high-temperature oreep. In roality several oreep procoesses may proosed
effectively together -~ in parsllel and/or in series. Then the resultant
oreep rate depends on the relationship of asuoh lochmiﬁo: If they ocowr
{ndependently the fastest proocess oontrols the overall oreep rate. If they
operate in an interdependent sequence the slovwest mechanism dictates the
creep rate [2,82]. Langdon et alii further define metallic oreep behaviors
as olass M and oclass A {2.83]: Class M is characteriatic of purs metals

) whers several [rocesses mroosed independently resulting in nt gher powers of
streas depsndency for nligher strain rates. Class A characterizes solid-
solution alloys and "designates a different behavior observed only under
certain donditiona" [2.47). 1In the intermediate stress rangs class-M-to-A
as well as class—-A-to-M transitions ocouwr when limiting conditions are met.
In addition to solution effects, precipitate and dispsrsion strengthening
exert profound 1n1'iunnou on oreep characteristios of metala. But these
nodifications progress toward great creep camplexity which is reality in
many situations involving impurities as well as additives.

From a much simpler viewpoint typical pure metal creep curves depiot
the time trace of strain during plastic deformation caused by prolonged
loading: Generally the ¢, t plot begins with instantaneous elastic
elongaticn, Then a transient or primary stage ccours with initially high,
then decreasing creep while the metal hardens and develops stress-dependent
substructures, Next a steady-state or secondary stage obtainas with a

constant creep rate and essentially stable substructures. Finally the
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runavay or teritiary stage prevaile often with grain-doundary-cavity and
neck formations folloved by ultimate failure.

Such oreep characteristios correlate well againat homologous
tupo'ut.u'- m'l. Because various thermally activated processes inorease
solid-particle freedom culminating in fusion, their ascendancy temperatures
gauged against the melting point 'r. iaply activation energies for those
mechanisms. Thus in oreep effects thermally activated influences remain
small below - 0.31.. "Creep Decomes an important deformation mechanism
above 0.3-0.5 ‘r." (2.84]. Although areep-activation energies (Qo'a) often
plateau between 0.2 and 0.4 T'. depending on atrain rates, those levels
generally fall below those for self diffusion Q“'s (2.37, 2.85]. Generally
Qc's approximate Qad" for metals from In to W, metal halides and oxides
(citatione in 37) at temperatures higher than 0.4 to 0.5 'rm -=- again
depending on strain rate or stress. In this upper region approaching ‘!'m
Qo'a tend to rise slightly with increasing T because of the decreasing
elastic modules E: Actually logarithmic plots of E/D“ versus ¢/E effect
tighter correlations than their ¢, ¢ counterparts in general [2.37].

These generalizations engender rhiliarity with “"generic creep,” which
of course can produce both positive and negative results. But the following
section on particular creep sffects should compensate scmevhat for the

preceding general approach.

2.6 SPECIFIC CREEP

An interesting creep definition arrives here as a gquotation of a
paraphrastic observation by Murr [2.77]: "As Ashby pointed out [2.86] the
total creep prrocess may be regarded either as deformation by grain boundary
sliding with diffusion maintaining the integrity of the interface, or as

deformation by mass transport with grain boundsry sliding acoommodating the
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inoompatibilities which would otherwise appear in the interface." In any
event , more specifically, in anj creep event the applied stress ¢ defuorms
the subject material element at a characteristic strain rate ¢. For one-
percent deformation in about a third of century €~ 10"'|1 uoond", which is
4 resscnable expsctation in sany applications. But much creep testing and
experience develop strain rates many orders of umleudq faster than 10'”
second™'. |

Traditionally, graphic orcep presentations display the logaritm of c
over about ten ocycles against the logarithm of ¢ over about three cycles -~-
although t.ﬁo final stage of creep often spans many orders of ¢ magnitude
itself. Tradition also dioctates dividing creep stress into low,
interaediate and high regimes -- with the rate of increasing < grovwing
greater in each succeasive division ror. puro'notala. To this peint no

oompelling rationale for thwarting such customs hes _arinn.
2.6.1 Low~Stress Creep

2.6.1.1 Nabarro, Herring Creep

Nabarro, Herring creep [2.38, 2.39] results directly from stress-
intensified vacancy migrating frcm grain boundaries under tansion to others
under ocompression. This low-stress small-grain intragranular transport
phenomenon precludes diffusion-accommodated diaslocaticn movement but more
aptly approximztes Newtonian viscous-fluid behavior. Additional detailed
deacriptions of Nabarro, Herring creep appear in references 2.37, 2.47, 2.76
as well as 2.38 and 2.39 which provide -an .appropriace expression for the
steady-state strain rate:

. S’ g/
¢ = o D’.b' ' (2.8)
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The aymbols are those given for equations [2.1) &nd ([2.2] with the addition
of Boltmmann's constant k and the Burgers veotor b [2.80].

Nabarro, Herring orecp depends on grain boundaries as sources and ainks
of vacancies but on lattice or wlume diffusion. Thus as might be expected
the Nabarro, Herring mechanism dominates low-stress oreep for small grain

sizes in the high-tmperature regions,

2.6.1.2 Coble oreep

L Cobie creep [2.40] rises {in importance as temperatures decrease for
low~-atress small-grain metals. Now rapid diffusion along the grain
boundaries predominates over the much greater diffusional areas available to
o : intragranular or lattice transport. And Coble creep prooseds in accordance

with the following equation.

. C. ba
,' . c -Q,/RT
.1 ’ [ ] W Dl [ ] (2 09)

S0 Coble and Nabarro, Herring creep become equivalent at a temperature

influenced strongly by the difference in lattice and grain-boundary

®
diffusion activation energies (eq. (2)):
Q- Q
‘r - - (2010)
© (o))
RN
T Dpo T
And of course in the region where both contribute significantly as well as
<
independently equations (2.8) and (2.9) combine effectively:
. ble -Q,./R’r | -Qb/R‘r
€= W(CNHDQO‘ + (3)CCDDO° ) (2.11)
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This exprossion again eaphasizes that reducing grain size increases these

forms of low-stress creep and fawvors Coble deformation in particular.

2.6.1.3 Harper Dorn Creep

Harper, Dorn creep [2.42] in contrast deletes grain-size dependsnce and
applies well for deforming single-crystal, biarystal and large-grained
metals at low stresses:
-Q,./R'r
Equations (2.8) and (2.12) predict a transition from Nabarro, Herring to

Harper, Dorn creep in a oritical grain-size range [2.47]:

CNH /72

d = (f{,};) b~1.,5x 10*0D (2.13)

In turn eqs. (2.9) and (2.12) indicate a change from Coble to Harper, Dorn

creep at
°c%uy 173 -(,-q, )/ 38T 2/3 173
d = b(a-—B-—) e = 1.4 x 10% b (GDb/D") (2.14)
HD™ %o

where & i{s the grain-boundary width [2.47, 2.87]. Langdon et alil estimate
that Harper, Dorn areep prevails typically above grain sizes of 300 to 500
wn [2.47, 2.88] with substructures of uniformly randomly distributed
dislocations in densities independent of stress and with no evident

subgrains [2.47, 2.89].
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2.6.2 Intermediate-Stress Creep

2.6.2.1 Low-Temperature Creep Accompanied by Dislocation Climb.
Low-temperaturas creep accommodated by disloocation climbd depends on pipe

diffusion which is considerably more rapid than lattice transport at lower
thermal levels (eq. (2.2)). And in addition to its reduced energy of
activation, pipe diffusion occurs through the intragranular dislocation
density which incresases with the second power of applied stress [2.90]. So
low-temperature intermediate~stress creep with dislocation-climbd
accommodation exhidits the greatest stress dependency in its range:

. G -qumr

€ = =gy Dy 0 ' (2.15)
This effect eventuates as stress increases toward the upper limit of the
intermediate range at temperatures near 0.5 Tu' Of course "low" and "high"
temperature designations here are relative, referring to extremes for

elevated-temperature deformation.

2.6.2.2 High-Temperature Creep with Dislocation-climb Accommodation
High-tempersture creep with dislocation-climb accommodation connotes
the ascendancy of vacancy diffusion through the lattice. As previously
noted this steady-state strain rate obtains with the attainment of a
persisting arrangement of relatively uniform subgrains. Rithin the
subgrains which vary in size inversely with ¢ the dislocation density again
increases with ¢? similar to its intragranular counterpart in low-
twiperature deformation with climb recovery [2.91]. But because volume
vacancy diffusion prevails the dislocation-density effect is extraneous in

the stress exponent of the creep~rate equation:
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]
. Cmrc P ~Q,/RT '
¢ .WDQ,O e (2.16)
This expression applies not only to pure metals but also to solid~solution

alloys deforming with dislocation-climb accommodation.

20 2.6.2.3 Low-Temperature Creep with Viscous Glide

Low-temperature areep with viscous glide is a solid~solution postulate
of Langdon, “"but in practice this low-tempsrature behavior has not been
.A reported experimentally" .[2.ll7]. In "viscous glide" "the rate of
disalocation motion is dictated by the velocity with which solute atoms can
be dragged along with the dislocations" [2,.37]. 1In any event if such a
o process were dependent on vacancy diffusion along dislocation cores within
the grains the intragranular-dislocation-density proportionality to. ¢ would
again increase the applied-stress exponent over that for high-temperature
1@ disiocation glide. Then the low-temperature viscous-glide postulation

becomes the following equation.

]
' . Cure b0 -q,, /RT
® € = ~1FET Ddio e (2.17)

Apparently, "although in principle there is also the possibility of
o diffusion along the dislocation cores at low temperatures," the effect is
negligible in "the viscous glide of dislocations with solute atom

atmospheraes."

2.6.2.4 High~Temperature Creep with Dialocation Glide
High-temperature creep with dislocation giide, however, develops in

solid~solution alloys:

o rrw,
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€ = - Dlio e (2.18)

There only dislocation alimb accommodates intermediate-stress deformation.
But both climb and glide mechanisms operate in metallic solid solutions. In
fact Langdon et alil indicate these are sequential phenomena leading to
process transitions within the intermediat e~-stress range for salid-solution
oreep [2.47,2.83,2.92,2.93). By equating (2.16) and (2.18), correlating the
result with experimental data [2.92] and determining the stress at which
"gliding dislocations break away fram their solute~atom atmospheres [2.93]
they bracket the viscous-glide regime: "It follows that class A behavior
with n = 3 (stress power) is restricted in solid-sclution alloys to a range

of normalized stresses which is given by

ket 1 2 5 12 b 32 o Wpe '
¥ (WJ ('a) (b‘i) (r) < ! < BEGTRT (2.19)

where ¢ = 3 x 10'7." Al®o e 1is the solute, solvent size difference; c,
solute concentrration; D, solute-atam interdiffusion coefficient; I, solid-
solution stacking-fault energy; and incidentally ¢ is a dimensionless
constant estimated from the experimental data (A1,5% Mg at 827K) as
-~ 3% 10 7; subsequent analyses...have yielded velues for y of - 2 X 1077 .»

So Langdon et alii establish transitions fram high~temperature climb to
viscous glide, then back to the dislocation-climb mechanism again -- all

within the intermediate~stress region for salid-solution creep.

2.5.3 High-Stress Creep
"The high-~stress range...is not well understood....high-stress creep
begins where the power law breaks down.... Creep data at high stresses will

generally give a linear relation when plotted as log € against stress....
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The resulting slope is a strong function of the material....the start of the
) upsweep of the creep rate...is independent of the material being
investigated. Although possibly entirely unrelated it is of interest to
note that this particular reiation, €/D = 10*, was proposed by Cottrell
® [2.94] as the criterion for the occurrence of ;he Portevin~Le Chatelier
effect (serrated stress-atrain curves) in interstitially alloyed body-
centered-cubic metals; in this case D is the diffusion coefficient of the
P interstitial atam.... It would also appear that contemporary creep theories
cannot explain why high stress creep begins at a creep rate equal to 10?D."
These 1968 observations by Sherby and Burke [2.37] apparently still apply.
@ Little additional information accrued in the interim -~ although Sherby et
alii published results in 1980 indicating that above the power-law
breakdown, normalized creep rates grow exponentially with stress through up
® to fifteen orders of magnitude [2.95].
In 1981 Langdon stated [2.47], "At high stresses there is an

exponential dependence on stress of the form
€ ~ exp(Bo) (2.19)

where B is a constant, p = 0 (grain~size exponent) because the deformation
© process relates to a lattice mechanism, and the activation energy is of the
order of the value for lattice self-diffusion Q!.'" But in 1983 Langdon
commented [2.47], "In addition pipe diffusion tends to daminate under thessa
¢ (*power-law breakdown') conditions so that the activation energy is closer
to Qp t han Q!.'" He also cited "speculations" on high-stress creep

(2.45,2.46) and emphasized its incipience:

0/G = 2% 1073 (91) and e/D = 10° an 2 (44) (2.20)
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Thus proovably because of a8 lack of practical interest in power-law breakdown

the 1968 observations by Sherby and Burke apparently still apply.

Grain~Boundary Sliding

In contrast to the negiected power-law~breakdown %echnology grain-
boundary sliding attracts much attention [2.53 to 2.57] -~ particularly in
reiation to intergranular~cavity nucleation, growth and integration to
macrocrack formation with propagation eventuating in fracture [2.54 to
2.56, 2.73 to 2.75). To explain cavity production reference 56 details
finite-elanent analysos that determine stress concentrations at hard grain-
boundary-particle apices and triple~grain junctions in sllcys aeeping with
low grain-boundary-sliding resistance, typical above 0.4 Tm'. However for
general purposes "an evaluation of deformation models for grain-boundary
sliding" seems appropos [2.53]: Such a discussion precludes intragranular
processes independent of grain-boundary mechaniams, Either the gruin—-
boundary effects take the form of creep that elongates grains in the
tensile~stress direction with lattice [2.38,2.39] and/or grain-boundary
[2.40] vacancy diffusion -~ "grain~boundary sliding with diffusional
accommodation® [2.96] termed lifshitz sliding [2.53,2.97]. Or they manifest
as grains slipping past each other, communicating through their mutual

boundaries, without granular distortion -~ termed Rachinger sliding

€2.53,2.971.

2.6.4.1 Intrinsic Sliding

Intrinsic sliding involves basically only two primary plane surfaces
uhimpeded by secondary granular effects such as triple-grain junctions
(triple points). This model applies in a strict sense only to bicrystals

sliding eithe- on surface irregularities such as ledges or through boundary

------
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prooesses such as dislocation olimb and glide. For grain-boundary sliding
accommnodat ed by materials transport batween ledges Ashby et alii |r6v1do an

apprepriate expression for the intrinsic velooity Vg [2.96, 2.98, 2.997:

88b%t 88bt

Ve * TR Dp * -pr-Dplas h + atamic height) (2.21)
with previously defined symbols except shear stress t and ledge height h.
For such intrinaic Lifshitz sliding Langdon and Vastava observe that "this
type of flow is adequately modeled for polycrystalline materiala by the
theories of Nabarro-Herring and Coble for diffusion creep, and it does not

in general lead to cavity formation" [2.53].
More important in processes leading to fracture i8 intrinsic Rachinger
slidirg involving dislocation glide and climb in boundaries hindered by the

steps there [2.100]:

&bt 002/3( 1+tana cotY) &bt

e L ST R A e (2.22)

where ¢y is reciprocal dislocation spacing; Q, atomic volume (~b?); x,

diffusion-path length (~10b, with boundary-dislocation Burgers vector bb); a

b
and 7 are angles orienting the boundary and axis of rotation. For sliding
through dislocation climb only the boundary-plane shear-~strain rate 7“

results from another model [2.101]:

»
. 2¢ g pbdbbr

Ybs - —‘—’a‘—,r-—-» Db (2.23)
with jog concentration t!J » moving grain~boundary~-dislocation density Pod*
nunber of b/

b
{2.1 to 2.10] and a constani for bb orientation relative to the boundary

s in the dislocation-climb distance for each added atom ¢

£{-0.5).
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Although intrinsic sliding is a Newtonian visoous process the indicated
unit stress sxponents are generally greater experimentally than this

theoretical value [2.53,2.101].

2.6.4.2 Extrinsic Sliding
Extrinsic aliding in contrast applies to polyorystslline materials and

therafore includes secondary granular effodts such as acconmmodation at
triple grain junctions [2.49, 2.53, 2.102 to 2.108]. Folding at triple
points often accormodates grain-boundary sliding as described by Gifkins
[2.102]:

. yAbg"<*

€os * 2 CFF TTaGY Dl (2.24)
Here C is "the conatant in the standard race equatior. for lattice creep by
dislocation climb,” 3°+*n2/8b'+*N°+® for "climb at the head of dislocation
pileups" and ~1/6n%«%h'.8N0." for "elimb at multipoles" withh N as the
active-dislocation-source number density [2.49,2.53,2.103]. F i{s a triple~-
point-sliding stress-concentration factor; y, the triple-point~fold width;
and A, the subgrain size equal to AbG/c with another constant A [2.53].
Incorporating this A equivalent Langdon auggests another version of (2.24):

. yb2g?.®

€ps = CpFA prymEres Dy (2.25)
Thus the activation energy for this extrinaic-sliding model is that for

lattice self~diffusion (Df. «D oxp(-Q,_/R'r)).

Lo

Gifkins, author of (2.24), collaborated with Raj and Ashby in the
development of (2.21) which Crossman and Ashby modified to apply to
polyerystalline boundary sliding with intragranular plastic-flow

accommodation {2.104]:
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. 8sdb*e

os = JRTRTE Db (2.26)
Here the activation energy is that for grain~boundary diffusion
(Db- Duo oxp(-—Qb/R‘r)). Gifkins [2.105] asserts that mnother solution to
this prcbler based on grain~boundary coherenzy [2.105] lacks experimental
applicability ~- perhaps because it is a limiting version of the model
[2.53,2.107). In any event Ashby et alii have contributed heavily to grain-
boundary-asl 1ding technology.

However an early unigue contribution from Langdon provides an
expression for polyorystalline sliding accommodated by grain~boundary
cavitation and cracking [2.108]: |

blol

€s * Co BT Dy, | (2.27)
This equation and (2.26) indicate grain-boundary-sliding rates inversely
proportional to grain size; (2.25) shows the reciprocal of squared grain
size. And the stress exponent vearies fram one through two to 3.5 (or 4.5).
In this vein Langdon states [2.53], "Published experimental results on
grain-boundary sliding are tabulated, and it is shown that there are wide
variations in apparent dependence of aliding on stress and tempersture....it
is concluded that ncpe of the modela is entirely consistent with

experimental data,"

2.7 CREEP EFFECTS IN DIFFUSIVE INTERGRANULAR CAVITATION

AS previoualy stated, grain-boundary sliding is a primary process in
the nucleation, growth and coalescence of intergranular cavities. But to
properly assess the importance of boundsry sliding Argon et aliil provide
socme background and context in their 1983 and '84 papers [2.55]:

The mechanistic details of intergranular fracture
in creeping alloys have recently been critically
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assessed by Argon [2.54]. Here wo will Dbe
interested only in the mechanisms of cavity
nucleation and growth....S8ince at elevated
temperatures point defeat concentrations and
mobilities are bdoth high, cavity nucleation has
bsen conaidered as a classiocal nucleation proocess
of a vacant phase by the agglomeration of vacanocies
on stresaed interfaces. The theorotiocal models for
such nucleatinn (2.109 to 2.111) result in a
reciprocal time p for cavity nucleaition that i{s of
this form,

H. 5°oxp(-'-m'/kr) |
=(2ve"D,6/0"/?) exp( o a/kT) exp(exp-a0"/kT) (2.28)

where r' and AG' are the radius and free energy of
the critical size cavity at its saddle point
configuration, nucleated under local normal stresa
o_at tempesrature T and where D, & 18 the linear
aPrrusive conductance of the grath boundary...a the
atomic wlume.... These threshold streases are of
the asme order as the cohesive strength of high
qality interfaces at low temperatures that need to
be reached in ductile fracture to form cavities
[2.111,2.112]. Thus the formation of cavities at
elevated temperatures {5 not significantly relaxed,
Similar results can be obtained for other metals
and for ceramics [2.113]. 8Since the service
stresses at which intergranular fracture ocowrs are
more than a factor of 20 lower, it 18 necessary to
oonclude that stress oconcentrations are needed to
cavitate a grain boundary. GCrant and coworkers
£2.114,2.115] have demonstrated experimentally that
intergranular cavitation required both grain
boundary sliding and grain boundary particles, that
cavities form preferentially at grain boundary
particles, and that when particles are scrupulously
removed, cavities do not form even though boundary
sliding is present,

So intergranular cavitation requires stress concentration that results from
graln~-boundary sliding over hard grain-boundary particles. But
polycrystalline grain-boundary sliding alone, over inherent triple points,
falls to generate cavities,

b]ith these salient observations Argon et alil attacked the problem of

streas concentration during grain-boundary sliding [2.56,2.111,2.116]. They
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analysed "two apparent iouroos of intergranular stress ooncentratiom
nondeformable grain-bdboundary particles and triple grain junctions both of
® which have been anply demonstrated to be of importance in creep fracture
[2.117,2.118]. We have discussed earlier [2.111] that these two problems
are complementary in nature and in timing. Hhuo the first problem of
® stress oonoentration around grain-boundary particles is the dominant one, it
exists with full intensaity only during short, tranasient period of rapid
sliding. The second problem of stress conosntration at triple grain
™ Junctions, on the other hand, builds up gradually as the shear tractions on
slanted boundaries ars reduced to zero. Both analysis [2.111] and
experiments [2.111,2,117] i{ndicate that the firat problem is important in
® cavity nucleation and the second in rapid coalescance of already-formed
cavities to form wedge cracks.... In the special case of modeling
intergranular cavitation that \;o are interested in it {s necessary to apply
- some modifications to these stress flelds by. considering the stress-
smoothing effect of diffusional flow between portions of a boundary under
high tensile astress and adjacent portions under high compressive streas"
& (2.56].

Argon [2.55] gauges this "stress-smoothing effect™ against "a critical

diffusion length [2.112]":

L = (0 8,80, /k1é )" /3 (2.29)

Noedlieman and Rice [2.74] "show that coupling between creep and diffusion
p can be expressed in terms of a stress and tempsrature dependent material
length scale L introduced by Rice [2.119], where" the expression is
identical to eq. (29). They assert that "when the length L is

. large...compared to cavity radius (a) and half-spacing (b), plastic creep
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flow effecta can be neglected. On the other hand...when L is small compared
to the apacing, coupled creep~-diffusion effects are important, and the ratio
® of cavity growth rate to the prediotion bssed on the rigid-graina (Hull-
Rimmer) model is found to be a rapidly inoreaaing function of the ratio
a/L,." Also argon observed that "it must be concluded that cavity formation
ﬁ is distinotly favored near the apex regions of grain boundary particlea
provided that these particles are of a size in exceas of the coritioal
diffusion length so that the atress concentrations cannot be effectively
' @ leveled down by diffusional flow around the particles"™ [2.55].
So eq. (2.29) predicts the incipience of nucleation and of plastic-
creep-flow influence on the growth of intergranular cavities: Thus the
£.J Argon, Rice diffusion-length expression appears to te an impdrtant tool in
the technology developuent for g ain-boundary cavitation.
Creation of cavity nuclei eludes detailed experimental verification
-9

@ because characteristic nucleation diamsters approximate 2 x 10 ° meter -~

about ten crystal-ionic diameters. And the smallest cavities detected with

more or lesa conventional microscopy are about 10_7 meter [2.54,2.55]. 1In

| @ fact nucleation radii are quite close to the grain-boundary-segregation

thickness for oxygen in commercial molybdenum which required as imaging atam

probe with a high~resolution time-of-flight spectrometer for elucidation.

| & But such field-ionizationmmicroscopic techniques seem samewhat unadaptable
to creeping cavitation studies [2.69,2.70).

Another complication in cavity-nucleation observation is the tendency

l © of nuclei to grow very rapidly because of elastic dilation in the stress

concentrations at the gensrating apices of grain-boundary particles: An

order of magnitude cavity-size increase resulting in abrupt stiress-

e« concentration reduction is a reasonable estimate [2.55]. So the probability

T - a1e,
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of freesing-in nucleation for later didseotion and submiaroscopic inspection
is low. However many detailed atudies of other nuclei-generating processes
are also diffioult. Tout au contraire cavity-growth inveatigations seem
considerably simpler. But Argon atated in 1983 [2.55), "In spite of much
success in understanding of cavity growth that has evolved over the past
decade, therse are still large disorepanci¢s between experizment and theory
that require attention.®

Thus although a detailed aocounting of progress in grain~-boundary-
cauvitation technology appears unwarranted in this general paper, further

appraisals in the near fuuwe should prove very illuminating.

2.8 ANOTHER GRAIN-BOUNDARY-~SLIDING MANIFESTATION: SUPERPLASTICITY

Superplasticity enables alloys to extend hundreds even thousands of
percent without failure or even necking down. Because such deformation
capability offers obvious processing advantages, if It is precluded under
service conditions, the USSR investigated superplasticity intensively
beginning in the mid 1940's. Swuviet scientists and engineers published
numerous papers and reference books on this phenomenon, Finally after
pudblications of surveys of the USSR work the US became interested in
superplasticity 11;1 the 1960's. By now reviews of thias technology each
containing well over a hundred referential citations are commonplace
(2.120,2.121),

In the latter John Gittus (United Kingdom Atomic Energy Authority,
Harwell), Editor-in~Chief of "The international Journal of Structural
Mechanics and Materials Sclience," presents a simple informative 1983
deacription [2.121]:

sesSuperplasticity is a widespread phencmenon
exhibited by very many metals and alloys. Indeed

it is probably posaible to produce the superplastic
state in most common alloy systems. The prime
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requirenent is a ffne stable grain aize which can

be produced in two m&in waya:

a) By pinning the grain boundarias, for example
with a fine precipitate.

Py b) By having about 50% of a second phase present in
a finely distridbuted form. The grain size at
equilibriun f{a then approximately squal tc the
size of the second phase particles,

Deformation in superplastic materials occurs by a
mechaniasm which is quite distinct from the

° homogeneous straining process that oharacteri zea

normal flow. In the latter case...every grain

exhibits the same atrain as the polyorystal in

which it is situated; grains do not change partnera

during deformation by homogeneous flow. By

contrast in the supsrplastic process the grains or

® particles of tha alloy flow like grains of sand in
an hourglass. Individual grains make fluctuating

- changes in shape so as to prevent the formation of

voids at the grain boundaries. But even after very
large deformations the grains do not elongate and
remain more or less in the same equiaxed state as
at the beginning of deformation. Instead of
deforming the grains slide over one another, and it
is this proceas c¢f heterogenous straining which

causes the material to be in the same state after a

large deformation as it was initially. As there

has been little significant change in state there
® is no particular reasaon why rupture should
supervene even after very large extensions, In

many fine~-grained single-phase supasrplastic alloys

the deformation proceas (s very simple. It seems

to involve sliding at the grain boundaries by the

movement of grain boundary dislocations. The

® formation of grain boundary voids is prevented by
the cimb of boundary dislocations on certain

-facets of the grains., Deposition of matter onto
the climbing dislocations permits the small changes
in shape that are needed to accommodate mismatch at
the boundaries of grains that are translating
relat{ve to one another,

Langdon quantifies the "fine stable grain size" requirement as "typically
(but not necessarily) less than abou. 10 um in size" [2.120].

Both Gittus and Langdon mention an often-referenced expression for
superplastic stress o as the product of a constant and the strain rate

€ raised to a power m ("the strain-rate sensitivity"):

¢ = Ke® (2.30)
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Of course K is not a conatant but rather a oamplex function which includes
at the very least the temperature dependency. In any event (30) is
oquivqlent to the power law from oreep technology ¢ = £(T, .,.)o“ where
nem .

A more general superplasticity form for a and f§ phases (exemplary of
brasas) appears in the Gittus review well-referenced to Suery [2.121,2.122]:

. ¢ -QB/Rr
€, m A oco= @ (2.31)

Hers "AB is a constant"; LB' the 8~phase grain size; QB' "the activation
energy (apparent)"; and other symbols are as previously noted. The global
law of bahavior is then written

¢ -Q,/RT

° - —_— B o
g h{a) L: e (2.32)

where 1if g(a) (h(a)) 1s a function of the proportion of a phase
h(a) = Assz(a) " (2.33)

For Cu,Zn alloys with 58 to 61% Cu and volume fractions of a phase from . .24
to 0.71 at 600°C Gittus modifies (2.32) yielding

. o 2 =115+10(kJ mole 'K~ ' )/RT
€5 = h(a)(,:-;) e (2.34)

In a later section Gittus proposes a "model for superplastic deformation of
brass"™ based on a dislocation climb mechanism controlled by

diffusion a,B8 interfaces rather thdn 8 grain boundaries [2.121,2.122]:

B N T O T R s
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., ab'e* =Q,/RT |
"FTE:GDIQ° ‘(2.35)

Here the subscript I denotes interfacial diffusional characteristics.

Equation (2.35) resembles ﬁhe generalized equations for creep and for
grain-boundary sl iding. Accordingly Langdon concludes with considerable
referential support, "Microscopic evidence indicates same intragranular
disloocation aotivi'ty in the superplastic region 1I, but the dominant
deformation mechanism appears to be grain boundary sliding." He tabulates
and plots much experimental data to verify his viewpoint. He also observes
{2.123], "It is now firmly established that superplastic materials exhibit
very high elorgations to failue over rather limited ranges of strain rate

3 o 1073

which are typically in the vicinity of 10~ , and there is a
reduction in fracture strains at both lower and high strain rates." 1In a
subsequent paper on superplastic flow Langdon states (2.124), "Within region
II most of the experimental data indicate a stress exponent (n) close to 2,
an exponent (p) of the inverse grain si{ze close to 2 and a activation energy
(Q) close to the value for grain boundary diffusion st." So eq. (2.35)
appears prototypically reasonable in form and numbers as a description of

the superplastic manifestation of grain~boundary sliding.

2.9 COUNTERACTING CREEP

Perhaps the most obvious and possibly the most difficult method to
reduce creep {8 through the use of thermomechanically critical elements each
constructed entirely of a single crystal. Of course such monocrystalline
entities should operate with their minimum-creep directions aligned with the
maximum stress ~~ taking advantage of their morphological anisotropy. An
example of this application occurs in turbine blades produced as single

crystals.
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Another approvach to decrease cresp involves utllint;ion of materials
with high melting points. This too is quite obvious hecause of the use of
homologous temperatures ('r/rm) in the general descriptions of oreep and
solid-diffusion phenomena. Man‘y papers on high-temperature deformation
begin with a phrase such as "typicaily at or above about 0.5'1‘m where 'rm is
the absolute melting point" [2.47]. Thus among the high~melting metals W
(Tm' 3653K) and Re (Tm = 3453K) excel as anticreep prospects.

Apparently the basic bonding configuration of W as well as Mo and Cr
also contributes to creep resistance: Transition metals especially those of
the VI-A group combine usual metallic interatomic bonds with covalent
components [2.11,2.125,2.126]. | And covalent bonding greatly impedes
dislocation motion, substantially enhancing creep resistance. Some
speculate dubitably that this facet of VI-A metals may increase brittleness
though either inherent covalent characteristics or heightened susceptibility
to impurity effects [2.11]. In any event the nature of interatamic bonding
is important in counteracting creep.

In this same vein a high activation energy for self-diffusion is of
course effective in opposing creep through the inhibition of diffusional
capabilities ~- reduction of self-diffusion coefficients. Apparm‘clyv_l
exhibits the highest activa;ion energies for lattice and grain-~boundary
self-diffusion of all metals [2.74,2.127]. So in a general
thermophysicochemical sense W and W alloys appear to offer maximum metallic
creep resistance.

Much more generally solute, precipitation and dispersion strengthening
effects fortify creep resistance and often improve ductility while opposing
recrystallization. Solute atoms that concentrate at dislocations drag

against movements such as climb and glide and thereby reduce creep. Defect

et
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atoms with high interaction energles are particularly effective in this
role, Solutea that cause greatest alterations in lattice parameter.'s and
® shear moduli per fractional gram-~atom addition are the most effective
solution strengthenera in general.

Precipitation strengthening with considerably lees than one percent of
® HIC in? ultralloys, solution strengthened by a few, several or more percent
Re, is the subject of ﬁany of the references cited in the introductory
section. HIC is & very stable,extremely high-melting (>4100K precipitate.
® Precipitating such coherent particles from molten solutions into very-low-
solubility states within the solidified~alloy matrix strengthens in
particular through increased opposit.ion to movements of dislocations and
® graln boundariea. However precipitates generally decrease in effectivenaess
as they approach their solvi. Therefore very high solvus temperatures, very
low solubilities and very small component diffusional tendencies are
® | desirable for materials providing precipitation strengthening.

A similar approach with higher-temperature capabilities relles on
dispersion strengthening with fine well-distributed particles of strong
® high-melting essentially insoluble materials. Excellent examples are ThG,
in W and W,Re alloys which are also referenced rspeatedly in the
introductory section: "The dispursed phase commonly used with tungsten is
P thorium dioxide ,‘ which thermodynamically is the most stable oxide" [2.128]
and "has a melting point of 3300°C which is the highest of all oxides"
(2.129]. Such particle dispersions reduce mobilities of grain boundaries,
& subboundaries and dislocations -- decreasing creep, increasing ductility and
raising recrystallization temperatures, But dispersing these particles

effectively is a problem. Of course dispersoid size, spacing,
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concentration, stability and other variables of miarostructural and chemical
interactions influence creep-inhibiting capabilities r2.130].

Conversajon of deleterious segregated impurities to productive separate
phases through in situ reactions with micro—alloying agents offers a very
pranising approach to creep inhibition [2.69,2.130]. For example an imaging
atom probe revsals that O in commercial Mo drops from -2a/0 at the grain
boundaries to several ppm about 1 nm into the grains [2.69,2.70]. Such
segregation also occurs with C in metals [2.70]. And in may cases overall
concentrations of these impurities measure only ten of parts per million «-
but can exceed 100 ppm. Effects of these micro~impurities are often
profound: Exempli gratia.' the most embrittling "interstitial™ for VI-A
metals (W, Mo and Cr) 1is C, then 0, next N and finally H [2.71]. The order
reverses for VA metals (Ta, Nb and V). And numerous references indicate
that interstitial~-impurity levels of C or 0 in W or Mo effect substantial
property alterations. But very small additions of pure Th and/or Hf should
"getter" segregated 0 and C resulting in the "formation of a separate phase
with one or more of the alloying agents. The phase_may be uniformly
distributed in the grains (not in this case) or preferentially nucleated at
dislocations, grain boundaries or interphase interfaces" [2.69]. So micro-
alloying of this type can convert harmfully segregated impurities into fine
stable high-melting dispersions strategically located to counteract creep,
inhibit recrystallization and yet improve ductility.

This method may also be effective in suppression of cavity nucleation.
Argon indicates [2.55], "Uniformly larger area fractions of particles on all
grain boundaries, i.e. reduced L/p (particle spacing-to-size) ratios lower
the stress concentration and should retard cavity formation ~- provided that

all boundaries are uniformly and densely covered with particles., Since
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there is little current underatanding on how to govern such uniform
precipitation of hard spheres along grain boundaries, this possibility

) appears diffioult to achieve." Of course the preceding paragraph prcposes

such a particle distribution.

Thus this section discusses mechanisms for counteracting not only creep

@ -~ but also intergranular cavitation.
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2.10 AN APPROACH TO DECREASED CREEP

Space~power growth aims at contirnuwously increasing temperature lsvels
that will eventually surmount the asymptotic capavilities of ultimate
materials, Therefore alloys that circunscribe the greatest potentiaiities
of metallic combinations to serve in space will eventuate -- better sooner
® than later and rather here than there.

The ultimate refractory metal for space applications i3 W: It offers
the highest metallic melting point, the highest recrystallization
temperature, the highest sulf-diffusion activation energies, partially
covalent bonding, the lowest vapor pressure...and great high-temperature
strengfh. Some point ;o the higher W density as a detriment. But its much
greater strengths enable W to meet stress requirements at high temperatures
with less weight than its competitors. 1In general arguing rationally
against W as the primary space~-ultralloy component is difficult, if not
impossible, and oftan humorous.

The most probable secondary metal 1s Re -~ not only because of the
salubrious "rhenium effect"™ in w'but also because it approaches W in
refractory metallic capabilities:‘ Re is the next-highest-melting metal,
with great strength and a very low vapor pressure ~~ comparable with that of
Ta. Re also provides ¢g-phase (-WRe) precipitation strengthening as well as
synergistic solution strengthening in W [2.35]. Of course Re also ralises
the recrystallization temperature of W and improves its ductility
considerably especially with small amount of o-phase precipitation.

In addition to Re solution effects HfC precipitation strengthening and
Tho, dispersicn strengthening separately are well known. They too increase
W and W,Re-alloy recrysatallization temperatures and ductility. Ard their

synergistic effec's warrant intensive investigation. But the use of pure Th
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and/or Hf in nearly stoichicmetrio amounts %o convert deleterious segregated
O and C in W,Re alloys into productive separate phases "preferentially
nucleated at dislocations, grain boundaries or inierphase interfaces"
requires immediate attention [2.32 to 2.35 and 2.130].

In powdered metallurgiocal methods very small quantities of
comparatively low-melting (1960K) Th (and/or Hf 2400K or Zr 2130K) might
serve to shemically activate afntoring of W, Re powders at greatly reduced
tempsratures. During the sintering process the Th (and/or Hf or Ir) Zilm
would tend to spread over the W, Re-particle surfacs with their segregated
0 and C because of their great mutual affinities [2.31 to 2.35 and 2.130].
And for the same reason of course the distributed Th (and/or Hf or Zr) would
tend to getter these embrittling superficial impurities and deposit them in
very refractory separate~phase particles "prefaerentially nucleated at
dislocations, graln boundaries or interphase interfaces." Simultaneously,
"gettering" grain-boundéry-segregated and reacted O and C from the W
particles should liberate W metal from superficial oxide and carbide
compounds, increuase its intergranular transport and thereby enhance its
propensities to sinter (Balluffi, Coble...). But the resulting very
refractory Th (and/or Hf or Zr) oxide and carbide particles should also
strongly inhibit undesirable grain growth,

These mechanisms are of course not those proposed for conventional
chemically activated sinter;ng postulated for the simple model of a pure
cctivator (Ni, P4, Pt...) interacting predominantly intergranularly with
pure-refractory-metal particles [2.131 to 2.138]. Besed on this practically
unattainable idealization "the electron ccncentration concept predicts the
transition metals with nearly complete d electron subshells (i.e., Ni, Pd

and Pt (8, 10 and 9 electrons out of 10 maximally)) to be better sintering
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c
activators" [2.131, 2.132). Mechanistiocally "activated sintering of
refractory motni with certain transition metal additives ocours because the
@ addi tive lowers the energy barrier for refractory atoan transport. The lower
activation energy results in increased diffusion of the refractory metal
through the additive. The additive remains segregated at the particle~
@ particle contact points because of the unipolir solubility relationship.
That is the refractory metal is soluble in the additive, but the additive is
relatively inacluble in the refractory metal., The segregated lower melting
® additive provides a rapid short-circuit mass transport path throughout the
sintering process" [2.137].
This isolated idealized refractory-metal, activator-metal relationship
o ' certainly simplifies theoretic considerations and prcvides heuristic value.
But W powder used in supporting experiments contained 73 ppm C, 180 ppm N
and 2090 ppm 0 [2.132]; a later Mo powder contained 18 ppm C and 1258 ppm O.
9 For such impurities extreme grain-boundary segregation is probable as
discussed in "Diffusion Effects in High~Temperatwe Creep.," Also there the
"strong influences of rractions.or an atomic¢ percent" of additives,
@ impurities and reaction products on thermophysicochemical properties of
refractery allcys received brief but emphatic attention [2.61,2.68 to 2.72,
2.1301].
© Apparently segregated impurities and micro-alloying agents deserve if
not demand at least as much attention as pure refractory-metal, activator-
metal combinations. In fact P, S, Cu and even Ni "segregation to interphase
< boundaries in liquid-phase sintered tungsten zalloys" not only affect the
sintering process impressively but also weaken the resulting W, Ni, Cu and
W, Ni, Fe compactions [2.139]. So although TL (and/or Hf or Zr) fail to
& meet the pure-metal requirements of "nearly complete d eiectron subshells"™
e
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(two d eleotrons each) and "of the unipolar solubility relationship," they
offer solutions to some very practical problems: They getter the boundary
segregatad and reacted O, C and other impurities that separate the nearly
pure refractory metal from any activator metal. And they provide
interfacially dispsraed stable refractory-compound precipitates.

Amounts of segregated O and C to react with appropriately adjusted
quantities of Th (and/or Hf or Zr) might be varied in original melt
compositions [2.72) or by chemisorption on particles prior to sintering
[2.140,2.141]. Suitable levels for truly efficient disperaion improvements
are usually fractions of an atamic percent. Th (and/or Hf or Zr) reaction
with 0 and C at very low concentrations in W,Re-alloy melts with subsejusant
precipitation is alsoc a poassibility. But of course the much higher
vaporization tendencies of the miaro-alloying agents compared with those of
W and Re present a problem. Finally if these localized reaction techniques
fall short of optimum ThO, and HfC requirements for W, Re, additive
ultralloys, conventional addition methods can make up the differences, But
such adjustments add to improvements already effected by gettering
deleterious impurities and strategically dispersing them through micro-
alloying with Th (and/or Hf or Zr).

Thus, compared with relatively inefficient random dispersion methods,
the preceding highly specific approach to removing a problem and replacing
it with an asset -- at the desired location [2.55] ~~ deserves further
investigation. This is particularly true when the solution promises not
only decreased creep for increased space power but also greater ductility
and recrystallization resistance as well as improved powder-metallurgy

proceasing.
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III. MATERIAL PROBLEMS FOR HICH~TEMPERATURE, HIGH~ POWER SPACE-CONVERSION
SYSTEMS == TABLES.

™~ A presentation in table form points out some specific concerns for
hi gh-temperature application, especially regarding ductility and
recryatallization,
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IV. TUNGSTEN, RHENIUM ADDITIVE ALLOYS FOR AIGCH TEMPERATURE SPACE
APPLICATIONS .

4.1 ABSTRACT

Some of the primary needs for crucial future space applications are
increasing power levels and densitias. Refractory, additive aliocys of
ultimate thermal capabilities procmise to provide these increasing power
levels and densities. The high teuperatures possiole with-such ultralloys
enable greater heat rejection, hence lighter, denser, more mobile space
systems., Great creep strengths, minimal vaporization ra%tes, high
recrystallization temperaturses, substantial conductivity, fabricability,
serviceability and ductility are prime requisites. The mosat refra2story
element, tungsten (W) would be the obvioul choice but brittleness impedes
progress with this super metal. However, in combination with rhenium (Re)
as well as very locw concentvatione of hafnium carbide (HfC) and thoria
(Th0,), W becomes fabricable, ductile even after welding and improves in
resistance to creep and recrystallization. W, Re combinations exhibit
local ductility maxima at about 3% Re and at about 15%-18% Re. ThO, and HfC
additions in the order ¢f 1 and 0.3% respectively, further heighten W, Re
ductilities, creep strengths and recrystallization temperatures,

We propose to investigate these ultralloys by standard
characterization, metallographic and strength of materials procedures as
well as by sophisticated and accurate high temperature methods such as
thermionic emission and high temperature, high vacuum mechanical testing.
Some anticipated advancements appear possible with W, Re, ThO,, HfC alloys

for high temperature space applications.
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4,2 INTRODUCTION

There are a variety of potential missions, such as space based
manufaocturing, high capacity communications, cuter planetary orbdbiters and
lunar and planetary bases that appear to demand compact high power, very
long 11ifa power units which are independent of sunlight. In general, the
most intensive energy proceusing in any spacecraft occurs in the source and
conversion systoms for primary space power. ’ There, higher tenpsratures

tranalats into less weight, greater capability and increased mobility

essential, particularly in military missions.

.2.1 Projected space requirements for high temperature materials

Cohen [4.1] presents a tapulation of potential high power requirements
for the United States national defense. For space based systems, high power
levels must be achieved at significantly higher values of specific power
(W/ kg) and energy (W-Hr/kg) than are presently available to satisfy defense
needs for survivability. Table 4.1 gives a list of the potential high power
requirements.

The Soviet development of Space Nuclear Reactors [4.2] (SNR's) aims at
military goals. The USSR-SNR program is aimed at achieving prime powsr
sowrces at Megawatt levels and beyond and quite cbviously the US-SNR program
is also erpected to follow suit and develop these high energy source s'ystns
for defense utilization. The SP-100 program [4.3] contemplates the
advantages of the demonstrated technology accumulation for i{n-ocore
Thermionic Energy Conversion (IC~TEC) in the selection of an appropriate SNR
(4.4] approach. Such current and prospective developments of high
temperature, high power space energy conversion systems pose critical

material problems.
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Accordingly, ultimate alloys are extremely important and almost
mandatory for future orbital pow r systems technology requirements [4.5].
If there {s a single general trend that applies to the various combinations
of heat sources and conversion methods, it is the one toward higher source
temparature and higher sink temperature and consequently lighter weight
systeans. Higher souwroces and sink temperatures means developing materials
with superior properties at high tenpeatures and for this, high tasparatue
materials data {s of prime importance. This emphasizes anticipating and

solving material problems for high temperatwe space applications.

§,2.2 Characteristics of ultimate space materials

At high temperatures, ceramic materials become more electrically
conductive and this precludes their effective use to transfer heat to energy
converters while blocking electric tr?‘ansport. Even when solid insulators
function adequately at high temperatures, their comparitive mechanical
intransigence l1imits the fabricability and service adaptability. Thus
rerracﬁory alloys must in general accomodate ceramics as well as themsel ves
to system fabrication and sarvice requirements. However, refractory alloys
suffer from ductility deficiencies and recrystallization effects. Other
complications arise from intensified influences of high temperatures and
hard vacuum on strength, creep, diffusion, segregation, chemical reaction,

vapori zation and other thermophysical phenomena.

To atart with, we can examine the highest melting, least vaporizing

metals listed in Table 4,2,
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4.2,2.1 The primary components, tungsten and rhenium
Tungsten is the moat refractory metal. Iridiu and rhenium added to
tungsten inorease its ductility, strength and resistance to creep and
recrystallization, as will be seen iater.
Tungaten is a body centered cubic element with a 2000°K vapor pressure

of & x 10712

torr and a melting point of 3683°K. Its ductile to brittle
transition occurs well above roos tamperature snd it begins to recrystall ize
below U0% of its melting point which further complicates manufacturung and
service. Even today, brittleness and difficult fabricability often
overshadow the peerless high tesperature properties of W,

Rheniun strengths apparently are the only ones among the metals to
O approach or exceed those of H However, in contrast to tungsten, ductile
rheniun resuits rrdn vacuus annealing. But rhenium exhibits ertremely high
work hardenabiiity with very litile deformaticn, of tan recquiring rapeated
L4 vacuum annealing Jduring fabrication.

W-Re, W-Ru, W-Hf, W-Hf-C and WB vere some of the alloy systems

investigated by General Electric Campany [4.6] for their flow and fracture

(%2

,C benav'or &t various temperatures. Each of the alloys was initially prepared
| by a vacuum melting and wes then extruded and rolled to a sheet meterial for
subsequent mechanical property evaluations. The moat gignificant finding
| & from the property studies was the exceptional combinstion of astrength &nd
ductility shown by a W~27%HRe alloy with same sigma phase present in the as
rolled structurns. The solubility of rhenium in tungsten is about 26% as
e shown in Figure 2.1, The dbt temperature for this 2lloy in either the
wrought or fine-grained recrystalliized condition was about =-100°F and the

corresponding yleld strength was approximately 400,000 psi. Thus Re
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solution stirengthening with c-phase precipitation atrengthening greatly
improves the overall fabrication and service characteristics of W.

T . J. R. Stephens [4.7] and W. R.'Hitzke investigated the effects of
texperature and composition on alloy softening in the Group VIA metals Cr,
Mo and W alloyed with Re. .The} made hardness measurements at various
k@ temperatures for fourtean alloys in each system. Their results showed that
alloy softening was similar in ail three alloy systems and occured at RHe
concentrations of less than 16 at$. A sharp temperature dependence of
?'. . hardness was observed ii concentrated alloys that exhibited alloy softening.
| The results for W-Re are shown in Figure 4.2 a and o.

In facﬁ, the softening of tungsten with rhenium was established as
L early as 1959 by K. Sedlatschek [4.8] and H. Braun. Figure 4.3a indicates
that mfacaid s&iution alloys with 25 to 30% Re are more ductile at 1000°C
than pure tungsten or tungsten with lower percentages of rhenium. Figure
l® 4,36 shows the relationship between cold ductility and rhenium content for
W-Re alloys. This curve shows a maximum ductility at 30% rhenium. They
also found that the high temperature hardness of W-Re alloys was excellent
.' (] compared to that of W which deteriorates rapidiy with temperaturs.

The asoftening of tungsten when alloyed with rhenium was clearly
exhibited when A. V. Longunov [4.9] and Kovalev investigated the
| & therniophysical properties 6! W~Re cast alloys. They found that the thermal
conductivity of the alloy was lower than that of pure W as shown in Figure
4.4 at all temperatures and this was attributed to the softening of the
(a parent material.

An atomic-resoluticon study of homogeneous radiation-induced

precipitation in a neutron irradiated W-10%Re alloy, at Cornell University

' in 1983 revealed that there was a significant alteration of the
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microstructucre of this alloy as = result of the fast neutron i{irradiation.
Precipitates with a=-phase precipitatién in core pronise better space nuclear

reactors and thermionic energy conversion capablities.

U,2.2.2 The additive Tho,

Interstitial impurivies ganarally tend to diminish ductility, but some
of them ca» produce beneficially dispersed refractory products through
reactions with low pressure vapor getters such as thorium and hafnium.
Thorium is the best getter for oxygen. The proposal of adding ThO, to W, Re
alloys was initiated when {t was found thuat the unactivated ThD, had work
functions of 6.3 eV bare and 1.0 eV cesiated. Great gains in ductiiity, hot
strength and recrystallization reaistance for ThO, additions to W, Re
ultralloys have already recelved attention. Particle dispersions atrongly
influence mobilities of grain boundaries and subdoundaries, redistributicn
of dislocation and other effects that affect the formation of
recrystallization nuclei and initial growth. Thus dispersed particles such
as Th0, change recrystallization temperatures as complex functions of the
dispersed size, spacing, conceantration, staoilty and other variables of
microstructural interaction. As shown in Fig. 4.5 [4.'0] ThO, is a very
stable oxide which has a melting point of 3300°C. Thoriated tungsten is.
generally obtained by flashing a W filament containing 2.5-1.5% ThO, at a
high temperature (270C°K), which reduces some of the oxide to metallic
thorium. This is then followed by heating at 2100-2200°K, thus causing
diffusion of thorium to the suface whare it forms a uonatomic layer which
possesses much higher electron emissinn than pure W. At temperatures above
2000°K the thorium evaporates at a rate which exceeds that of diffusion to

the surface with a resultant decrease in eletron emissivity.
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e Fig. 4.4  Thermal conductivity of N-5%Re cast alloy:l Heat 140;
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A DMIC rsport compiled by V. D. Barth [4.11] illustrates the

strengthening of tungsten wire‘by ThO,. The effeoct of ThO, addition is

@ already seen in Fig. 4.6, a plot of ultimate tensile strength vs.

temperature, Two percent cf ThO, was found to increase the elevated

‘ temperature yleld strength to 41,000 psi from an original value of 11,000
R® psi and the UTS from 22,000 psi to 42,000 pai.

H. G. Sell [4.12] and R. Stickler evaluated W~5Re~2ThO, alloys in

regard to solid solution and dispersion strengthening. They determined the

e effect of Re and ThO, dispersion in W, on the DBTT and modes of fracture.

The moouimum temperature at which the testing was done was 10060°C. The

results are shown in Fig. 4.7. They found that Re concentrations from 3 to

g e 10% in solid soluticon significently strengthens W, increasingly, with

increasing Re concentration, The coarse ThO, dispersion did not retard

recrystallization, and adds considerably to the strength of W-Re alloys by

a9 grain refinement. ThO, addition effected increases of ~4000 psi on W~Re

alloys.

Figure 4.8 [4.13] shows the change in microstructure of a pure tungsten
@ filament heated by alternating current. When large grains extending across
the filaments develop, the filaments become very brittle and breask apart
under the stresses produced by the thermal expansion on heating and cooling.
© Consequently, second phasa particles of thoria are doped into the tungsten
to limit this grain growth. The effectiveneas of a small amount of ThO, in

limiting grain growth in tungsten is illustrated in Fig. 4.9.
L3 Given that the thoria particles are randomly distributed, if volume
fraction of thoria particles = f and radius of thoria particles = r, the
numbe~ of particles intercepted by 1cm? area =« 3r/2«r? (4,1). Force

y € restra.ning grain boundary motion = 3fwrY(1+cosa) (4.2).

"--1

NP, T a y A A AT A % R Th AT R s st - e
VAR - LAY e RS RO 0L Oy RGN, R AR I R RFCIR A IO SN PORGA, Y S Y




e TR Liias LAl DL R AR LT Sl ki ah Rl Laski e

T s i T Ty T R R Y v S T R YT O T W P : - -

95

189 000! ‘yibe

i o Wibueug eysusy  sownn
N ~ 0 Q ]
i ! i

:
, ] g
g

Strengthening of tungsten wires with Thﬂz.

. fa¥
”‘
= ;J/ ’ 5
7?/ dik
. §
e
~ E
¢ , —] §
® 0 ¢ Q ® v «* ~ o ©
iy By qsbums Yisu9L eyowyn N
o

6 e

)

& {
J
|

C

e Sy S e L o e A D R D o O S T R e



waen s .

(LR LT BT LT TER N VAT TUR SRS YN Ro 8 TN SALR RS T R L g e AL a8 B Ly the Shod Bl ALl S il Aud el Bl 4 o il 2t tladd ot )
.

96

pajedy juawells uaysbuny aund e jso

*3ua4and Bugieusaije Aq

3an3onajsosdim uy buey) 8¢ By

»m

&)

v
ﬁ‘r“:
Varrase

- -

eyl
P04 -
- ~
(Y Idny
L 5

2
’ ‘-a

4

-

)
3

N\

*spod Aolie uaisbuny pue uaysbumy

E-2NE-MORd

= o
o= “T24¢-M oleg

o,
L 4

pajeauue uoSeN\ “dyg°Q pue pabems jo
A31113o0p 30 Idu3puadap 34njeJadway

i

L°¥°BLd

® ‘vepetunj Hisusl

K L O RN LT N AT AT AT el T T, P e

a

A S R s R T e T M N A Ca o 0 O AT

Coow T a0 N

LA

.

e

v



s 3t o Sy e g g A AT TR Y W R SN . B W TS .« T TR TS0 T WAL A % T BT VR T TRV 104 LA T T T TR LI T T SN ST O N S i

- -

B 97

'Fig. 4.9. Tungaten rods annealed
at 2700°C for 2 mts.a)Pure,
b)0.75% I‘ho2 added, . 100X,
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When the force balanaes the pressure foraee due to curvature, grain

- growth will stop and we will get a limiting grain size given by

4r
o Je (8.3
assuming aspherical interfaces of radius R. Thus we see that the limiting
grain size dependy upon the volume fraction, the radius and the ocontact

angle a of the aescond phase particlas,

® 4,2.2.3 The additive HfC
Hafnium is an excellent getter for carbon in W, Re alloys. Impressive
increases in ductlility, hot atrength and recrystsllization resistance have
° bgc_n found for HfC diaspersed W, Re ultralioys. The noted Soviet refractory
alloy expert Savitaky has cosmentéd thet HIC formation in W alloys radioally
shifts the onset of structural changes upon recrystallization into the high
i¢ tomperature region. In addition to this, HfC in W alloys is
thermodynamically very stable. Hf and C aolubilitia in W are lc¥ and so
grain boundary segregation aight be expected. But through appropriate
® microalioying, reaction of grain-boundary a'urentod C and Hf should be
advantageous rather than detrimental.
J. Wadaworth [4,.14] examined the dehavior of molybdenum and tungsten
& based allcoys which are strengthened by hafnium ocarbide. He sstablished, by
calculating the amounts of hafniua carbide available for precipitation in
the molybdenum and tungsten based alloys, it was possible to demonatrate
that excess hafnium does nct have & "aolmfwukon.mv effect as had been
clajmed. Instead, a trend of improved areep strength and high temperature
tensile strength with an increase in the amount of HfC available for

e pracipitation was, observed.
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Space nuoclear reactor growth based on in core thermionic energy
conversion requires subatantially improved TEC and considerably higher
L J temperatures than those resently proposed. This is only possible through
the use of W, Re ultralioys with ThO, and HfC. W-3Re-1ThO,~0.3HfC, W~10Re~
1ThD ,~0.3HFC, W~25Re~1Th0,~0.3HfC, W-30Re~1ThO,~03H{C, are all possible
@ candidates for emitters in ICTEC with wide potentialities. Verifioation of
such potentialities should derive from research related to W, Re, additivo-
ultralloys présently supported by the Department of Energy and the Air Force

® at Arizona State Univeraity.

4.3 PROPCSED RESEARCH ON TUNGSTEN, RHENIUM ADDITIVE ALLOYS

It has already been esablished that rhenium percsntages between two and
five, at about ten and near twenty-five in tungsten alloys maximizes
ductility locally and tungsten, 25% rhenium offers higher creep strength
than tungsten to over 1600°C. It has greater ductility and
recrystallization resistanca, Additions of thoria and hafnium carbdide in
the order of 1 and 0.3% respectively, further increase creep strongths,

ductilities and recrystallization temperatures of tungsten, rhenium alloys.

° Thus, parametric evaluations of tungsten vwith 3, 10, 25 and 30% rhenium,
each in turn modified with one percent thoria and 0.3% hafniun carbide will
be used as the basis for the research work.

© Until 1975, data on pure W, Re alloys prepared by powder metallurgy
were lacking. But {nvestigators still resorted to powder metallurgy

. techniques as it was the only practical method of producing W alloys

¢ containing a ThO, dispersion. Fusion processes such as electron-beam
melting or arc casting would be beneficial because the ifmpurity
concentrations in such alloys are low, but the prohibitive cost and the fact

¢ that ThO, decomposes at the melting temperature of W and its dilute alloys,
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prevent thea from being used for wmaking W, Re, THO,, HfC alloys. Further,
aintered asmples have a small grain size and this reduces recrystallization
proocesses with the surface impurities of 0,, N,, and C foruing resistance to
diffusion and grain growth. As & result, it wvas decided that we would
investigate sintered samples of W with 3, 10, 25 and 30% rhenium in the
thermionic¢c microscope and mechanical testing facility and rol}ow this up
with identical investigations on each of the above mentioned alloys with 1%

ThO, and 0.3% HfC added to it.

4,3.1 Soientific approach to the reseach problem

The aciinur‘io approach to the research will be to develop general
theories for high temperatue mateials for producing high quality and long
life. Recrystallization, ductility, atrength vapor presswres work function,
compositional stability and other phenomens will be considered which are
vital to high tmperatlre energy converters. Tachniqes for producing and
sustaining the desired properties will be investigated from a ajioroscopio,
mechanistic point of view with regard to the desired properties. Limited
theoretical and experimental information exists for asuch systems and a
typical base line systex will be examined in order to teet the theories and
models developed.

It is proposed to add getters to react with the 0, and C and improve
the high temperature strength and ductility through the ocombined effects of
solid solutions and dispersion strengthening. Recrystallization is the
formation and migration of large angle boundaries for alloys shown in Table
4,2. Most of these approximate thermal boundaries have been encountered by
those who work with high temperature alloys. Recognition of these
| transitions emphasizes that direct and side effects of recrystallization

exert abstruse influences on strength, creep, compatibdbility and ductility of
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. Tab: .3 Approximate theraal boundaries for alloys
(recrystallisation).
Half the absolute melting point’(0.5T)) often indicates
incipience of thermmally activated processes.
Below 0.37y to 0.4T) short-range (electronic, stacking-
fault, local-order)interactions generally dominate.
Longer-range solute, dislocation interactions continue
their influences to O.S!l'n or higher.
Above O.'?STM to O.BTH incieased mobility of solute atoms
e greatly redused their hindrance of dislocation movement.
' Arrhenius relations for grairn-boundsry migration velocit-
ies often break at O.B'.l'n anéd exhibit much lower activation
energies in the higher-temperature range.
™ Refractory-dispersion strengthening generally excels for
applications of alloys near their melting points.
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refractory alloys. Ductility and recorystallization are often oritiocal
paramet.ers in the capability of ultralloys to adapt themselves and ceramios
) L to rabrication and service requirements. Thus a better underatanding of
refractory alloy recrystallization, is a orucially easential part of
ovércoming the material problems for high temperature, high powe: space

Ro energy conversion systems.

§.3.2 Scientific merits of the proposed research

Signifioant discrepancies in our understanding of refractory metal and
other high temperatua materials, involving such bshaviors as embtrittlement,
vaporization and recryatallization, prohibit mechanisa description and
counteraction as well as propsrty prediction for elemental systems suitable
for high temperatures, hence higher power production in space energy
converters. It is proposed here that a few of the most important phenomena
be investigated. Theories and models will be developed and a base line
mater{al system will be uaed.ror examining them, The base line will be
selected with the best present knowledge in ordeir to begin to estabdlish
relationships between the basic mechanisms, élloying gettering and thermal
nistory in predicting subsequent physical property behavior. High
tamperature phenomena are often only inferred through rcom temperature
observatinna following high temperature treatment. The proposed work
euploys real time investigation of high temperature surface characteristics
and electron emission to obtain inrormatiun on complex transport and
reaction mechanisms.

Sane very enlightenirg information should result from observing high
temperature size and surface composition changes of grains in sintered
samples of W, Re with appropriate additions. The primary additive (rhenium)

reduces and controls embrittlement and recrystallization. The gettering
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addi tive nay affect the base metal ductility and resrystallization. Since
refractory oxides vaporize and disintegrate at high temperatures in vacuum,
sintered samples of particles with and without bake~out pre-treatment
deserve attention. The getters should produce very atable oxides and
carbides. So in high temperature, vacuum service, the refractory should
experience contention bstween oxygen and nitrogen clean~up by refrastory
oxide and nitride vaporization as well as disintigration and by the
formation of stable getterad products.
h.4 THERMIONIC EMISSION CHARACTERISTICS AND SURFACE COMPOSITIONS OF W. Re

AND W, Re, ThO,, HfC ALLOYS

This section deals with the information on the research tc be conducted
on the W, Re and W, Re, ThO,, HfC alloys using a thermionic microscope in
order to obtain the thermionic emission characteristics of the sintered
samples. The theory of electron emission and applications of the microscope
are discussed and a sequential procedure for all the research activities
involved has heen established. In addition to the research using the
thermionic microscope, related thermionic emission research activities have

also been mentioned.

4.4,1 Introduction to Thermionic Emiasion Microscopy

Thermionic emission microscopy is the oldest form of electron
microscopy where the specimen {tself serves as a source of electrons, :
Elactrons emitted from the surface of a flat bulk specimen {s focussed
through a suitable lens systan and then projected at a usable magnification
onto a tloureséent acreen. The result is a metallographic type image of the
kind usually associated with optical microscopy. The design and operation
of a thermionic emission microscope requires ccordination of two physical

processes. The first process is electron emission from a specimen, while
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the second involves the fcrmation of an image with these elactrons. The two
major characteristics that exemplify the usefullness of the thermio.ic
eunission microscope as a Research Tool are; a) the fact that it represents a
magnification range which bridges that between optical microscopy and the
more conventicnal types of electron wicroscopy, and b) it is more suited to
elavated tesperature operstion than othar forms of microscopy.

Specific sxperimental areas [4.15] where the thernionic emission
microscope c2n be irexdily applied as a useful Research Tool are indicated in

Table 4.4,

4.4.1.1 Electron emission

The Scamerfield model for the behavior of electrons in a metal provides
the simplest view of the theory of operation of a ther'mionic‘e.uusaion
microscope. This {3 indicated schematically in Fig. 4.10. Here, it is seen
that the potential within the metal is assumed zerc while that outside the
metal is given some finite value, V, According to this model, electirons can
occupy energy states within the metal up to the level E,, the Fermi Energy.
The probability that a particular state is occupied is given by the Fermi

function,

1
f(E) = m (4.48)

.
AL T = 0%, f(E) ma "+ 1 = -}- =1 for £ <E,. This means that all quantim

atates are occupied at absolute zero while all quantum states at energies

greater than E, are unoccupied,

r
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Tab1g~4,4~ Applications of the thermionirc emission microscope.

©
°
1.
2.
®
3.
a.
®
5.
6.
e 7.
8.
9.
° 10.
11.
12.
o
13.
14.
6 15.
16.
€
e
4

BT AT o car e

High temperatures phase transformations in metallic
and non-metallic systems. '

Grain growth occurring at elevated temperatures in
metallic and non-metallic systems.

Recrystalligation in those systems where it occurrs
at a sufficiently high temperature,

Cold work in the refractory metals, such as tungsten,
molybdenum and niobium.

Relative interfacizl energy studies in syrsteme where
the systems are in equilibrium at elevated temperatures.
Diffusion studies in systems at elevated temperatures.
Segregation studies in cast or wrought materials.
Surface adsorption of gases and activator atoms on
metallic surfaces.

Sintering mechanisms in powder metallurgical compacts.
Solidification studies im metals.

Oxidation studies of metal surfaces under controlled
conditions.

Study of electron emission from surfaces. Also work
function studies of different crystal orientations,
Cathode studies for the activation process in coated
cathodes.

Effect of strain on the above mentioned phenomena.
Creep in metals at elevated temperatures,

Study of the distribution of inorganic constituents
within the cells os tissue.
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4.4,1.2 Work function
The energy difference between the Fermi Energy and the potential

outside of tne metal is the work function of the metal ¢.

Either an electron absorbs a quantum of energy or it does not. The

energy E of a photon is proportional to the frequency v of the light or

E = hv o (4.5)

S

If an electron is given an amount of energy hv, then in order tc escape from
the metal, it must use up an amount e¢ of this energy. The maximum energy

an electron can have left after it gets out of the surface {s

Kmax-hv- ed (4.6)

The thermionic emissicn micaroscope is a device where the specimen is heated
up to a nigh temperature (at least 1400°C) by electron bombardment and the
el ectrons given out by the surface collected by a Faraday cage by the
imposition of a suitable potential difference. The Faraday cage curent can

be related to the sample electron current density by the equation;

I-.M2
J° L (ut7)
Ac

The current density J, can then be used to calculate the effective work

function ¢ fram the well known Richardson—~-Dushman equation
Jo = AT?exp[~¢/kT] (4.8)

A derivation of this equation using the principles of Classical

Thermodynamics, has been presented in Appendix 4.1.

-

T L ey N e A S SN A T RN S R R LR N K



EROR R URT TRl BAT L SRV DL s LS L & LR LR B a t i [ in o o o WSTWITIA IV L T W NG T U R LR T

¢ 107
4,4,2 Objectives of the ongoing research on thermionic emission
a) Fabricate sintered alloys of W with 0%, 3%, 10§, 25%, and 30% of Re
® in button form of about 0.4" in dia. with a porosity of about 7 to
8%.
b) Fabricate sintered alloys in the above form and hot swage it down to
® 0.25" dia. to reduce the poroaity to less than 0.1%.
¢) Perform thermionic emission miaroscope examination of the samples in
a) & b) above at 1600 to 2200°K in auitabl_o intervals.
® d) For each test,
1) Observe grain size, grain growth and document by photographic
enlargements,
& ii) Measure emission of grains in the thermionic microscope and
calculate the work function,
111) Perform emission scans of surfaces to determine work function
» varliation from grain to grajin.

Repeat for W, Re, ThO,, HIC alloys.

4,4,3 Literature survey

» E. Eichen [4.16], who has sperit a considerable amount of time in
reviewing the work done on Thermionic emission, has compiled a 1ot of his
findings and presented the information in a tabular form indicating the

© references of people who studied the emission characteristics of materials
ranging fram aluminun oxide to zirconium. Up to this time, however, most of
the work had been done in the development of the thermionic emission

© microscope &3 a metallurgical research tool. Figures U,11 and 4,12 are
typical emission micrographs of an iron 0.3% carbon alloy at 800°C and
polycrystalline alumina.

&
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A typical thermionic energy converter schematioc [4.17] is shown in Fig.
4,13, and Fig. 4.14 gives the performance and topping temperaturss for
thermionic energy conversion with 30 A/cm*, 10% back emiassion, and
negligible, inter-electrode loss.

D. Jacobson [4.18], thermally stabilized and recrystallized a
polyorystalline molybdenum sample, Quant‘ltativa measurements of the
emission from each individual grain were obtained using the electron
emission microscope. The effective work runction of each grain 'uaa
calculated and the crystallographic orientation of each grain was rdetarmined
using Laue back reflection techniques. A polar plot of the effective work
function vs., crystallographic orientation is shown in Fig. 4.15. .

@ The effective work functions of nine tungsten-base alloys were measured
by D.L. Jacobson [#.19]. The second constituents were: 1) 5% Re, 2) 15%
Re, 3) 2.5% Os, 4) 5% 0s,'5) 1% Ir, 6) 2% Ir, 7) 5% Ta, 8) 10% Ta, and 9)
o 20% Ta. Work functions were determined fram the vacuum emission vehicle and
thermionic emission mioroscope measuwaments., Mosaics of each surface were
produced from the microscope, which show the grain structure of the alloys
@ and some anamolous emission areas. Some exceptionally high base work

functions were observed fram samples with small alloy additions. Table 4.5

gives the effective work functions of tungsten allioy electrodes from vacuum

© emission vehicle generated Schottky plots. Fig. 4.16 is a typical Schottky
plot from Vacuum emission vehicle measuraments. Table 4.6 is a comparison
of effective work functions as determined from vacuum emission vehicle and

"3 thermionic emission microscope measurements,
A. Modinos [4.20], a mathematician from the University of Waterloo,
Canada, presented a semi~empirical theory of the electronic work function of

] the different faces of tungaten. An adjustable parameter relates to the
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1sotropic contribution to the wark funotion, and is determined from a self-
oonsistent ocalculation of the band~structure of the energy levels in the
bulk of the metal. The calculated work functions were in reasonadbly good
agrceement with available experimental data. He suggested that the measured

work funoction
o(lmn) = ¢° + ¢,(lmn) (4.9)

where ¢° {3 the isotropic contribution end od is ¢he surface dipole
contribution dus to the formation of an eiectrostatic dipole layer. Table
4.7 gives the surface dipole contributions to the work function for
different orientations.

i ' J. Jaskie and D,L. Jgcobson ([4.21] investigated expeirimentally the
relationship between bulk composition, surface cumposition and thermionic

work function in the Yttriuw=-Boron system. These results were compared with

o other rare Earth-Boride systems. A Richardson plot for the 3 Y-3 compounds
| tested is shuwn in Fig. 4.17 and Fig. 4.18 ‘gives the estimated behavior of
work runction within 2 phase.regiona, Table 4.8 gives the composition data
3 summary and the work funetions for the 3 Y-B compounds. |

C.V. Landrith [4,22] used the thermionic emxission microscope to

determine the effective work function of a molybdenum ceramic eutectic, Mo-

L

,aCr0,. Messurements were made at temperatures up to 1881°K, and at

pressures in the range of 1 to 45 x 10!

torr. The mean effective work
functions of 4 grains on the suface of the Mo-LaCrO, was in the range cf
4,74 to 4,81 ev. A typical emission micrograph of Mo-LaCrO, is shown in
Fig. 4.19,

A. Subramanian [4.25], investigated the effect of alloying elements

such as tungsten on the emission properties of LaB,. The average B to La
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ratio was found to be 6.03 and tungsten was detectsd to the sxtent of 0.3 to
0.% weight %. The affective work function ranged frem 3.88 eV to 4.29 eV at
a tempsrature of 1573°%. It was found that the prescnce of tungsten lowered
the amisaion and hence increased the wark function of LaB,. 'Figure 4,20 is
a Richardson Plot for the La-B-~W Alloy system and Fig. 4.21 shows the
variation of work function with tamperature.

4,4,4 Techniques involved and facility support for sample preparation and
testing

4,4,4,1 Material procurement
The-moment it was decided that we investigate sintered W, Re and W, Re,

No ThD,, HfC alloys, at less: ©0 different suppliers were contacted all over

the country but only one supplier,

Rhenium Alloys Inc.
1329 Taylor St., Box 245

Elyria, Ohio uuo35

agreed to make the samples for us, at a fairiy high price. To date, wt@ have
received the alloys in R different configurations indicated in Table 4.9.
The ;econd set of alloys with the same configurations btut with 1% ThO, and
& 0,3% HfC added to them are being manufactured 2nd the shipment is expectied
| in June 1985,

4,4,4,2 Sample preparation

The material which was originally in button form, roughly 0.4 inches in
diameter ancd 0.% inches long was first turned down to 0.375 inches diameter
using o four-faceted tungsten-carbide cutting tool. Because of the brittle

nature of the alloys, the turneda surface had a lot of dents due to particles

= Mﬂm ;’.. el f XNG u'(n.{dl.'b.ﬁu’.wn .ﬁﬁx.‘x‘i;;{;i»@mm



118

20 Richardsvn

ploi for La-B-%
alloy system.

-

L ]
o
o4
L]

7.5

T-25

i~

n J, = -2.157(1/T) + 1.7883
&7
T xwt %

625

3

P
o~
-

112 4
L2
128
33
4

S0 /due % uy

B A D D B YT NN S



e m = s st e e s e —— - TIE TER TERL LMY, WA IS Y W R M YRR T L T W R APV YA TR R NN o wya

119

e
©
b
o
[ ]
b
s
- 3¢
-
°
wy
2
°
o
-
o
[ ]
[ ]
- " ~ - -] o e~
- - - - - & -
Ad ag
-
[y
R
331-'0
o0
i O™
+ ol .
L ETE -
p - O MO
o S .
-
>¢ug¢c
PR
s 5a
Y30m
0 ot
¢ K
m ,
e

ML R A - : C g %
A AN L

> / NeTel e '1"4-" o ").. S, » AT
N e e S e NNy e




R BTN

o T TR T TR ATy, TR TR e T e TR TN RTER R AT T Ay 8. -0 Y | Befascual

120

*Qeoby -otTyp ‘eradty
‘398118 IoThey 62¢L °*G¥Z Xog

+ 77 *Oouyl s£OTIV umIuayy : a8oInos sterisiey .

“TT® QG = 3aTA 3§ %0¢ ‘M Jo Jajewetp
‘BUT 9¢ = YjFual ‘Aoyrre sy %qg
843 a0z 3dagxe xgrewsTp..°yTTm Qg

s BAITM ¢
*Spox eATf** %00t = £Ly1suap
‘Zojasuretp aedaeT ®© woxy pafems joy
‘usfusy °sut gy ‘aejewerp *suy 62°0 ¢ spoy °¢g

*82281d 9ATF ‘%¢6-26 = K1Tsuap
Buet °*sur g°g ‘Zajswetp °suy v°o

Wwioy uoljing °y
! sBuUoTrIRINTTJUO)
SUK0E + M
9U¥GZ + M
‘Xapaod 9y 3 M woxg paxsjulg UKOT + M
3 %¢ + M
84 %0 + M
! uorrrscedwo)n

*ouY skoTTy untuayy WOXJ Paindoad STETIBIEH 6§ 81QEg

RN

" ’
NI Y

+ %ol

.
ATy

-_‘,,.\‘ \,1 $'! LR

-‘.v;..-_
AN

..\:.

v

N

o .,.)'\;.



Q~

SRR R L el S e G ahre L Ve

121

chipping off f{rom the surface. The surlace was eventually finished on the
Electrical Discharge Machine as shown in Fig, 4.22. The electrode for thia
purpose was designed and fabricated using copper rods and is also shown in
the figure along with the fixture for mounting in the E.D.M. The material

s then sliced down using a special diamond cutter to fora buttons 0.375
1nohe§ in diameter and 0,100 inches thick for use in ;t.he thermionic
micoscope. The EDM was used once again to drill the Hohiraum (or black
enclosure) which had a diameter of 0.020 inches and a length of 0.200 inches
thereby satisfying the condition of an Isothermal Black enclosure with a L/D

ratio of 10:1.

b, 4. 4,3 Sample characterization
Sample characterization was done on each one of the alloys in order to

determine and check the composition and the howogenity of eacn alloy.

(i) Electron microprcbe analysis
A small bit (2 mm x 2 mm x 1 mm) was cut using the diamond cutter and
submitted to the Chemistry Department at Arizona State University to have {t
analysed in the electron microprobe facility. The results of the analysis,
as 1indicated in Table 4.10, show that the alloys with lower' percentages of
rheniun were Iinhomogeneous and modification in the fabrication process was

essential,

(11) Metallography
Each of the five samples were polished using Emery paper of varying
grades and then lapped with Lev. Alumina, 1.0 um, Alumina and finally 0.05
um, Alumina solutions. Photaomicrographs were taken wusing the optical
microscope. Microhardness testing was then done on the polished samples

using Murakami-s Reagent and photamicrographes taken again to determine grain
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Electrode ———-

| —

. y o
LA ‘
. ; .

Specimen t Y o L
A // Rotary
; ~" Chueck
o . = e
Some specifications of the EDM.

R < ' Type: Servomet.

Catinet size: 29"wx28°78 "dx221/2"n.
Powcr: 200-250V, 10amp. 50/60 cycles.
Work tank aperture: 11.75" x 7.5". l
e Work tenmk depth : 13",

Capacity: 4.15 Imp. CGals.

Total surface below paraffin: 1.875"min.,8.375" max.

Maximum height of work piece: 7.375".
% Work table 1lift: 5.375".

Travel of servohead: 4.625".

R

Fig., 4.22 Details of electrical discharge machining.

N W W W LT M, Y
PG PN
4% '



i

I O R TR

°g

£86°0 186°0 966°0 586°0 186°0 1830y
9¥co 69¢°0 9920 0s2°o 082 °C 8y -
LeL o cIL*0 Q€0 9¢yeg TOL0o A
LL6°G 620°T €86°0 8860 L86°0 1elog
09¢°0 ATAL) 812°0 ¢6z2+p S6c°o 3y
8TL*0 LLL0 S9L°0  9¢.°0 ecl 0 [
096°0 ¥56°0 055°0 0S86°0 9%6°0 1810y
SCT°0 SLC*0 LeT o €90°0 800 3y
S8€6°0 08§°0 ¥18°c 863°0 ¥i8°0 ]
L00°T 566°0 €860 €00°1 000°tT 18304
910°0 €20°0 LSO*D 910°0 €€0°0 8y
166°0 el 9¢6°0 ig6°0p 896°C M
866°0 $66°0 966°0 $86°0 966°0 1e30g
100°0 000°0 120°0 0000 000°0 3y
866°0 966°0 965°0 98p°<g L66°0 X
S 14 4 4 T
aoT3Tv86d juaaxajyyrp 3e m:o,ﬂp.ﬂ.ﬂu.ﬁwvﬁcb WHQQENHW
owﬂmh.ﬁﬁg mD.O.HanaNO._.E CONPUOHW Jo wnw.ﬁzmwm OL°¢ 31qey
$

8 & wleviy]

!
ab

@ $ 00 DR IH By

,m

-
[N

SN IR M FUIC TR T

A

vl



124

qi ze. Eventually, the macrohardness testa were conducted in the Rockwall
Hardness tester. Table 4,11 gives the detalls of all the devices used in

the metanom‘apqy.

(111) X~R&r chemicel analysis
After machining the aamples to the right size, each button was analysed
in the X-ray Spectraneter using a chromium target, The intenaities of the
various elements in the 5 different alloys can be compared in Fig. 4.23 to ‘

get a qualitative eatimate of ihe compositions.

4.4.4.% Thermionic emission ni{aoscope

The apparatus used to determine the work function is a thermionic
emissjion microscope. This apparatus was originally designed by XEROX in
1966 but subsequantly has been subjected to a series of modifications in
order to enhance its performance. The microscope, shown in Fig. 4.24,
essentially consists of an electron source which is the sample surface
itself that is heated in the neighborhood of 1500 to 2000°C by means of a
filament. The electrons given out from the surface are drawn, through a

syatem of lLenses and drift tube, to the Faraday cage by the imposition of

suitahle potentials. The electrons collected at the Faraday cage are
allowed to pass through an Electromater which measures currents of the order

of 107" to 107" Amps. The device is operated with a vacuum of 10 2

torr
and the high temperature is measuwed with a calibratad optical pyrameter.
Tnere is a phosphor screer around the Faraday cage t¢ observe real time
grain boundary movements during the test, The entire systén along with the
microscope and accessories is shown in Fig. 4.25.

The diameter of the sample was less than that of the filament, so the

sample was mounted in a step machined out fram another sample holder. The

b T A e e L R I T T DR T T A ARG AR
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Table 4.11 Details of devices used for conventional i

metallgraphy.
®
Lapping'machine :
150V 6Ccs. 14 Amps
@ Make: Buehler Ltd.

Microscope

Olympus system micrdascope for metall-
® urgical use.
Model: BHM.,

Phnotography

® Model: PM-6.
Eyepjieces available: P7x, P10Ox, Pl5x,
Shutter speeds: B,1,1/2,1/4,1/8,1/15,
1/3%0,1/60,1/125 & 1/250.

® Total magnification on film phase =
0.4x (with P eyepieces).
Picture size = 24 x 36mm.

® Macrohardness-

Rockwell type macromet hardness tester.

Loads: 60, 100, 150 Kgs.

Scales: a) B Scale, 1/16" Steel Bali,
& 100Kg lecad.

V) C Scale, Diamond cone, 150 Kg load.

Microhardness
< Leitz wetzlar (Germany).
Micrchardness tezter.
Indentors: Knoop and Vickers.
Loads: upto 2000 p.
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Fig. 4.23 Outputs for chemical

analysis by x~-ray spectre

ometry.
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Fig. 4.24 A cross sectional view of the thermionic
emission microscope.
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Fig. 4.25 Complete set up for high temperature thermionic emission microscopy.
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entire assembly consists of & molybdelum base plate and a tantalum diasc,
electron beun welded to a tantalum mounting tube, as shown in Fig. 4.26.
The sample is held in position by a tungsten rod and a amall grove at the
top allows the Hohlraum to be seen from the aide, Insulators are provided
btetween the sample and filament bocause they ure at different. potentials.
There are 4 aspects to the instrumentation of the thermionic emisaﬁon
microscope in evaluating the work function of the examples under

investigation.

1) Vacuum System: 1

It is absolutely essential that the environment within the microscope
is extremely clean because the patn of electrons is very susceptidle to
stray electi'ical and maynetic {ields, Further, there should not be any
contamination on the surface of the specimen while it is being tested. For
this purpose, it is nacesasary to evacuate the entire chamber to less than
10“8 torr., This is accomplished in two stages; the roughing !s done with a

Sorptior pump which utilizes molecular sieve materiali to abscrb the air

molecul es when maintained at liquid nitrogen temperatues. This brings the

vacuum to 10"3 torr. The ion pump is then switched on in order to bring

7

down the vacuum to 10 ' torr. At this stage, the microscope is baked at

about 250°C for 4 to 5 days so that all the adsorbed gases are removed and

9

the vacuum eventually comes down to 107 torr when it is ready for testing.

The details ot the pumps used are given in Table 4,12,

i{1) Electron Emiasion and Collection:
In addition to heating up the sample, it is necessary to provide
progresaively increasing potentials in the path of the electrons to make

them move from the emitter to the collector vwith minimum losses, The

PN IR N
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Table 4.12 Details of accwssoriea of the thermionic emission
Microscope.

1) Vacuum system:
a) Sorption pump.
Base pressure: Low micron range with normal use.
Pumping capacity: 60000 torre-liters maximum.
LN2 consumption: 4.3 litres.
Sorbent materigl: Type 5A molecular sieve,
Sieve requirements: 3 lbs.,
Heater input:115v,50Hz.,350W.
Bakeout Temperature: 250°¢.
Material: Aluminum,
b) Vac ion pump,
Pumping speed: 140 1/s at 10~ torr.
Operating life: 50000 hours at 10"6 torr.
Materials: Body-304S.S.,Cathode~Ti,Magnet-Ferrite.
Internal volume: 17.9 litres.
Weight: 120 1lbs.
Temperature limit: 400°C.
Control unit: 7.5 kV. open circuit,430 maA short cet,
2) Temperature measurement:
a) NBS lamp.
Filament: Tungsten filament (ribbon type).
Reference: " The NBS photoelectric pyrometer and its
use in realizing the internaticnal practical
temperature scale above 1063°c," R.D.Lee,
Metroiogia 2, 150 (1966).

¢ b) Pyrometer.
Mlicro cptical pyrometer with red filter for higher
rangss of temperature.
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slectrical schematic for the entire process is shown in Fig. 4.27. As sean
° in the schematic, the supplies to the filament are maintained at a floating
negative potential with respect to the sample which is at ground potential,
The electron drift tube is maintained at a high (KV) positive potentlal all
" the way to the collector and finally there are power supplies to the
decelerating grid and the guard ring.
i1i) Temperature Measurement
o A calibruted micro—-optical pyrometer will be used for measuring the
temperature of the sample. The pyrcmeter was first calibrated with a NBS
Calibrated Tungsten filament lamp. The NBS lamp was viewed through the
® pyroreter and temperatures were recorded. A plot of the lamp (true)
temperature vs, pyrometer temperature was made. Then the viewport
(sapphire) in the microscope was placed between the lamp and the pyrameter
» and the testing repeated to give a plot of temperature while viewing through
viewport vs. true temperature. The plot of temperatures and the electrical
schematic¢ for the calibration are shown in Fig. 4.28. Detajils of the
@ pyrometer and lamp are provided in Table 4,12,
iv) Photography - Emission Micrograph
o A high speed Polaroid camera mounted directly behind the phosphor
screen and viewport recorded the grain boundary movement at different
temperatures.
¢ 4.4,5 Expected results and conclusions
The thermionic work functions will be evaluated for representati ve
grains in cach sample and the variation noted to determine the homogenity of
e the sintered samples. The pure tungsten and the tungsten alloys with higher
percentages of rhenium should exhibit a homogeneous structure whereas there
¢
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5 PYROMETER TEMPERATLIAS.

Natioral bureau of standards.
N & Ribbon filament lamp.
Brightness temperatures at 0.655 um.
Maximum uncertainities in temperature:
+2.5° at 800°.
C +1,5% at 1100°.
+3.0°% at 2300°C.
Center contact to be at 25°C.
Angle subtended at lamp filament by the entrance
N & of pyrometer = 0,14 rad.
Date: March 6., 1975,
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Fig. 4728 plot of true temperature vs. pyrometer temperature.
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is some doubt as to whether the W, 3% Re and W, 10% Re will do so, as tney
did not have good homogenicy at room temperature when théy were subjected to
electron mieroprobe analysis. As these sintered alloys have not been
evaluated, we would imagine tiat it is difficult to precdict the work
functions based on previous experience on arc-caat material.

The alloys with ThO, and HfC, being stronger at higher temperatures
should reveal interesting changes and trends in work functions from grain te
grain and sample to sample. The grain sizes of the different alloys at the

same temperature should reveal useful information in assessing certain

qualicies such as recrystallizaticn, ductility, ete. Auger electron
spectroscopy of the tested samples will provide ample information on grain

boundary segregation.

4,4,5 Related activitiez in thermionic emission

As has already been stated, at a basic level a thermionic converter is
a simple device: a heated electron emitter and a cooled electron collector
positioned very clcse to one another. The space propulsion and weapons
systems currently being studied would use nuclear reactors to produce the
necessary heac. The gap between the 2 electrodes is enclosed in a gas-tight
envelope which {s either evacuated or filled with a metal vapor. As shown
in Table 4.73, in order to maintain a continuous flow of electrons from the
cathode to the anode, first of all, there must be a perfect vacuum and
secondly there should not be any interelectrode space charge. Unleas steps
are taken to limit this charge buildup, it will severly limit the efriciency
of a4 thermionic converter. There are two ways of getting by this inter-

electrode space charge, It can be done by reducing the gap between the

electrodes, which can only be done to a certain extent because of machining

problems or a metallic vapor could be used, which readily ionizes and then
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Table 4.13 Requirements for an efficient +thermionic energy
o converter.
Conditions for good thermionic emission.
1) Very good vacuun.
® 2) No inter electrode space charges.
Ways of recducing the effect of the negative space charge.
1) Reduce inter electrode gap.
. 2) lntroduce positive ions.

Advantages of introducing positive ions,
1) They neutralize the negative space charge.
2) Being highly active in the plasma state, they act
as a conducting path for electrons.
o 3) They are adsorbed on the surface of the electrode.
4) They reduce the work function and increase the
electron yleid.
5) Prevent contamination of the collector due to

g degassing of the emitter.
Limitations cn reducing the inter electrode gap.
1) The gap has to be a fraction of a mil. wide in
order to be r2ally effective in maximizing emission
* and collection. It is impossible to machine a
surface to such close tolerances.
Advantages of using Cesium over other metallic vapors.
1) Cesium has a low work function and a low ionization
& potential.
2) It has the maximum ability to reduce the work
function of the parent material.
‘ 3) It has a melting point of 28°C and so is in the
¢ form of a liquid at room temperatuee.
e
|
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neutralizes the electrons consituting the space charge. There sre a lot of
other advantages in introducing cesium vapor and these are presented in

Table 4,13,

4,4,6.1 Thermionic smission fram cesiated sufaces
Thermionic emission from cesiuated surfaces, also known as the "plasma
immersion technique" is a simple rapid method for studying the electron

emission fram étals immersed in cesium vapor. It was originally developed

by Marchuk [4.24] and used to study the emission of molybdenum. The glass

enclosure in which the test {s 2conducted has since been known as the
Marchuk-tube .

The construction of the entire tube ag well as that of the probe
configuration is shown in Fig. .29, 4.30 and 4,31, In this technigue a
small loop of wire is immersed {n the plasma of a conventional cesiun-vapor
gas discharge tute and run a few volts negative with respect to the plasma
potzntial. The small ion cwrrent arriving at the loop allows a much larger
electron current to lerve the loop, without encountering the electron pace
charge. A pure alumina insuiator is used to shield all except the tip of
the emitting loop so as to expose only a small area having a uniform
temperature. An advantage of this technigue is that .one can compare many
metals in one experimental tube under identical conditions.

J.M. Houston [4.25] measured the thermionic emission of six
polycrystalline refractory metais, in cesium vapor, using the plasma anode
techni que. The materials studied were W, Re, Ta, Mo, Nb, and a Mo~W alloy.
He found that W 2aiid Re yi«ld nearly the same emission; Mo, Ta, and Mo-W
yi:ld rougnly a factor of three less emission than W, and Mo yields m;:r'e
than an order of magnitude less than W, Fig. 4.32 gives the typical S~

curves for the different materials with the cesium at 150°C.
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CERAMIC-METAL PROBE
HOLDER

PLASMA 4;[

@
|
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L
&
c
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@
Fig. 4.31 A reusable metal-glass Marchuk tube.
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P.K. Dederiock [4.26] and Houston used ths plasma-immersion technique to
mm‘mwe the thermionic emission of non-atomically clean W, Ta, Mo, Ni, Ar,
S.S. and Nichrome., They found that unflashad W had an emisaion of 0.045 to
0.7¢ anps/om® with nin * 1.6 V. Mo had an emission of 1.0 smps/cm? with a
¢ of 1.8V, Ta had an emission of 0.39 amps/om? with a ¢ of 1.36 V. S.S.
had an emission of 0.25 amps/cm? with a ¢ of 1.4 V. Mi had an emission of
0.01 amps/om? with a ¢ of 1.5 V, .

J.L. Coggins [4,27) et al,, studied the thermionic emission
characteristics of (110) and (112) singlie crystal tungsten. They determinad
the dspendence of the thermionic emission in thess two directions on
£1lament temperature with a cesiun reservoir temperature of 40°C. From the
experimental results, they found that data for the (112) direction were not
as reliable as those for the (110) direction because of the extreme
susceptibility of the (112) face for contamination.

The cesiated electron emission was measured for three candidate
alectrodes for use as c¢ollectors in thermionic converters by M. Manda [4,28]
and D.L. Jacobson. Nickel, Inconel 600 and Hastelloy were tested with a
412°K cesium reservoir. Peak emission from the alloys was found to be
_comparable to that from pure nickel. Both the Inconel and Hastelloy samples

had work functions of 1.64 eV at peak emission. The minimum work functions

were estimated to be 1.37 eV at a prove temperature of 750°% for Incohel and

1.40 eV for Hastelloy at 665°K. The bare work fuiction for both alloys was
- estimated to be approximately 4.8 ev.
D. Tang [4.297 has been investigating the electron emission from
cesiated 1% and -2% thoriated tungsten, with the help of a Pyrex Marchuk
o tube. A cesium pressure cf 0.699 Pa was maintained with the ceaium
reservoir at U413°K. The peak emissions were measured to be 0.322 A/cm? at
<
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. 1030°< fo~ 1% thoriated tungsten and 1.139 A/am?® at 1120°K for 2% thoriated
tungsten. The corresponding work functions were 1,75 eV and 1.78 eV
respactively.

The main drawhack of an all glass Marchuk tube is its inability to be
used rspeatedly for teating pwposes. The whole tubs in usually discardaed
if any parts or electrodes failed during fabrication or processing. 1t is

usefui for conducting one test artew; which it is rendsred useless. In order
P to overcome this, {t {s proposed to build a metal-glass Marchuk tube with
' isclation valves as shown {in Fig. 4.31, Thias will hopelully permit mora
- tha one test to be conducted on the same tube,
" An Extranuclear Spectral 275 Mays Spectrometer is being sst up in the ‘
] lab in order to cnaracterize ocur samples. For solid materials, a speclallv {
' designed scurce inlet {s used to introduce a sufficient amount of sample
moleculies into the ionizer chamber by evaporaiing the wire. Hcwever, no
' more than 1 pgrm. 2f the material should be raporized at once and {ntrcduced
into the ionlizer. The Wires can be heated by direct resistance heating
le whereas larger chunks of material will ﬁave to be heated by induction
' heating or electron bombardment.
4,4,7 Recomendations for futwe research on thermionic emission
At the end of the present program we expect to have all the results on
the W, Re and W, Re, Th0,, HfC alloy combinatinns. Thovgh this would give
us a lot of useful information, the optimigcation study, would be complete 1if
. o the W, Re alloys were studied individually with 1% ThO®, and 0.3% HfC
‘ additions,

Thé wires that have been procured would be ideal for testing in the

< metal-glass Marchuk tube as this would reduce the time and make the
experimentation more economical. Further, fhe results of cesiated W, Re
| ¢
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together with the information obtained from the mioarosocope should be useful
in deciding emitter and collector materials for higher efficiency thermionia
convarters,

A motorized X, ¥, Z mechanism would go a long way in making
measurements on critical rog;ona. a lot easier. The ion pump should be
located closer L0 the emitter assemdly. The Faraday pump guard ring and
decelerating grid shouid be made integrral. A permanent design for baking
the entire system is absolutely essential.

4.5 HIGH TEMPERATURE, HIGH VACUUM MECHANICAL TESTING OF W, Re AND W, Re,
ThO,, HIC ALLOYS

Tha thermionic emission micaroascope is a very useful tool to acquire the
aurface characteristics (properties) of refracctory metals and alloys that
find application i{n Space Thermionic Energy conversion. However, the bulk
properties of the materials are almost as usaful as the swuface properties,
if they are to be exposed to the low pressure/low tauperature environment in
out.er apace. A gsignificant quantum ¢f data {s available on the bulk
properties of refractory materials at high temperatures but in most cases
the tensile tests were conaucted at room temperature and atmospheric
pressure after annealing the sample to high temperatures for varying periods
of time. Values obtainea in this fashion do not reually characterize the
material at a given temperature because 0Of a number of detrimental factors
such as atmospheric contamination, irregular heating and so on. This has
led & number Of investigators to investigate real~time deformations and
microstructural changes in refractory materials at nigh temperatures and
moderate vacuum atmospheres.

Though W, Re cast materials have been mechanically tested at high

temperatures, a complete study of the W, Re and W, Re, ThO,, HfC sintered
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materials fanily has nct besn examined in detall, This counstitutes the
latter half of the research activities for this program and what followa is
a descoription of what was done so far, what 18 to be dane in fuiure and what
reaults are expected with regard to high temperatw e, high vacuum mechanical

tasting of the rrspect.ive alloys.

4.5.1 High vemperature mechanical testing as opposed to conventional
mechani cal testing

® Baefore we deal with high temperuture testing, it would be appropriate
to describe some of the mechanical properties that can be obtained by

conventional teating uuder atmospheric conditions.

4.5.1.1 Mechanical properties in conventional mechanical testing
Deformation occurs where forces are applied to a material. Strain, e,
- is the amount of deformation per unit length and stress, o, the force per
' unit area,. Energy is absoroved by a material duing deformation because a
force has acted along the dsformation distance. Strength is a measure of
" the level of the stress required tc make a material fail. Duetility
: identifies the amount of permanent strain prior to fracture, while toughness
refers to the amount of energy absorbed by a material dwing felluwe. All
the pertinent mechanical properties are shown in ‘adle 4,14, The initial
X strain (elastic) is essentially proﬁortional to the stress; fuwthermore, (€
is reversible., The modulus of elasticity or Young's modulus is given vy
g < E=-2 (4.10)
It is a measure of the interatomic bondiug forces. #t higher stress
permanent dispiacement occurs and this is termed plastic strain. The

elastic strain is recovered when the material frantures but not the plastic
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strain. In the present context, the single most important property chat we
are interested in determining for the W, Re and W, Re, ThO,, HfC alloys i3
the DUCTILITY. Ductility, the plastic strain required for fracture, er, may
be expressed as percent elongation. Like all strains it ia dimensionless

and 1s given by

L,-L
AL r e
er- L-Q-E—‘——- (u,11)

However, since plastic deformation is commonly localized in the necked area,
the percent of elongation depends on the gage length. So, one must be
specific about the gage length whenever reporting ducility.

A second measure of ductility is the reduction in area given by

Ro=A,
ductility = T  veu (4,12)
at the point of fracture. Thus, elongation is a measure of plastic
stretching whereas reduction in area is a measure of plastic contraction. o
The reduction in area is preferred in most cases, és a measure of ductility,
because it does not require a gage length and it can be used to determine
the true strain at the point of fracture.
The ability of a material to resist plastic deformation 13 called the

yield strength sy, and is the ratio

F )
- L . ( i
cy y 4.13) |
where Fy is the force initiating the yield. 1In soft materials, the yielc '
strength is marked by a definite yleld point, but in harder materials it is
commcn to define the yleld strength as that stress required to give 0.2%

plastic offset. The tensile strength, Oy s of a material is calculated by

dividing the maximum force by the original cross-sectional area. True

y t&i\.h‘u‘u- al'u- X n.&.«. 1.'(»"
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stress is based on actual area and nominal stress is based on the original

area. |
Toughness is a measure of tl';é energy required to break a material in

contrast to strength, which is a measure of the stress required to deform or

break a material.

4,5.1.2 Subtleties involved in hiéh temperature mechanical testing
All the properties mentioned above, can also be obtained in high
. temperature testing but this involves some subtleties not exhibited by
conventional testing methods. First of all the specimen has to be heated,
This can be done by resistance heating, induction heating 6r electron beam
L heating. Resistance heating was chosen in this case becauvse of its
simplicity and the small size of the sample. The fact that the specimen is
heated t- the order of 2500°K makes it absolutely necessary to house the
® : tensiile system in a vacuum chamber to prevent high temper:z’ ~e oxidation and
imminent fajlure of the sp2cimen. Special ceramics that have excellent
electrical ana thermal resistivity have to be used and the grips holding the
® specimen should also be made of a high temperature resistant material. Same
means of cooling the grips have to be made available if there is excessive
heat conduction from the specimen. Special vacuum chambers with flexibility
. < to move while evacuated, had to be designed and procured for the testing. A

high vacuum system should also be available.

4,5.2 Objectives of the research on high temperature mechanical testing

a) Design a high vacuum syatem compl2te with instrumentation for
temperature measurement and for heating cthe specimen,

b) Fabricate the compcnents of the system with suitable materials for

"

the grips and the insulators.
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c) Using techniques such as Electron microprobe Qnalyais. X~-ray
analysis, Meﬁallography and Auger electronh spectroscopy,
characterize the materials received,

d) Fabricate tensile test specimen using conventional machining and
alectrical dischargse machining from the hot swaged, 0.25" rods
with high density.

e) Design fixtures, necessary for the precision machining of W, Re
and W, Re, ThO,, HfC alloys.

f) Test the samples in an Instron tesving machine,

i) Each alloy comblnation is to be tested at room

temperature and and three other higher temperatures

after maintaining the samples for a fixed period of time
before deformation.
i1) Obhtain scress—-strain relationship for each specimen and
the ductilities of the various material combinations.
1ii) Take replicas of the fractured surfaces and observe

fracture characteristics in the TEM.

4,5.2.1 Present status on the activities with reference to stated objectives
i) Design of the entire system has been completed.
[ ' 11) 95% of the components have been fabricated.
iii) Techniques for machining W-alloys have been progressively refined
and optimized. .
¢ iv) Part of the initial materials' characterization has been
completad.
v) An Instron testing machine donated by Motorola is being readied
¢ for operation,

vi) The enti~e system i3S expected to be in operation during May 1985.
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4.5.3 Literature survey on high temperature mechanical teating

As was stated earlier, prior to the 1960's most of tne high ta:perature
tenalle test data were not really the output of real-~time tests but values
that were the result of extrapclations from room temperature data and high
temperature annealling. However, thera was same introductory work hy Chester
T. Sims [4.32] and P.I. Jarrea; in the mid fifties that involved the vesting
of 50 mil rhemium wires at variocus tewmperatures under a controlled
atmosphere of a mixture of 5% H in Helium. The reeuli:s of the tenisle teats
and stress rupture tests ars shown in Fig. 4.33 and Table 4.15. In general
they found that the elevated tenperature strength properties of rhenium were
high. Elevated temperature short time tests revealed that the elongation

drops to a low value of about 1 to 3% abocve 500°C, whereas the stress-

rupture tests showed elongations in excess of U% at 2000°C. Improved
® ductility, which is normally observed at the recrystallization temperature
in most metals seemed to o¢cur at high temperatures in rhenium. The ductile
to brittle transition [4.11] i3 of considerable importance in the casc of
® tungsten because of the relatively high temperatures at which it occurs. As
shown in Fig. 4.34, in general, the effect on the flow and fracture of
annealed (recrystallized) tungsten as the deformation temperature crops
e thrcugh the transition zone is that of sharply increasing the yield
strength. This resulted in a corresponding reducrion in ductility over a
narrow temperature range. The rapid increase in stress to produce yielding
€ as temperature decreases is also iliustrated. The relation between yield
| streas and temperature can ve expressed by an equaticn of the form
o = exp[~4q/RT] (4.14)
<
<
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. Fig. 4.33 Parametric plot of tensile and rupture data for pure rhenium metal.
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The quasi activation energy for tungsten, calculated from the slope of Fig.
4,35 was about 5400 cals/mole for b_l. compared to 1700 cals/mole for Mo and
200 cals/mole for steel. Fig. 4.36 shows the effect of powder purity on
ductile~brittle transition temperature of tungsten and this was investigated
by Atkinson [4.31] and cited in this reference. It was found the
interstitial atoms tend to increase the dbt temperature in tung?ten. The
figure shows that successively lower impurity levels reflect lower
transition temperatures. Though this particular reference did not contain a
lot of information on W-Re alloys, enough information was available to
indicate that the ductile~brittle transition range for recrystallized 30 Re
- 10 W extended down to 100°C. Fig. 4.37 summarized the tensile properties
found by Jaffee [4.32] and associates for W~30 Re alloy. The strength of
this alloy remained remarkably high up to just below the recrystallization
temperature range.

In 1966, W.D. Klopp [4.33] and associates released a NASA document on
the mechanical properties of solid-solution and carbide strengthened arc-
melted tungsten alloys. They investigated the mechanical properties of
several arc-melted tungsten alloys containing rhenium, tantalum, columbium,
hafnium and/or carbon, in the temperature range of 2500°F to U4000°F. They
found that solid-solution strengthening in W alloys was most effective in W—~
Hf alloys and least effective in W-Re alloys. Carbon additions to different
W alloys produced various degrees of strengthening with the largest effect
formed in W~Hf-C alloys. The strongest alloy W - 0.26a% C - 0.20a% Hf had a
tensile strength of 62,500 psi at 3500°F. Table 4.35 gives the high
temperature tensile properties of tungsten-rhenium~hafnium alloys. Tensile

5

tests were performed in a vacuum of less than 5 x 10 - torr at a constant

crosshead speed of 0.05 ins./mt. The specimens were brought to temperature
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in approximately one hour and held at that temperature for 30 minutes prior
to testing. Fig. 4.38 shows the effect of rhenium on the tensile strength
of ncminal W-0.37a% Hf' alloy at 2500°F and 3500°F.

Arc melted W alloys strerigthened by a finely dispersed hafnium cartide
preciplitate have exhibited outstanding higr} temperature strength [4,.34). It
was found that the addition of U40% rhenium to such alloys significantly
improves thelr low tenperatire ductility., The alloy that exhibited optimum
»properties nacd the composition, W-4Re~0,35Hf-0.35 C. In the swaged
condition, this alloy combined a tensile strength of approximately 10,000
psi at 3500°F, with 3 ductile-brittle transition temperature of 200°F. Fig.
4.39 a,b,c exhibits the resmlts of the extensive studies of these
investigators.

Sell [4.12] and Stickler ji.vestigated ingots of W-S5Re~2Th0, alloy
sintered from blended W, Re and ThO, powders containing & coarse ThO,
dispersion, that cculd be swaged easily. The rods were evaluated in regard
to solid solution and dispersion streng:hening, the effect of rhenium and
the ThO, dispersion on the dbt temperature and wodes of fracture, Tensile
tests were made in the temperature range fras room temperature to 24%00°C.
In the ductile~brittle region, the crosshead speed was 0.005"/min to yield,
followed by 0.05"/min to fracture. Tests above 800°C, were performed at a
crosshead speed of 0.05"/min. Fig. 4.42 shows the temperature dependence of
0.2% yield stress of swaged and 1/2 hr/2400°C annealed W and W~alloy rods.
Fig. 4.43 represents some of the light icrographs and electron micrographs
of the fractured surfaces indicating the effect of test temperature on the
mude of tensile fracture of swaged and annealed rods of W-5Re~-2ThO,. 1In an
effort to determine if particle strengthening by a HfC precipitate could be

obtained in a ductile W high Re alloy, an arc meited W-23.4% Re ~ 0.27 Hf ~
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C alloy was evaluated [4.35] by tensile testing. The alloy was found to
exnibit good high temperature strength properties. At 3000°F, the HfC-
strengthened alloy had a short time tensile strength of 62.7 ksi, more than
double the strength of 28.1 ksi observed earlier for W-24 Re. However, the
strength advantage decreases at higher temperatures due to HfC particle
coarsening and grain boundary sliding. The tensile properties of the_
material are given in Table 4.17.

Arc melted tungsten~4 percent rhenium~hafnium-cacrbon alloys ‘containing
up to avout 0.8 mol. percent-HfC were evaluated [4.36] for compositional
effects on mechaincal properties in the as worked condition. The tenslile
propert;ies of the W-U4Re-Hf-C alloys, tested at 1930°C are given in Table
4.18. The data showed considerable scatter, especially for the alloys
containing an excess of C. It was found that peak strengthening occurred at
or near the calculated stoichiometric HfC composition (0.3 to 0.4 mol %) but
decreased rapidly with excess of either carbon or hafnium.

F.I. Uskov [4.37] and A.V. Sorbak investigated the temperature
relationship of the characteristics of fracture toughness (crack resistance)
of the powder metallurgy of tungsten. The samples were heated by radiation
at a rate uof 1 deg./sec. Before tension, a sample was held at the specified
temperature for 30 minutes. Curves obtained in tests of coapact samples of
the powder metallurgy of tungsten under conditions of off-ceriter tension .at
various temperatures (920~1600°C) in vacuum are shown in Fig. 4.44, Fig.
4,45 shows the characteristic features of failure of tungsten at different
temperatures. From the features of the fallure, it was concluded that the
significant extent of the gently sloping portion on the tensile curves was

not an indication of general plastic flow of the materiai. The failure of
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all the specimens were confirmed to be of a brittle nature, from the
fractographic analysis at a test temperture of 1200°C .'

The effect of excess hafnium or carbon in W~URe~-Hf-C alloys on the UTS
[4.14] at 2200°K after a high temperature treatment at 2417°K is shown in
Fig. 4.46. A maximum in UTS was found in compositions close to those having
little or no excess of either Hf or C. Both excess Hafnium and excess
carbon exhibit the same effect, that is the reduction in ultimate tensile

sStrength.

4.5.4 Design and fabrication of the companents of the high temperature
tensile stage

The entire tensile stage can be divided in two parts, a) the external

stage and b) the internal stage, for convenience in describing the system.
Fig. 4.47 is a conception of what the entire system comprising of the high
temperature stage, the Instron testing machine, the vacuum systan,.power'
supply, temperature measurement system, would look like when it is ready for

testing.

4,5.4,1 The external stage

Fig. U4.48 shows all the parts that constitute the external part of the
high temperature stage. It' is easentially made up of the crossbars of the
Instron, the load cell, the flexible bellows counling and the lU~way cross
chamber. The part nos. 1 through 8 are all supporting members which were
designed to have minimum weight and were fabricated in the Mechanical
Development Shop at Arizona State University. Since the test is expected to
be conducted in a high vacuum atmosphere, the specimen has to be deformed in
a leak tight chamber. The bellows system and the 4~way cross shown in Fig.
4,49 provide exactly this and at the same time, the necessary flexibility to

deform the specimen up to 1,10 in. under a vacuum of better than 10-7 torr,
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All the components in this scage were made of either mild steel or stainless
steel. The U-way cross was designed by us but fabricated and leak tested at
LATEC Industries, 400 Bryce Avenue, Los Alamos, New Mexico 87544. An
impertant precaution to be oserved here, while testing, is to be sure that
the upper aross bar is limited to a movement of less than 1.0 in. This

would prevent any damage to the flexible coupling.

4.5.4,2 The internal stage
® The internal part of the high temperature stage is the nerve center for

the entire system because this is the part where the heated specimen is held

between grips, before deformation. Fig. 4.50 shows the top and bottom
?‘ flange attachments of the grip assembly. The top flangé is located at the
top of the flexible coupling énd the bottom flange is located under the i-
way cross chamber. Fig. U4.51 shows the critical grip assembly. There are
@ two unique features of the design of this grip assembly.

a) Part No. 15 is part of a stainless steel ball which seats into a
hemispherical depression in Part No. 7. This allows accurate

o : alignment of the grip when the specimen i{s about to be loaded,
b) The ring 8 1is threaded on to the grip 10 and when this is
tightened against the bottom of part no. 7, the entire grip
€ assembly from the flange, to the pin 12, becomes one rigid
construction and this permits compression loads to be transmitted
directly to the specimen without any relative movement in between.
v The grip 10 and the pin 12 which are in direct contact with the
specimen were made of Inconel-750X which has excellent high temperature
resistance and strergth. Part nos. 11 and 13 are special ceramic insulators
¢ made of Alumina AD-998. The properties of the Inconel and the ceramic are

provided in Table 4.19 along with the addresses of the supnliers.
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Table 4.19 Important properties. of Inconel 750X and ceramic AD-998.

» 1) Inconel T750X.

Description: It is an age hardenable alloy with good
corrosion and oxidation resistance.Also
possesses excellent relaxation resistance.

® Major Applications: Gas turbine parts, Steam service amd
nuclear reactor springs,bolts,vacuum enve~
lopes,extrusion dies, bellows forming tools.

Nominal chemical composition: Ni+Co ~73%, Ti =2.5%,

o Fe =~ 7%, Cr~15.5%%.
Thermal conductivity: 12 W/m°C at 20°c.
22.9 w/m°c at 815°%.
Oxidation: Good to excellent.
e Carburization: Gocd to excellent.

High temperature strength and stability: Good to Exc.

Tensile strength: 1117-1331 MPa.

Yield strength : 793-979 MPa.

® Elongation in 2": 30 - 15%.
B.H.N. : 300 - 390
2) Ceramic AD-998.
Specific gravity: 3%.96
) Rockwell hardness: 90

Crystal size: 1 = 6 microns.

Color: Ivory

Compreasive strer_ th: %792 MPa at 25°c.

6 1930 MPa at 1000°C,

Flexural strength: 283 MPa. ,TYP., 25°C.

Tensile strength: 207 MPa at 25°C.

103 MPa at 1000°cC.
¢ Nodulus of elasticity: 393 GFa.

Shear modulus: 162 GPa.

Poisson's ratio: 0,22

Coeff. of linear thermal expansion: 3.44110'6/°C. at 25¢C.

e Thermal conductivity: 39.7 W/m-K at 20°cC.
6.3 W/m=K at 800°C.
Specific heat: 880 J/Kg.-K at 100°C.
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Part no. 9 is a copper annular c¢ylinder with spiral copper tubes brazed
L) on the external surface. Its purpose is to cool the grip if 1¢ gets too hot
while heating the specimen. Because of the large thermal mass of the aink,
it is anticipated that the grips would have to be cooled only if the
L) temperature of the specimen exceeds 2500°K. As far as possible, we will
refrain from using the cooling system as {t becomes a potential source for
water leakage and material degassing which would hinder the process of
® achieving a high vacuum. Every single component of the internal stage was
designed with utmost caution and fabricated at the Mechanical Development

Shop at Arizona State University.

4.,5.5 Fabrication of tensile test specimen

The mechanical testing system was designed to accomodate both
cylindrical specimer as well as plate type specimen, depending upon the
availability of raw material. As the heating of the specimen was to be done
by resistance~heating, a considerably large amount of curent would be
required to heat up the cylindrical samples. Thus, it was decided that the
flat plate type specimen would be fabricated from the 0.25" dia. sintered

rods procured fram Rhenium Alloys Inec,

[~ 4,5.5.1 Flat plate specimen

Because of the extreme hard nature of W and W alloys, it is virtually

impcsaible to grip the material between the Jjaws of the grip without
¢ providing a positive mechanical means of holding 1t. Invariably, the
tungsten cuts through the grip material and slips out even before a moderate
load is applied. Hence, it was necessary to design a configuration that
e would allow the specimen Lo be pulled by horizontal pins. The ASTM [4.38]

Standard methods of tension testing of metallic materials was referred to,
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in this connection and eventually the dimensions of the specimen were drawn
out as indicated in Fig. 4.52. The specimen itself was fabricated by
cutting out plates (24 mm x 6 mm x 0.75 mm) fram the 0.25 ins. dia. rode. A
special diamond embedded cutter, with a thickness of 0.025 ins. was used for
this purpose. A lot of precautions were taken £0 maintain a feed rate that
would not distort the vertical surface that was being cut. :rna plates were
then mounted on an end milling machining and the right contours machined
using a diamond core drill operated at a speed of about 10000 r.p.m,.
Inspite of the high speed and the fact that a diamond core drill was used,
the machined surface was ﬁoc smooth and so it had to be finished in the
Electrical Discharge machine.

Fixtures and electrodes had to be designed before getting the sample
electrically discharge machined. Figs. 4.53 and 4,54 give cross sectional
views of the fixture for holding the specimen and the electrode assembly
used for cutting, respectively. The specimen was then polished to remove
rough swfaces that might act as stress concentrators, The polishing was
done by using a paraffin mould to hold the specimen and Emery papers and
eventually the lapping machine was used, to give a mirror finish, In ordei'-
to polish all the surfaces uniformly, the sample was finally electropol ished

in 10% aqueous solution of sodium hydronide with an Inconel Cathode.

4.5.5.2 Cylindrical specimen
The cylindrical specimen was fabricated by turning the sintered rod in
¢ a lathe, with the help of a tungsten carbide cutting tool. A lot of
problems had to be overcome before arri\'ring at the optimum conditions for
machining the sample. The tip of the cutting tool was wearing out very fast
| ¢ and it had to be sharpend every other minute. After rough machining in the

lathe, the sample was mounted in a rotatable chuck, in the EDM (Fig. 4.55)

> gy
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Fig. 4.53 Pixture for holding the specimen in the EDM.

0018 R

Fig. 4-52 Dimensions of the flat plate specimen.
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and rotated while the electrode was gradually introduced from the top to
effect the material removal. While designing the electrode, care was taken
to ensure that {ts contowr corresponded exactly to that of the gage section,

of the sample.

geo 4.5.6 Temperature measurement system

Because of the nature of the testing and the small dimensions of the

specimen, it was impossible to drill 2 Hohlraum for temperature measurement.

® Further, since the specimen was going to be resistance heated, it is

impossible to get any useful thermocouple output as the potential difference

in the circuit introduces spurious signals which do not mean anything as far

L) as the temperature is concerned. Thus, 1t was necessary to use induction

heating to heat the sample and get actual temperatures using W-Re

thermocouple wires. The microoptical pyraneter will be calitrated with the

o ~ thermocouple readings and this calibration will be used to measure the
temperature of the specimen, during real~time testing.

The induction heating system is being set up for use, later, for vacuum

N O annealing purposes, Fig. 4.56 is a schematic of the induction heating

| system. The specimen {s mounted in the glass tube and viewed with the

optical pyrcmeter, as shown. The glass chamber is being fabricated at the

€ glass-blowing section, Chemistry Department, Arizona State University. The

mounting rack houses the lon-pump and the corresponding power supply and the

roughing pump provides the necessary roughing vacuum before the ion-pump

€ kicks on., A high frequency Lepel R.F. generator is being readied for this

sytem. The accuracy of temperature measurements, by this method is expected

to be better than :10°C in the 2000 to 2500°K range,

e
[ R T
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4,5.7 General instrumentation and additional facility development

Other than the tempsrature measurement system there are 2 aspects of

o
the general instrumentation that merit mentioning in this section. They are
the vacuum ayatem and the specimen heating system.
0 4.5,7.1 Ion-pump vacuum System
For the reasona mentiored earlier, it is necessary to conduct the test
in an envirorment that is totally free from any contaminants. The best way
jo to achieve this is to evacuate the entire chamber to a vacuum of better than
10"7 torr, the evacuating is done in two stages. The sorpticn pump btrings
the pressure down to about 10'3 torr and then the ion pump takes over until .
® the pressure gets down to 1070 torr. The entire system is then baked with
I.R. lamps at 250°C for 48 to T2 houwrs tc remove adsorbed gases.
° 4.5.7.2 Heating system for the specimen
| The specimen will be heated up using a.c. current from a low
voltage/high current power supply. The output from the power supply is
® carried to the two current feed troughs, at the side of the U-~way cross
chamber, by means of copper wires as shown in Fig. 4.47. Inside the vacuum’
system, copper leads carry the current, through a tantalum sheet, the
6 loading pin and then the specimen, and the circuit is completed back to the
power supply, as shown in Fig. 4.51 Tantalum is used between the copper and
the Inconel pin tecause it has a high melting point and will serve as a sink
- to the heat generated near the pin. If there is a lot of heat conducted to
the copper, then the copper wires will be replaced with tantalum wires
inside the vacuum system.
e
8 C
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4.,5,7.3 The elactron-baam 2one rafining system

AS a part of the study of material problems for high temperature, high-
power space energy conversion systems, it was proposed that we build an
electron-beam floating zone refiner, that could serve the dual purpose of
purifying materials and also distributing a desired impurity uniformly
throughout the material. Zone melting is a general term for controlling the
distribution of soluble impurities or solutes in crystalline materials.
Here, a short molten zone travels slowly through a relatively long solid
charge and while travelling redistributes the solutes in the charge.

The vital part of the design of the zone-refining system is shown in
Fig., 4.57. 1t essentially consists of a 4-way cross vacuum chémber with
cooling water lines on its peripheral surface. The chamber is evacuated
with an ion~pumped vacuum system. The specimen 5 is held in pusition by the
two linear motion feedthroughs. The electron beam source {8 a filament 7
which surrounds the specimen. This electron gun can be moved up and down at
different speeds with the help of the stepper motor operated UHV linear-
motion drive 1, This unit is specially designed for high vacuum
applications and supplied by MS. Kut J. Lesker Co., from Pennsylvania. The
various parts for the zone~refining system were procured in 1984 but all
activities were temporarily shelved until early 1985 when we started working
on it again.

In addition to zone-refining, the system is being modified tc grow

single crystals, bi~orystals and for electron beam melting purposes.

4,5.8 Conclusions

The tests conducted on the various alloy combinations should provide
sufficient information on the following aspects:

1) Ductility

c
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2) Modes of fracture

3) Grain boundary segregation of impurities.

The ductility of the materials is obtained from the change in length or
cross section of the test specimen at various temperatures. The reduction
in area would be zero below the DBTT and then it would increase with
temperature only to a certain extent until it comes down again as grain
boundary fracture dominates. It would be interesting to observe if the
addition of ThO, and HfC provides an increase in the reduction of area over
a wider temperature range,

As has been cited in literature, the modes of fracture are expected to
be one or a combination of the following: transcryatalline cleavage, ductile
tearing and gréin boundary fracture. At temperatures of the order of
100/200°C, the fracture is expected to be of a brittle natue with a higher
percentage of grain boundary fracture than the cleavage type. However, as
the temperature increases, the cleavage will reduce and eventually disappear
and most of the fracture becomes either ductile tearing or grain boundary
fracture. The influence of Re on the mode of fracture of W~Re alloys has
been observed to be one in which there is a decrease in the amount of
cleavage failuwe. Further, the addition of ThO, and HfC is expected to
pranote ductile failue above the DBTT.

The yield stress and the ultimate stress are expected to incrsase with
additions of Re, ThO,, and HfC but this effect is expected to wear out after
about 2500°C when most of the alloys tested exhibit the same properites as
the parent material. It has already been established that the yield strcsé
varies very little with {ncrease in temperature for pure tungsten, but is
increased considerably at lower temperatures with alloying additions. The

tests will certainly reveal whether tungsten can be additively strengthened
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at elevated temperatures by low concentrations of Re in solid solution and
by dispersed ThO, and HfC. If there is an increase in strength due to the
addition of ThO, and HfC, the major factors contributing would be the graln
aize and the dispersoid size.

Calculations of interparticle spacing using the Orowan relationship
should give information leading to the discrepancy in stress values with and
without the dispersoids. It will also show if it is the grain size or
dispersoid distribution or substructure stabilization that contributes to
the strengthening of the base metal. A plot of stress (without alloying) -
stre3ss (with alloying) vs. temperature should amply demonstrate the origin
of incremental contributions to the UTS.

Post test Auger spectroscopy wWwill be done in order to determine the
grain boundary segregation of impurities on the fractured swface. This
shoulc{ reveal a qualitative and quantitative result of the dispersoids.

Eventually, an effort will be made to correlate the work functions from
the microscope and the bulk properties from the high temperature mechanical
testing, in order to arrive at some kind of a merit number for different

types of TEC materials.

4.5.9 Related activities in Research on embrittlement of W~-Re. alloys

A3 we are interested in studying the ductility of W and W/Re alloys, it
would be of utmost importance, to determine the factors that might possibly
be the reason for making W as brittle as it is, Embrittlement of W alloys
is caused by, among other things, grain boundary segregation and hydrogen
embrittlement. To complete the study on recrystallization and ductility, of
W-Re and W, Re, ThO,, HfC alloys it is proposed to include, l.r time permits,

an investigation of embrittlement by grain boundary segregation of
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interstitial impurity products as well as the effect of hydrogen charging on

the tensile strength of the alloys.

4,5.9.1 Grain boundary segregation

A major limitation in the usefulness of tungsten is its tenedency to be
brittle. This difficulty is especially acute when it is in the
polycrystalline form. Insﬁection of the fracture surfaces reveals that
polyecrystalline tungsten often fractures along the grain boundaries,
Interstitial impurity products segregated in grain bocundaries cause this
kind of fracture due to embrittlement and recrystallization further
diminishes ductility by localizing the brittle 1n£erst.it1al products in
grain boundaries thereby increasing their intergranular concentrations.

The most embrittling component is carbon followed by oxygen, nitrogen
and finally hydrogen. However, tungsten has been doped with a nun;ber of
impurities for certain benefits and studies have been done on the effect of
strength on the segregation of impurities in grain boundaries.

A. Joshi [4.39] and D.F. Stein used the Auger electron emission
spectroscopy for direct chemical analysis of fracture sufaces. Substantial
segregation of phosphorus to the grain boundaries waa observed and it was
found that the concentration of phosphorus could be related to the DBTT.
The amount of segregation was also dependent on the grain size - the larger
the grain size, the greater the concentration of phosphorus at the grain
boundary and associated emdrittlement. A combination of Auger electron
spectroscopy and scanning electron microscopy was used [4.40] to identify
the source of the unique interlocked elongated grains responsible for the
high temperature sag resistance in doped W and w-a.e alloys as dus to bubbles
formed by the volatilization of potaaéitm during sintering. They found that

by pinning grain boundaries, the bubbles raised the recrystallization
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temperature. There was a thin layer of potassium remaining on the bubble
® surfaces. The si.ze and distribution of the bubbles was related to the
amount of material deformation during processing. Fig. 4.58 shows a typical
Auger Electron spectra of W-3.25% Re taken in situ immediately after
® fracture at room temperature.
Incidentally, Th additions to Iridium +0.3%W alloys [4.41] are known to
greatly increase their ductility during high temperature impact.
@ Segregation of thorium to grain boundaries in alloys containing 5 and 1000
ppm. Th was studied using AES to analyse Th rich precipitates on
intergranular fracture gurfaces of an alloy containing 1000 ppm thorium.
@ The thorium enriched region was only a few atom layers thick. No additional
increase in grain boundary thorium level was observed as the overall thorium
level was increased from 5 to 1000 ppm. This result indicated a solubility
limit of thorium in Iridium +0.3% W of £S5 ppm. Figs. 4.59 show the
comparisons of the Auger spectra for undoped Ir +0.3% W, 5 ppm doped Ir +
0.3% W, and 1000 ppm doped Ir + 0.3% W.

- We propose to use the Auger Electron Spectroscopy facility at the

v
Centre for Solid State Sciences, to investigate the fracture surfaces of W,
Re and W, Re, ThO,, HfC alloy tensile test specimen and draw suitable
- conclusions on grain boundary segregation.
4.9.2 Hydrogen embrittlement
An important impurity, that contributes to the embrittlement of
e tungsten and tungsten alloys, is hydrogen., Hydrogen embrittlement has been
observed in metallic alloys of hexagonal close-packed, face centered cubic,
and body centered cubic crystalline structures and even in amorphous alloys.
© In particular, the hydrogen embrittlement susceptibility of the body
centered cubic metals a~iron and the group VA elements have been well
©
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documented. However, the body-csntered cubic group VIA refractory elements
have been considered the exception with very little, If not any,
susceptibility to hydrogen embtrittlement. However, recent investigations on
chromium and molybdenum have shown otherwise and this leads us to believe
that there would be an effect of hydrogen charging on the mechani cal
properties of tungsten,

F.E. Scyeryenie [4.42] and H.C. Rogers studied the effects of hydrogen
embrittlement of tungsten base heavy alloys. The tested alloys of W-Cu-NMi
and W~Fe-Ni that were heat treated in hydrogen and then quenched in water
under an atmosphere of hydrogen, before tensile testing the samples. They
found that the effect of hydrogen heat treatment varied with alloy
composition the yield strength of all alloys remained unchanged, A 90W-YNi~-
3Fe alloy, howelver. showed a significant amount of strain rate sensitivity
of ductility, as shown in Fig. 4.61 as compared to the 90W-SNi~5Fe alloy in
Fig. 4.6C.

The effects of small additions of hydrogen on the mechanical properties
of W was investigated by H.K. Birnbaum [4.43] et al. They found that the
effect of hydrogen on group VA metals far cutweighed the effect on VIA
metals and this was attributed to the fact that the W system does not have
any known hydride, a positive heat of solution in equilibrium with the
hydrogen gas phase, and a hydrogen solid solubility which is extremely small
even at rather high temperatures. The effect of other impurities like, O,
N, and C, during hydrogen treatment have been found to be of greater
signiﬁica'nce than embrittlement by hydrogen. Further investigation [4.4d]
of hydr'ogen embrittlement of group ViA metals, resulted in the faot that
under conditions of simultaneous tension testing and cathodic charging, the

hydrogen was present at high fugacity at the tip of a crack or other stress
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conoentrations. ‘Thus, hydrogen entry into the lattice in relatively high
concentrations was possible at the point where {t is moat effective in
causing fracture, the orack tip. Only under such conditons will there be
significant hydrogen embrittlement in Mo and W, A similar conclusion was
drawn [4,45) when T.M. Devins studied the hydrogen cracking of 218 tungsten
wire. He found that, in view of the supposedly low mobility of hydrogen in
molybdenum, as well as .the apparent immunity of unnotched tungsten samples
to embrittlement, the crack initiation time and its relative insensitivity
o applied stress is the result of the entry of hydrogen as the rate
controlling step into the metal at the notch root and the accumulation of a
critical amount in the higm.y stressed region ahead of the notch.

As we are studying tungsten base heavy alloys and as it. has been
reported that there is same effect of hydrogen on such alloys, it appears
that a study on the hydrogen embrittlement of W, Re and W, Re, ThO,, HfC
alloys would merit attention to some extent.

4.,5.10 Recommendations for future activities on mechanical testing and
related topics

High temperature testing Should be conducted on W,Re alloys with
separate components ThO, and HfC. This would make the optimization
procedure more effective and would provide a completeness to the study.

A high temperature tensile stage should bé built, that is capadble of
transferring the fractured specimen directly to the Auger chamber for
analysis. This would prevent atmospheric contaminatiocn of the fractured
surface which mightilead to distorted conclusions regarding fracture
characteristics,

The induction heating system that was built for calibrating the

pyrameter temperature should be modified so that it could be used as a
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vacuum annealing syatem. Thia will also enable one to study the ductile-
brittle tranaition temperatures of various materials as tempsratures below
800°C, could also be measured using W-Re thermocouples.

The gripa used {in the tensile stage should be modified to receive wires
80 that tenaile testing on wires could be carrjied out at elevated
temperatures. It is easier to heat up 2 wire than to heat up a masas of

material using resistancs heating.

¢
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APPE"DIX"“' 1.

Derivation of the Richardson~-Duahman Equation

"unsider an electron gas in equilibrium with a hot conductor. If we
ki - ne pressure of the gas, from kinetic theory we will know how many
electrons will strike on a unit area of hot conductor/sec. The electrons
that are absorbed must be compensated for by those that are emitted. Thus
the fraction of emitted electrons are 1~r where r is the so~called mean
reflection ccefficient.

To get the pressure Of the external electron gas, consider a Carnot
Engine operating between two temperatures T and T+dT, that evaporates
material from the saturated liquid state to the saturated vapor state during

the heat addition process. The efficisncy of such an engineer is

approximately
\Y .dp
work out 'y 1
M. " Tieat supplled - Rrg T M
or h, ey, T %g (2)
rg rg

which i{s the Clausius~Clopcyron Equation. The molecular volume of the

external electron gas is

. X (3)
From (2) we get

d £
Ea-ﬁ;.d‘r (“)

We know that specific heat

cp = (3n/37)p : (5)
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Thus for a subliming solid,

dh

'?trg'cp -

- cr C o (6)
gas psolld

= %

Using the principle of equipartition of energy states, elementary classical
mechanics and Thermodynamics, we can show that the total energy of N

mcleculss is

f
NeH"z""'m"mc (1)

Per mole, we have

f
eif'lt ° % RT (8)
de,! .
int ‘
Cy= =gt )y "3 R (9)

From thermodynamic considerationa of a psrfect gas,

Cp-Cv-R (10)
and so
52 . pal
cp ¥ R=3R _ (11)

for a monatonic gas. (6) is now written as

T

(
npg = ] CpfT * e (12)
- g- RT + h° (’3)

Substituting (13) in (4) we get

h,

Legrars 3.5 . aw
C
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Integrating,
N p e~ hg/RT + 2 8uT+C (15)
or p = '1'5/2 exp. [~h,/RT]exp(C) (16)

The number of particles ﬁ. striking a unit area of wall per unit time coming
in from all directions with all speoeds is
Nednu \7)
T "av

where n = p/kT (18)

Making the usual kinetic thecry assumption of a Maxwellian distribution, the

mean speed is
172
uqv e« [8kT/mm] (19)
The above Equations may be combined to give
N = p/(2mkm) /2 (20)

Eqtn. (16) can be converted into a current Eqtn. by dividing by (21rmk'1‘)”2.

the traction of emitted electrons are (1-r) of those that impinge on the

smitter; thus the emission current is

J = (1=r)A, T? exp.[~hy/(RT)] (21)
Assuning r is independent of temperature, we have

J = A,T2exp[~h,/RT)] (22)

Where A, is the emission constant.

¢
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h
Now %- ﬁ-o- . A (23)
e o J = AT exp. [=¢/(KkT)] (24%)

which is the Richardson-Dushman Equation.

La
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APPENDIX~4.2

Nomencl ature

r ~ mean reflection coefficient.

1=r - fraction of emitted electrons,

T - Temperature (Lower) of Carnot engine.

n ~ theoretical efficiency.

hf g - latent heat of evaporation one mole of elestrons.

"tg - increase in volume of the system accompanying the evaporation of
thia quantity of electrons.

R - The gas constant,

P - Pressure of the gas.

Cp ~ specific heat of constant pressure.

Cp ~ Specific heat of constant pressure of subliming solid.

N - total number of molecules.

EM ~ mean total energy per molecule.

f - number of degrees of freedom.

n' - number of moles.

€int =~ internal energy of the gas.

ei;xt = internal energy per mole of the gas,

Cv - molal specific heat at constant volume.

h, ~ constant of integration.

N - number of particles striking unit area of the wall per unit time.

n - number of particles per volume.

Uay - aritimetic mean speed.

k ~ Boltzmann constant

m ~ mass of the particle,

J - emission ourrent.

A ~ emission constant « 120 Amps./cm?/°K?

¢
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work functicn
Stress or force per unit area.
Strain on fractional deformation.
Elastic modulus on the ratio of stress to strain.

yield strength representing resistance to initial plastic
deformation.

Tensile strength representing the maximum strength.
Elongation or the rati¢ of change in length to the original length.

Reduction of Area as the ratio of change in cross sectional area to
the original area.

Energy.

Fermi energy level.

Plancks's constant.

frequency of electromagnetic waves,
maximum of energy of the electron.
Magnification

Area of collector.
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V. EMISSIVITY DATA FOR METALS AT HIGH TEMPERATURES

S.1 ABSTRACT

A photon c¢counting pyrometer has been built at Arizona State University
based upon a similar device originated by Dr. E. K, Storms at Los Alamos.
National Laboratories, The pyrometers have proven accurate to :1° K at
2000° K. Emissivity data at high temperatures for haftnium, iridium,
molybdenum, nobium, ruthenium, tantalum, tungsten and alloys of Hf, 3%-Zr
and Nb, 45%-Ir have been generated with this pyrcmeter. The relationship of
the emissivity to surface condition, grain size, alloying, crystal
orientation and temperature are elements of investigation in this report.
Requirements for high temperature materials for space systems such aa
thermioni ¢ energy converters requires accurate thermal radiation data, in

particular emissivity, which is the primary objective of this work.
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5.2 INTRODUCTION

The search for thermodynamic properties of various matericls has proven
to be a never ending proceas for the experimental engineer and physicist.
Every experiment and svery calcul ated correiation of data relies to some
degree on the accuracy of the data published for the particular materials in
sue at the time. ASs time ha_s progressed the materlials have become
increasingly rare and much more spacified in their uses. Requirements have
specified higher temperatures, more stable compositions, and various
mixtures of properties.

The temperatures of the materials used in thermionic energy conversion
diodes are routinely over 2000 degrees Kelvin, with some reaching 3000
degrees. At these temperatures the properties of the materials used in the
diodes are very difficult to find in published material. Since the measured
efficiency of a diode is dependent upon the radiation losses and the
radiation heat transfer between materials, the emissivity of the diode
material is a very important property in the prediction of diode
performance .

A thorough research of current published data was made .in order to

determine the extent of the problem in determining the exact properties of

thermionic diode materials at very high temperatures. The first sources
identified were the collected works of Gubareff, Janssen and Torburg [5.1]
and the well known compilation of data by Touloukian and DeWitt [5.2].
These comprehensive publ 1cat1.ons are standard references for many radiation
properties and have been in use for many years. Both publications contain a
wealth of data in the higher temperature ranges for the more common

materials such as tungsten, tantalum, and molybdenum., Another search
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produced more publiocations of data that would substantiate the collected
data and provide information on the less tested materials.

The data was assembled and a common problem emerged. Each paper or
saries of papers dealt with materials suitable for use in a specific field.
For example, Kenisarin [5.3] studied different materials in order to find a
new high temperature standard to replace the Gold furnace presently in use.
Ratanapupech and Bautista [U4] measured the emissivity of metals and their
alloys in a molten state so that the temperature of a melt could be
accurately determined. The materials used in chermionic diodes were not
usually considered.

Several theories on the behavior of the emissivity werle also

~ discovered. Ratanapupech and Bautista [5.4] produced an expression that
related the emissivity of a 1iquid metal alloy to the amissivities of the
parent metals. If this could ve extended to solid alloys the testing of
every alloy mixture of two materials would not be required. Dimitriev and
Chistyakova [5.5] described the dependence of the emissivity of metals on
the temperature and wavelength. L. K, Thomas [6] estimated the wavelength
dependence of the emissivity of tungsten and inolybdenun alloys on the Fermi
energy levels of the materials. The ability to calculate the emiasjivity of
a material seemed to be possible,

The problem was definred., Experimentally determine the emissivity for
materials currently under study for use in thermionic diode energy
conversion. The measured data was examined for any correlaticns that may
permit the prediction of the emissivity of a material without experimental
meagzurement. Th2 dependence of the emissivity on the temperature, crystal
structwe, crystal orientation, surface preparation, grain structure and

anneal ing process were investigated.
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A attenuation factor

] emitted onergy

R pyrcamet.er sount rate

T temperature

Y dead time of photomultiplier
€ enissivity

A wavelength

C, Planck's first constant

C, Planok's second constant

Subsoripts

of calibtration furnace (corrected)
of specimen (corrected)

filter number

measured value

spectrally dependent
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5.3 EQUIPMENT

5.3.1 Pyrcmeter

Once the requirement for tempsrature and thermal radiation maasurement
at very high temperatures was sstablished the instruments necessary for the
tas at hand were sought. A survey of owrrent high temperature measurement
devices produced several typss of optioal pyrcmater.

Each of the pyrometers studied hes its own shortocmings and advantages.
The first pyrameter ccneidered is the disappearing filament pyrometer. This
device has been used for years in situations whara the temperatures of a
material are not measurable by thermocouples. This pyraneter operates on
the comparison principal, where the intensity of the sample (s compared to a
heated filament wire that is within the pyrcmeter. When the filament 1is
heated to the same tempsrature as the target it disappears. Filters may be
used to restrict the incoming radiation to a single wavelength, increasing
the accuracy by elimination of the wavalength as a variable., These
pyrometers are extremely accura.e in the temperature range at which the
instrument is calibrated. The accuracy suffers as the temperature varies
from the calibration temperature. Thia is not usually critical since the
instrurent may be readily recalibrated, but .‘ it is vary time consuming when
wide temperature rangea are being measured.

The major error in this pyrometer is the operator himself. The
operator must compare the color of the reference filamant in the pyrcmeter
with the color of the teat sample., Color percéeption and focusing are
individual qualities of each persor.. Several mezsurements of teamperatures
with this type of pyrometer have been recorded as a temperature range
instead of a specific temperature. Branstetter and Schaal ([5.7] plotted the

emissivities measured with a disappearing filament for a comparison to the

LA )
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target temperature. The difference between the autcamatic pyrameter and the
disappearing filsment pyrcmeter is the detection device. Instead of an
optical comparison by the operator a photcmultiplier is used to compare the
emission of the filament and the sample. The comparison is performed at
high speed by the manipulation of mirrors, shutters or both. Thias type of
device is used by several of the national bureaus of standards of other
countries [10,11] and is also interfaved to microcomputers [5.8,5,11]
providing the possibility for ccmpletely autcmatic lavoratory functioning
based on the pyrameter readings.

Initial work in the field of thermionic emissions brought ocontact with
E. K. Storms [5.12], from Los Alamos National Laboratory, who envountered
this same problem in his work on the determination of work funotions of
materials at high temperatures. His solution removed the reference heating
filament from the autamatic pyrometer. The photomultiplier recorded the
el ectro~-magnetic radiation emitted by a target directly. The thermal
radiation emitted by a material i{s related to the temperature of the

material by Wien's approximation

Given a measurenent of the emitted energy the temperature can then be
compared to the energy emitted by a2 calibrated source. Fram Wen's formula
two equations are developed, one for the energy emitted by the calibrated

source and another for the energy emitted by the specimen being measwured,

e, = 2 C,/2* exp(C,/AT ) (5.2)

6g = 2 C,/2* exp(C,/ATg) (5.3)
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The ratio of emitted energy for the calibrataed source to the emitted energy

for the uninown souce oan then be found.

0./ 05 = 8XP(C,/ATg = Co/AT,) (5.4)

Solving for the unknown temperaturs yields

T, = 1/[(1n oc/os) MC, + 1/'ch | . (5.9%)

8

The instrument has proven accurate to within 22* K at 2000° K without
recalibration at any of the higher temperatures. The output is digitized,
resulting in the ability to record the temperatures by simply connecting a
printer or digital at.or;n device. Since thia met all of the regquirements
of the experiment a pulse counting pyrcmeter was constructed.

The conatruction of a pulse counting pyrcmeter was the next order of
business. The details of the construction and operation of the pyrometer
are cutlined in appendix A. The photcmultiplier measures & selected amount
of radiation determined by the optical assembly. This assembly allows for:
1. selection of the wavelength of radiation to be sampled, 2. selection of
the size of the sample area to be measured, 3. a ranging, measurement of
broad temperature ranges, and 4. the ability to aim the pyrameter at the
desired sample area.

Tha individual parts of the optical processing assembly are labeled in
Fig. 5.1. The thermal radiation from the teast specimen enters the camera
lens (a) where the image i{s focused into the optical assembly. An
interference rilter (b) restricting the incoming radiation to a specific
wavelength. A filter operating at a wavelength of 535nm is used in this

device.
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The image of the specimen is foused onto a nickel mirror (o). The
mirror serves three purposes. An aperature .imm in diameter is drilled in
the center of the mirror. The aperature restricts the amount of radiation
that |s adnitted to the photanultiplier tube, The aperature alao allows the
pyrometer to be aimed at a very small area on the test specimen. Finally
the mirror itself is used to aim the pyrameter at the test specimen. A 6
power eyepiece ‘13 used for the aiming process (d).

The filter section (e) is composed of three neutral density filteras
selectable with a lever on the side of the pyruameter. The three differant
filters attenuate the level of the radiation entering the photomultiplier
tube., the attenuation provides three ranges of pyrometer operation
permitting the measurement of temperatures fram 10C0 to 3000°K.

The photamultiplier (f) converts the thermal radiation into a series of
electrical pulses. These pulses differ in voltage corresponding to the
level of energy of the photons detectad by the photamultipiier. The pulses
are processed by a Princeton Applied Research [5.13] Model 1121
Discriminator~Amplirier (g). The discriminator section produces a signal
based on the photomultiplier output. The amplifier section anplifies the
discriminator output to a level compatible with the counting equipment.. The
output from the discriminator-amplifier if fed into a Hewlett-Packard [5.14]
Model 5308 Frequency Counter-Timer (h). The frequency counter displays the
number of pulses produced by the discriminator~amplifier in the form of a
frequency (counts par second). The displayed reading is the measured count
rate. The count rate is corrected and then converted to a temperature value
or {s used as is in emissivity calculations. Each of these processes are

discussed in the procedures section.

- I
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5.3.2 Vacuum System

The testing of materials at very high temperatures required a vasuum

* system to prevent the oxidation of the materials. Shur and Peletskii [5.15]
found that the minimum vacuum required to prevent this oxidation was &
® presaure of 3x10" Terr. A vacuum system that would reach this levsel was
readily available in the form of a diffusion pump and bell jar vacuum
ohnm.bar. The system is very fast and simple to operate.
jQ
5.3.3 Heating Apparatus
The heating method used in this series of experiments is electron
Lo bombardnent (Fig. 5.2). This method uses a tungsten heating filament (a)
that i3 heated hy an AC current. The heating of the filament causes the
"boiling off" of high energy electrons from the surface of the filament (b).
° The freed electrons are propelled toward the specimen by applying a high
voltage potential (¢) between the filament and the sample. The energy
imparted to the sample by the impact of the high energy electrons Neats the
® sample to very high temperatures. The power supply used in this apparatus
incorporates a 10 Kilovolt DC supply operating at up to 0.5 Amperes [5.16].
This DC high voltage 1s the ground level for an AC power supply operating at
.' 6 up to 10 Volts and 20 Amperes. The AC supply provides the current to heat
the tungsten filament and boil off the electrons while the DC supply
provides the high voltage potential between the filament and the test
specimen.
s
e
_ ¢
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5.3.4 Sanple Preparation

The materials used in this series of tests were selected based on

®
» availability and on their projected use in thermionic diode energy
conversion research, The materials were hafnium, iridium, molybdenunm,
® niobjum, ruthenium, tantalum, tungsten and two alioys, Nb, U45%-Ir and Hf,
3%~Zr (psrcentage based on atomic weight).
Each sample was approximately 2am thick and 12 to 20mm in diameter. A
: ° hohlraum imm in diameter and 10mm deep was drillecl through the edge of the
sample by electrical discharge machining (for the smaller diameter samples
the hole was 0.6mm dia. and émm deep). The hohlraum was parallel to each
" flat surface and passed thorough the center of the sample (Fig. 5.3). The
sample test area was polished with one or more grades of polishing compound:
600 grit carborundum wet/dry abrasive paper, 3 micron diamond or 0.5 micron
: ° diamond lapping compound. The test area produceéd by the polishing was on a
plane perpendicular to the hohlraum centerline. The sample was bonded to a
tantalun holder and placed in the test apparatus mounted to the vacuum
chamber (Fig. 5.3d).
®
| &
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5.4 PROCEDURE

Two steps were made before any of the measurements were taken, These
were simple precautions to inswe the proper functioning of the pyrometer
and the validity of the measured data. First the attenuation of the bell
Jar was meaQured. A constant temperature source was placed in the vacuum
chamber, The pyrcmeter ﬁeasured the emisaion of the source., The bell jar
was then placed in position and a second measurement was made. The ratio of
these two measurements was included in the attentuation values for the
pyrameter filters (see Appendix A).

The next step was the verification of the actual sample area of the
pulse counting pyrameter. There was scme doubt on my part as to the actual
area of the sample that was measured by the pyraneter. A niobium sample was
prepared with three different diameter hohlraums: 1.4mm, 0.7mm and O.4mm.
The 1.4mm hohlraum was only drilled to a depth of 10mm because of the size
of the sample. The face of the sample was polished to provide a uniform
surface around each of the hohlrauns. The sample was heated to 1500° K and
allowed to stabilize for a period of 1 how. The emission of the sample was
measurad for 10 minutes to confirm that the temperature was stable.
Measurements of each of the three hohlraums were made, The pyrdameter was a
fixed distance from the sample. The smallest emission measured was at the
largest (1,4mm)hohlraum. This procedure confirmed the size of the sample
area of the pyroameter to be approximately O.l4mm at a distance of 200mm from
the sample.

The objectives of the test measurements were considered during the
conduct of the heating process. The evaluation of the emissivity data
required a knowledge of the changes that occurred in the emissivity and the

material surface condition from the initial heating through extended
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exposure Lo temperatures above 2000° K. The data assenbled would reveal the
change in microscopic surface condition and the effect that this change had
on the emissivity of the material.

Two different heating processes were used to examine different effects
on the emisaivity and the surface conditions. Tungsten was used to test the
effect of annealing on the emissivity and tantalum was used to test the
effect of the surface preparation on the emissivity. The annealing process
prescribed in many of the papers [5.6,5.7,5.15] included very long periods
of time under extremely high temperatures. Neuer and Worner [5.17], in
their study of the emissivity of steel alloys, carefully observed the time
and temperature dependence of the annealing effect conciuding that the
annealing process was very fast., Most materials showed a change immediately
after applying the heat. The annealing effect was complete after a maximum
of 30 minutes at fairly low temperatures. The annzaling effect at elevated
temperatures was complete after 10-~20 minutea. The examination of this
process in the tungsten sample would require slow heating with freguent
emissivity measurements.

The sample was initially heated to approximately 1300 K. Emissivity
measurements were then taken up to a temperature of 2100° K. The
temperature of the sample was decreased and stabilized at approximately
1500° K for a period of 2 hours., This annealing tempsrature was chosen
based on results obtained by Shur and Peletskii in their measurements on the
emissivity of titanfum and titanium iociid {£.15]. The time factor chosen
was half of the time used in their testing. The emissivity measurement
continued fram 1100 up to 2&60°K.

The other heating procedure was designed to optimize the time of the

test and allow checkingyf’or an annealing effect in the materiai. Each
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sample was heated to approximately 1500° K for a period of 30 minutes. the
tamperature was decreased to 1100° K where emissivity measurements began.
The tempsrature was increased and emissivity measurements made up to 2400°
K. The temperature was decreased to approximately 2000, 1800, 1600 and
1400° K and emissivity measurements were taken. The second set of
measurements recorded any change in the swface condition. The effect of
the crystal orientation on the emissivity of a material was evaluated using
a niobium single orystal specimen. This sample was polished on three faces
45° apart.. The emissivity of each face was measured at every temperature
level.

The recorded measurements of the pyrometer must be corrected for the
dead time of the photamultiplier and for the attenuation of the bell jar and
filters. The corrected count rates are converted into the temperature and
emissivity values, The dead time and attenuation values are obtained
experimentally. The process for obtaining these values is described in

Appendix 5.9. The corrected count rate is found from the expression

The temperature is related to the corrected count rate through Wien's

approximation

T.=1/0(in R

S o/Bg) MCy + 1/TC] (5.7)

The emissivity of a material is defined as the energy emitted from a
surface compared to the energy emitted by a black body at the same
temperature and wavelength. Since the pyrameter measur"es a relative level

of emitted energy, the emissivity is a simple comparison of the corrected

count rates measured at the hohlraum and at the swrface
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® ' 5.5 ERROR REDUCTION
The measurement of any quantity involves comparison of the measurenant
in one set of conditions to a recognized standard of measurement. This
@ series of tusts involves two measurements, the sample temperature and
emmissivity. Both of the measurements are dependent on the acouracy of the
pulse counting pyrometer. The errors asscciated with the operation of the
| o photomultipl ier are discussed {in detall in Appendix 5.9 The effact of these
errors on the teat results are discussed in this section. Othar errors in
emissivity and tenpsrature measwoment are aiso presented, as well as the

a ¥ | steps taken tc reduce the effects cf those errors,

5.5.1 Pyraneter Error

The pyrometer contains two sources of error. The calibratjion is the

|® first source of error in any type of measuring device. Pyrometers are
normally calibrated against a tungsten strip lamp resident in the
laboratory. The strip lamp is sent to the National Bureazu of Standard for
. calibration against the natlional temperature standards. The national
temperature standards are calibrated against a gold furnace, the
) international standard for high'tunperature calitration. The strip lamp is
: © then installecd in the laboratory in & controlled enviromment chamber with an
adjustable power supply.
: The possibility of error introduced by this system is enormous. The
¢ extension of the gold standard to very high temperatures introduces an error
that has been discussed in many papers. Kenisarin [5.3], Jones and Tapping
(5.18] and Ruffino [5.19] have all proposed the use of a different material
N with a higher freezing point as the international temperature standard for
c
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this very reason. Also, every transfer of the initial calibtration standard
h. results in the introduction of a small error in temperaturs measurement,

The leat number of transfers is two: ona frow a gold furnace to a strip

lamp at the National Bureau of Standard and the other from that strip lamp
to the user's strip lamp. the calibration by the National Bureau of
Standards providea the user with a sheet of tempsrature readings at 100° K
steps. These tenperatures are rscorded for a pyranreter using a wavelength
of .655 microns. The pyrcmeter is calibrated at these teaperatures,

The calibration of the pulse counting pyraueter reduces the usual level
of pyrameter error by calibrating the device with a copper furnace opeirrated
by €. K. Storms at .98 Alamos National Laboratory ([5.12]. This pyrometer
also operates in a controlled and predictable manner above the copper
melting point. The result is a pyrometer that is accur'ate to less than

41° K at temperatures above 2000° K [5.12].

5.5.2 Black Body Cavity

The hohlraum drilled into the edge of each of the test specimens serves
as the point of measurement of the temperature of the sample. The use of
hohlrauns as black body cavities has been studied at great length for its
simplification ¢f the measurement of very high temperatures, Branstetter
and Schaal at NASA Lewis experimentally measured the emissivities of several
geometries of cavity [5.7]. The reaults indicated that a cylindrical cavity
Wwith a length to diameter ratio c;r T to 1 would yield an emissivity of .99.
A mathematical formulation of the same probiem was made by Y. Ohwada at the
Japanese National Research Laboratory of Metrology. His results
incorporated both isothermal and nonisothermal cavities of cylindrical and
conical geometries. His mathematical formulation for isothermal cavities

indicated an emissivity of .9938 [5.20]. The evaluation of a nonisothermal
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cavity indicated an emigsivity of .99C [5.21]. The experimental and
rathematical oalculations indicate an error of leas than i% is introdwed by

the assuaption of the hohlraums as black cavities,

5.5.3 Tenparature Gradient

The measrenent of the emissivity was a coaparison between the energy
emitted at the hohlraum to the energy emitted at the swface. An arror was
introduced because of the physical method used to make the energy level
measurements at the hohlraum snd the suface. The measurument of both
energy levels were made by the same pulse counting pyrcmeter.

The hohlraum was measured first then the pyrcameter was aimed at the
sufaca of the sample to cbtain the surface smlssion. the pyrcmeter was
again aimed at the hohlraum for a second temperature measurement. This
process required a certain amount of time to perform. The normal time
required for hits proceas was five seconds to measure the temperature, two
seconds to move the pyrometer and stabilize the reading, five seconds to
measure the surface emission, two seconds to move the pyrcmeter again, and
five seconds to measure the temperature for a total time of nineteen
seconds. This length of time was enough to allow the power supply to drift
slightly fram the initial value causing a change in the temperature of the
sample. The temperature change was usually less than 2° K. However, the
variation did reach levels of 10° K. The evaluation of the temperature for
each emissivity measurement was an average of six to ten readings made by
the pyrometer, half from before the surface measurement and half after. Any
data recorded that had a temperature change of more than 5° K was discarded.
This threshold guaranteed a temperature measurement accurate to within 1% of

the temperature of the surface at the time of the awrface measuwement.
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The caloulation of the emissivity presented a larger error than that
considered for the temperature measwurements. The souce of this error was
based in the oparational characteristios of the pulse counting pyrometer.
The actual number of pulses counted at higher temperatures (above 1500° K)
was between one and two million counts per second., All seven of the digits
were recorded and used in calculations, A 1° K t:cnparatur‘o change at 1500°
K caused a change of about 10,000 counts per second, This results in the
high accuracy of the pulse counting pyrameter for measuring temperatures.
However, this also causes problems with any temperature instablility in the
test specimen. The tempsrature change during the measurement process
described above resulted in a large difference in the energy readings made
by the pyrocmeter. This difference affected the calculated emissivity.
Changing the temperature by 5° K resulted in a variation of the calculated
emissivity by 54. This variation increased with an increase in
temperature. Combining all of the factors in this section the recorded data

should be accurate to approximately 7%.

5.6 RESULTS

Figures 5.4 through 5.9 show the measured emissivity of the materials
tested. Data collected from other papers and publications are shown aa.
bands or curves of emissivity as a function of temperature., Note that most
publ ished data for the normal spectral emissivity of a material was measured

at a wavelength of .655 microns. The data was adjusted t¢ a wavelength of

.535 microns by Planck's Law

e'A = 2 C,/{A%[exp(C/AT = 1)1}
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Where there are several souwoces of data the emissivities measured in this
series conpare favorably with the results obtained by others. Table 5.1
lists the measured data for each of the materials teated,

Figure 5.4 showa the plots of the tungsten data and the expected data
for this wavelength. The data rorf the polished surface l1ies within the
range of past test resulta, verifying the experimontal method being used and
the operation of the pulse ocounting pyrcameter. Figures 5.5 and 5.6 show the
tantalun and molybdenum data which also fall near the expected results,

The variable with the greatest effeot on the emissivity is, not
surprisingly, the surface condition. With various surface preparation, and
before annealing took place, the emissivity varies by more than 40%. This
is much greater than the differences between materials. It can also be seen
from the tantalum and tungsten plots that there is a definite effect from
the annealing process. Curves 1 were obtained during the initial heating
cycle. Curves 2 were obtained after a period of 2 hours at approximately
1506° K. The effects of the annealing process can be observed both in the
Jdifferences in emissivities and in a comparison of the surface condition
before and after the heating cycle. The before-and-after inapections of
each of the specimens revealed a smoothing effect caused by the anneal ing
process, The annealing time turned out to be much less than reported in
various other experiments [5.6,5.7,5.15). Consultation with James Morris
(recently at NASA Lewis, currently at Arizona St. Univ.) revealed that there
seems tO be a definite relation between the annealing characteristics of the
material and the recrystallization temperatue of the material. Because the
measurements were taken only at the surface the effects of the

recrystallization process made themselves known within minuwes, not hours.

‘This is supported by the results obtained by Neuer and Worner in their tests

on steel alloys [5.17]. Due to different definitions of the

T § e 2 T Y AR (Y R R WA A Y R T W A TR R I T L R R

. W - — ———— i —



224

L r rr 1 1t 1 1 2 ¢ 1 ¥ X 1 2 X1 1.3 1 1. 1 1 1 1 ¢+ ¢* ¢* ¢* L1 Y -1 2 ¢+ [ 2 1 1 1 2 % 1 1 1 1% 1 11 1 % 1 1 T % % Y Y Y }

T‘“.t.. € = «3437 - o‘”“"’? T
Tantalum € = ,8248 ~« .7920e~4 T
Molybdenun € = ,.856356 -~ .9066e~4¢4 T
Niobium

single orystal € = ,524€ - .7673~4 T

polyerystall ine ¢ = .5646 - .8986e~4 T
Niobiumn~48% Iridiua € = .823%7 - .13802e~-3 T
Iridium € = ,4078 ~ .4382e~-4 T
Hafaniun € = ,.8874 - .1148e-3 T
Hafnium-3% Zirconlunm € = 1.0406 - .304d6e~-3 T
Rutheniua € = 8688 - .1480e~3 T

Table 5.1. Line fit of emissivity data as a
function of temperature (* Kelvin).
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Iunasaten

Tenp Euiss Tewp Eniss Tenp Eniss
curve 1|

1689 549 1979 .548 2073 548
1762 839 1990 .587 2084 .348
1886 .841 2006 .548

curve 2

1604 . 470 2108 . 440 2327 . 427
1780 448 - 2238 . 431

Iantaluna

Tewp Eniss Tenp Eniss Tenp Eniss
curve 1|

1814 .646 1859 .587 1851 511
1823 .648 1888 .568

curve 2

1434 <417 1942 .379 2099 .346
1528 . 408 1998 . 378 2118 .34}
1584 . 397 2001 369 2162 .336
1606 . 392 2011 .362 2226 .323
1717 .362 2031 «367 2289 .318
1860 . 347 2041 .361 2329 .310
jgoe . 363 2080 .362 2383 .312
1938 . 378 2087 .361 2418 312
lolrhdepun

Tewmp Emniss Tenp Eniss Tenp Emiss
1013 . 488 1738 .396 1968 . 377
1374 . 449 1778 . 388 1982 .372
1416 . 438 1812 .38% 2027 .370
1481 . 430 1839 . 388 2042 .373
1546 .419 1846 .382 2077 .373
1601 415 1883 .380 2082 .372
1724 . 398 1927 . 380 2091 . 372

Table 5.2. Emissivity data
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single orystal

Tenp Eniss Tenp Eniss Tenp Eniss
1589 . 398 1938 . 324 2217 . 309

1721 . 347 19838 +320 as10 . 397

1777 . 387 2087 .320 2331 . 260

1848 . 339 2063 . 319 2363 . 380

1887 .334 2186 .319 2407 . 249

polycrystall lne

Tenp Eniss Tenp Eniss Tenp Enisa
1476 .523 1758 . 402 2086 .373

1880 .462 1772 . 406 2088 .378

1669 414 1848 . 403 2148 374

1708 . 4098 1914 . 380 2206 .363

1728 . 408 '

Tenp Eniss Temp Eniss Temp Eniss
1431 .336 : 1698 . 423 1817 .376

1518 .320 1788 .394 1827 . 369

1601t .47% 1799 .389 1887 344

1641 . 436 1809 . 384 1916 319

Ixidiun

Tenp Eniss Tenp Eaiss Tenmp Eniss
1526 .336 1639 .338 1845 .333

1614 .341 1822 .324 1933 .320

Hatolum

Tenp Eniss Tenp Eniss Temp Eniss
1306 . 450 1785 .381 1892 . 392

1852 . 400 1819 .372 1914 . 382

1630 .383 1817 .374

Table 5.2. Emissivity data (continued)
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Halnism=3% Ziraonium

Teap EBaisse Tenp Enlss Tenp Eniss
1842 .468 1631 .4%0 1790 .333

1487 .478 1673 . 439 1883 . 396

19237 . 471 1738 .411 1918 . 369

Ruthaniun -

Teap Eaiss Temnp Eniss Teap Eniss
1624 .333 1882 . 297 1940 . 307

1700 .334 1873 .299 ‘

Table 5.2. Emissivity data (continued)
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recrystallization tamperature a definite annealing temperature cannot be

| @ defined, A guideline of 0.4 times the melting point of the material is used
for evaluating these test results,

It appears that a linear relationship exists between the normal

® spectral emissivity of same materials and the temperature of the material.

Dimitriev and Chistyakova [5.15] and Zhorov [5.22] have found relationships

for the emissivity of a material as a function of temperature. Since the

‘ ® data collected here is linear in nature a least squares method of curve

fitting is applied to each of the plots yielding the results in Table 5.2.

Several of the materials were sampled over too small a temperature

@ difference to provide a good line fit of the data (Ru, Nb-Ir, Hf, Hf-Zr). A

future investigation in other wavelength bands could yield the same kind of

results. L. K. Thomas at the Westinghouse R & D Center predicted the

wavelength dependence of material emissivity based on the Fermi energy level

of the material [5.6]. With his work and the theory set forth here, it may
be possible to describe the emissivity of a material based only on the
® material properties and a known surface enviromment.
Ratanapupech and Bautista [5.U4] determined an expression for the
emissivity of a mixture of liquid metals in terms of the mole fractions and
emissivities of the elements that compose the mixture. An attempt is made
to find a similar expression for solid alloys. The results of the alloy
measurements are in Fig. 5.7 and 5.8. There seans to be no relation at all
',, between the emissivity of 2 solid alloy and the emissivities of the
constituents, Instead the surface condition dominates the property of
emissivity. The Nb, Ir plot is close to the Nb plot at low temperature,then
‘», it moves toward the Ir plot as the temperature rises. The melting point of
' the material was reached at a temperature readlng'or 2130° K (this alloy is
j &
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a eutectic with a melting point of 2137° K). The Hf, Zr (Fig. 5.8) alloy
P showed a strong relationship to the emissivity plot of the Hf. This could

be a funection of the small percentage of Zr in this particular alley. the
comparison of the samples after testing revealed that the Hf and Hf,Zr have
H‘ completely different microscopic surface conditions, Data published for
other alloys (Mo-W, W~Re, W-Ta, W-Nb, Ta~Mo among others) also have no
relationship to the properties of the base metals.

The relationship of the emissivity to the microscopic surface area is
hampered because of problems ir measurement of the surface roughness,.
Shestakov, et. al. [5.23] performed an analytical evaluation of the effect
of the roughness on the emissivity hut did not. pr'm;'ide a solution for the
measurement of the roughness itself. Neuer and Worner [5.17] performed a

regular etching of steel surfaces using the electrical machining process.

The ar.alytical ¢alculations of the emissivity of these samples closeiy
followed the experimental resultsa. These investigations show the
possibility of calculating the emissivity based on surface condition, the
relationship of the surface roughness to the emissivity did not appear in
these tests. The swface roughness caused by a relatively rough polish dces
not prevail over the annealing effect.

The effect of the crystal orientation on the emissivity is explored by
testing a Nioblum single crystal at three different orientations. The
measurements show less variation than the accuracy of the measurement
process. However the difference between the single crystal and
polycrystalline samples is surprising. Microscopic analysis r'eve‘als that
the polyerystalline sample acquired numerous surface pits from the annealing
process accounting for the higher emissivity values over the single crystal

sample (Fig. 5.7).
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5.7 CONCLUSIONS

The pulse counting pyraneter proved to be an excellent instrument for
m3asuring the energy emitted by‘ a material. The resulting data can be used
to directly measure emitted energy rather than rsquiring inference fram a
measured temperature., Material propertlies whish are based on an emitted
energy can be calculated.

The emissivity of materials has been shown toO be a strong function of
the surface preparation with the temperature a weak function at any one
wavelength. A possible expression for the emissivity as a function of
temperature iIs given for some of the materials tested. The crystal
orientation does not effeact the ;naterial ellnissivity. However the difference
between a single crystal structure and a polycrystalline structure does
affect the emissivity. The emissivity of an alloy is not related to the
constituents but is determined by the surface conditions. The annealing
process and Lts effect on the emissivity 1s related to the grain structure
of the material and the growth of the grains during heating. The normal

spectral emissivities of hafnium, iridium, molybdenum, niobium, ruthenium,

tantalum and tungsten, Hf, 3%~Zr ard Nb,U5%-Ir are recorded.

The determination of the emissivity from the material properties seems
to be within grasp. Further study into the effect of the recrystallization
temperature and the annealing process is necessary to accurately predict the
transition point and the properties of a material before and after that
point. The grain size and structure should be accurately measured during
each step of the heating procesa. Then the prediction of the emissivity
fram the surface roughness may be made, The final product should be an
accurate emissivity value of any desired metal at any temperature. The

extension of this to the total and hemispherical emlssivities also seems
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possible. The end result would bes a savings of many man hours of teating

and research and would allow the pursuit of more meaning studies.
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5.8 Appendix

Pulse Counting Pyrameter

The photon/pulse counting pyrcmeter was designed by Dr. E. K. Storns
at Los Alamos National Laboratory [5.27]. It was designed to provide a very
accurate and easy to use pyrometer for the laboratory. The device uses a
photomultiplier to detect the thermal radiation emitted from a source, The
electrical pulses produced by the photamultiplier are counted and compared
to the number of pulses produced at a calibration temperature., The results
is the temperature of the source. The detailed construction, calibration

and operation of the pulse counting pyrometer is presented.

o 5.8.1 Construction
The first step in construction is obtaining a photamultiplier tube and

housing assembly. The assembly used is a 9813B photamultiplier and a RFI/B-

o 213F housing [5.28]. This assembly is mounted on a base plate of aluminum

to allow the mounting of the optical assembly. The pyrameter is shown in

Figure 5.10. The optical assembly is composed of an inexpensive camera lens

¢ (a), an interference filter (b), a nickel mirror (c), an eyepiece (d), and a
neutral density filter assembly (e).

The camera lens may be of any variety. A fixed focal length model was

‘5‘3 used. The use of a variable focal length may be possible but has not beern

attempted. The lens is attached to an aluninum box with a bayonet mount.

The aluminun box may be of any size and shape. The interference filter is

< mounted just behind the camera lens. The nickel mirror is mounted on a

aluminum block at an angle of 45° to the incident radiation. A .imm hole is

drilied in the center of the mirror parallel to the incident racdiation. The

e neutral density filter assembly is from a Northrup & Leeds optical

pyrometer. It contalins two filters and one opening without a filter. The

e._
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eyepiece 1s positioned at 90° to the {ncident radiation and is fooused on
the mirror.

The only oritical alignment is in the positioning of the mirror and
the camera lens on the center lina of the photamultiplier. Care should be
taken to keep all t';hroo components on the same axis. The distance of the
mirror from the camerz lens should be checked to insure the ability to focus
an image onto the mirror at a diatance of 15 to 25 om fram the camera lens.

A 6 power eyepiece i3 used in this instrument and i{s more than adequate.

5.8.2 Theory of Operation

The operation of the pyrometer is broken down into three major
sections. The optical section of the pyrumeter is the selector section of
the pyroméeter, restricting the 1hcoming thermal radiation to a single
wavalength and sampling a small area of the source. Each portion of the
optical section serves a specific purpose. The camera lens gathers the
radiation emitted by the source. As the radiated beam enters the optical
assembly the interference filter acts to admit only a specific wavelength of
the radiation. The mirror positions an image of the source in the focal
axis of the eyepiece for aiming the pyrameter. The aperature drilled in the
mirror restricts the sampled portion of the source to a very small area.
The exact area {s determined by the distance the pyrometer is fram the
source. The neutral density filters attenuate the incoming radiation to a
level that is within the linear operating range of the photomultiplier
detector.

The detector section 12 the photomultiplier assembly. The
photanultipiier works on the principle of photoemission and secondary-
electron emission in c¢rder to detect very low levels of light [5.29]. The

incoming thermal radiation strikes the photocathode at the front of the
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photomultiplier tube. The photoelectric emission in the photocathode
material send electrons into the photomultiplier tube. The number of
slectrons released is proportional to the energy of the incoming radiation,
The electrons are accelerated and focused onto a dynode. This material will
emit two or more electrons for esach incident electron. These secondary
electrons are again accelerated and focused ont¢ another dynode providing
another level of aplification. Several of these stages may be placed in a
photomultiplier resulting in an amplification of several orders of
magni tude, The acceleration of the elactrons and the operation of the
dynodes are powered by an excitation voltage supplied oxternal to the tube,
The focusing apparatus in this device is performed by the permanent magnets
mounted in the phototubs housing.

The signal processing section is composed of a Princeton Applied
Research Model 1121 Discriminator-Amplifier [5.30] and a Hewlett-Packard
Model 5308 Timer-Counter [5.31]. The signal produced by the photamultiplier
is routed to the discriminator-~amplifier. The discriminator produces and
output‘ pulse based on the signal from the photomultiplier. The threshold
level and count mode may be selected fram the front panel. The threshold
level sets the minimum signal level that will be processed by the
discriminator. A threshold dirr'er-ence level may also be set that controls a
second threshold level. The count mode may be one of three selections. the
SINGLE count position provides a single output pulse for =2ach input that
exceeds the low threshold level. The WINDOW count position produces an
output pulse only {f the incoming signal is between the high and low
threshold levels. The CORRECT count position produces a single output pulse

for each input signal that is between the high and low threshold levels,
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and, produces two output pulses for any input signal that is above the high

® threshold levsl., |
The output signal from the discriminator~amplifier is input to the
timer-counter, This device is operated as a frequency counter providing an
® output that is the numbar of counts per second. Any type of frequency
counter may be used. The Hewlett-Packard 5308 was chosen because of the
standard interface connection and the ability to use it in other systems. A

Hewl ett-Packard printer is connected via the interface mroviding a hard copy

®
of the pyrameter measurements.
5.8.3 Calibration
® A pyrometer is only as good as the calibration. For thias reason the
puise counting pyrameter was transported to Los Alamos National Laboratory
and the laboratory of Dr. E. K. Storms for calibration. Dr. Storms operates
® a copper furnace specifically for calibration of his two photon counting
pyraneters [5.27].
The {nitial step in calibration was to determine the operation
g parameters that would provide the most linear operation over the widest
temperature range. This was a trial and error process using a tungsten
strip lamp and an adjustable power suppiy for the photcemultiplier excitation
& voltage. The reading of the pyrometer was plotted against the strip lamp
temperature. This process was repeated for each excitation voltage,
threshold level, threshold difference level and count mode., The most 1linear
< operating mode was obtained at the following settings:
Excitation voltage 1400V
Threshold 0.975mv
Threshold difference 0.300mV
e Count Mode CORRECT
¢
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The next step was the actual ocalibration., The pyrometer was aimed at
the ocopper furnace and connected to a computer. The computer recorded and
plotted wach reading of the pyrameter. The copper furnace was turned on.
When the copper bsgan to melt the plot of the pyrameter readings leveled off
indicating the phase change of the copper. When the phase change was
complete the pyraneter readings again increasc¢d indicating the completion of
the phase change. The power to the furnace was turned off. The readings
again leveled off during the phase change of the coppsr. When the phase
change was complete the process was halted. The entire sequence raquired a
period of three hours. The start and end points of each of the phase
changes were designated and the computer calculated the average pyrometer
reading at the caliration temperature,

The last step in the calibration was the determination of the dead
time of the photomultiplier and the attenuation of each of the neutral
density filters. The dead time of the photomultiplier is the recovery rate
of the detector within the photomultiplier tube. The detector has a certain
recovery time during which it will not detect an impacting electron. | The
dead time is a value that corrects for this characteristic behavior.

The process requires an adjustable temperature source, in this case a
tungsten strip lamp. The pyrameter count rate is measured without a filter
in place. At the same temperature a new measurement is made with a filter
in the light path. The process is repeated for each filter and for a series
cf temperature. A plot of the ratio of the count rates versus the count
rate without the filter is made. A least squares curve fit is used to

relate the measurements to the exprassion

Rp/Rpyy @ Ay * Rp Y (Ap, =D (9)
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I {ndicates the filter number. Two filters are used in this instrument with

@ a third position without a filter. O was designated the msasurement without
a filter, 1 for the first filter and 2 for the second filter,

The plot of the two sets of data points is in Figwe 5.11. Al3o shown

® A 1s the line fitted to equation 3. The resulting dead time is an avaerage of

the values calculated for each filter. The attenuation of the pyrex bell

Jar {s used as the attenuation of the 0 filter position. The attsnuation

& - values and dead time for this instrument are:
Dead time 1.10U44E-T 1/sec
Attenuation 0 1.0607
Attenuation 1 4.7780
Attenuation 2 98.6840

The calibtration measurement is corrected for dead time (Eqn. 6) and
used in the expression for determining the temperature of other pyrameter

measurements (Eqn. 7).

@
This completes the details of the pulse/photon counting pyrameter,
Dr. Storms has used two of these instruments for over five years without
. difficulty. The calibration has proven to be good for at least a three year
®
period. The dead time and attenuation calculations are repeated about every
six months. The long torm drift in calibration is better than 1° K. The
b reproducibility of a temperature measurement is better than £0.2° K. The
| &
' accuracy of the instrument iIs better than 1° K based on gold furnace
measurements [5.27].
g &
| @
¢

AN AR VRN S ACRICN 5 VT




LT TUNMUTTIA 7Y BTN, il LTI LR VI N W W VIS D B0 S i pome g 907 4 1 3 M 1 3™ 3 vw ™ = = e —m e e

=
242

49

i‘f 2. | W - A ! ] [} | S . 2 8 0 'y

o 1000 2000 3000
: Counts (x1000)
® Figure 5.11 Plot for calculation of dead tine

s

’ F Bl L ol Rl S o S N ™ ™ e W 3y ".’.‘h". "'"" 'T""‘" A% Bl e "-I." Vg ',‘.)':' ’;}“v"'.'\. ;»’- ~
T T e D R N N S L Al A LA T



R ENVLRCT S Sl b ea bl Ph s st Rg U T e Tt Y

5.9

5.2

5.3

5.4

5.5

5.6

5.7

5'8

5.9

A T S T T N A T I T

243

REFERENCES

Gubareff, G. G., J. E. Janssen and R. H. Torburg: "Thermal Radiation
Properties Survey," 2d ed., Honeywell Research Center, Minneapolis,
Minn, 1960.

Touloukian, Y. S. and D. P. DeWitt: "Thermophysical Properties of
Matter," Vol. 7,8,9 - Thermal Radiative Properties, New York IFI

Plenum, 1970.

Kenisarin, M. M.: Transfer of the IPTS Above 2000K, High Temperature-
High Pressure, vol. 8, no. 4, pp. 367~376.

Ratanapupech, P, and R. G, Bautistia: Normal Spectral Emissivities of
Liquid Iron, Liquid Nickel, and Liquid Iron-Nickel Alloys, Hign
Temperature Science, vol. 14, pg. 269, 1981,

Dimitriev, V. D. and I. G. Chistyakova: Analytic Dependence of the
Spectral Emissivity of Tantalum on Wavelength and Temperature, High

Temperature, vol. 18, pp. Tu2~TU6.

Thomas, L. K.: The Thermal Radiation of Tungsten Alloys at
Temperatures Up to 3000° K, Westinghouse Research and Development
Center, Pittsburgh, Pennsylvania.

Branstetter, J. R. and R. D. Schaal: Thermal Emittance Behavior of
Smal) Cavities Located on Refractory Metal Surface, NASA TM X~52147,
Oct 1965.

Foley, G. M.: High Speed Optical Pyrometer, Review of Scientific
Instruments, vol. Ui, no. 6, pp. 827~834, 1970.

Ruffino, G.: High-Speed Radiation Pyrametry, High Temperaturea-l—!ig_h
Pressures, vol. 8, pp. 143~154, 1976.

Jones, T. P, and J. Tapping: A Precision Photoelectric Pyrometer for
the Realization of the IPTS-68 above 1064.43° C, Metrologica, vol, 18,
pp. 23-31, 1982.

Righini, F., A. Rosso and G. Ruffino: System for Fast High-
Temperature Measurement, High Temperature-High Pressure, vol. 4. no.
5. ppc 597-603, 1972.

Storms, E, K. and B, A. Mueller: A Very accurate Pyroueter for
General Laboratory Use, Natl. Bur. S3td. Sp. Puh. 561, Oct 1979, 28.
143,

Manufactured by Princeton Applied Research Corp., P. 0. box 2565,
Princeton, NJ 08540,

Manufactured by Hewlett-Packard, 1820 cmbarcadero Rd., Palo Alto, (A
94303.




5.16
5.17

5. 18

5.19

50 20

5.21

5. 22

5.23

5.24

5.25

5.26

5.27

5.28

5.29

5.30

53

244

Shur, B. A. and V, E. Peletskii: Emissivity of Titanium Iodide and
Technical~Grade Titanium {n the Temperature Interval 1100-1900° K,
High Temperature, vol. 19, Nov-Dec 1981, pg. 841,

Manufactured by Hipotronics, Inc., Brewster, NY.

Neuer, G. and B. Worner: Influence of Surface Properties on the Total
Emittance of Steel, "Proceedings of the Seventh Symposium on
Thermophysical Properties," 1977, pp. 250-255.

Jones, T. P. and J. Tapping: The Freezing Point of Platinum,
Metrologia, vol. 12, pp. 19-26.

Ruffino, G.: Primary Temperature Measurement Above the Gold Standard,
High Temperature-High Pressure, vol. 12, no. 3, pp. 241-246, 1980.

Ohwada, Y.: Evaluation of the Integrated Emissivity of a Black Body,
Japanese Journal of Applied Optics, vol. 23, no. 3, pp. 11671168,
1984,

Ohwada, Y.: Evaluation of Effective Emissivities of Nonisothermal
Cavities, Applied Opties, vol. 22, no. 15, pp. 2322-2325, 1983.

Zhorov, G. A.: Emissivity of Metals of the 4B Subgroup at High
Temperature, High Temperature, vol. 8, no. 3, pp. 501-504, 1970,

Shestakov, E. N., V. S. Stolbov, L. N. Latyev, and V., {a., Chekhovskoi:
Emittance of Rough Surfaces, "Proceecings of the Seventh Symposium on
Thermophiysical Properties," pp. 279-284, 1977.

Siegel, R. G. and B. A. Howell: "Thermal Radiation Heat Transfer,”
Hemi sphere Publishing Corp., Washington, D. C., 1981.

Sparrow, E. M, and R. C. Cess: "Radiation Heat Transfer," Augmented
Edition, Hemisphere Putlishing Corp., Washington, D. C., 1978.

Goldsmith, A., T. E. Waterman and H. J. Hirschhorn, "Handbook of
Thermophysical Propurties of Solid Materials," Vol. I -~ Elements,
Pergamon Press, New York, 1961.

E. K. Storms and B. A, Mueller: A Very Accurate Pyrameter for General
Laboratory Use, Natl, Bur. Std., Sp Pub 561, Oct 1979,

Available fromm Cencom Division/Emitronics, Inc., 80 Express St.,
Plainview, NY 11803

Susskind, C.: “The Encyclopedia of Electronics," pp. 599-~604,
Reinhold Publishing Corp., New York, 1962,

Manufactured by Princz2ton Applied Research Corp., P. 0. box 2565,
Princeton, NJ 08540,

Manufactured by Hewlett~Packard, 1820 Embarcadero Rd., Palo Alto, CA
94303.



TV A SHCIGNIWORTUN P T MIUML™ R 708 W s bl mole MAM W Mot 0% s s e o o

245

Vi. Mase Spectrometer Solid Probe

6.1 Abstract

The proposed sclid probe design uses induction heating to sublime
refractory metal samples to be analyzed in a quadruple mass spectrameter. A
copper induction coll is uted to induce a high frequency, alternating
current into the sample material. A tantalum tube, holding t‘.he sample, ha
a 0.050 inch orifice in the and of it to ensure the ionizer is not flooded
with sample molecules. Ceramic insulators are used to thermally and
electrically insulate both the tantalum tube and copper tubing fram the body
of the probe. Besides the high frequency, (radiq frequency) a generator

provides cooling water, run through the copper tubing.
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6.2 INTRODUCTION

This projest involves the design of a solid heating prove for the mass
spectrometer in the thermionics lab at Arizona State University. Before a
solid probe design could be generated, a complete understanding of the mass
spectrometer and the function of the probe was necessary. Factors, such as
the high vacuum and cleanliness requirements were experimented with in the
lab., They theory bhehind the mass spectrometer and inductjon heating was
studied, 30 an effective design could be implemented. 'rhé following design
constraints were used in the solid probe design. The function of the masas
spectrometer 1s to analyze surface composition of refractory metals and high
temperature alloys., This means a te.mperétur‘e requirement of approximately
2000 C to 3009 C is necessary. The probe must vaporize the materials, by
sublimination, in a high vacuumed chamber. The probe must have a two and
three quarters inch flange attachment for interfacing with the mass
spectrometer., Lastly, the probe must not introduce contamination resulting

fram foreign matter or vacuum leaks in the chamber of the mass spectrometer,

® 6.3 THEORY OF THE MASS SPECTROMETER
The mass spsctrometer is a device for analyzing material composition by
measuwring the mass of ionlized atoms. " There are several different types of
¢ mass spectrometers, but the one in the thermionics lab is a quadrupole mass
spectrometer. It consists of three separate parts; the ionizer, the mass
filter and the detector plate. All of these components are contained in a
9 chamber at low proiawre (high vacuum). The following process describes the
analysis of a sample
The sample is placed in the tantalum tube of the sc.:;lid probe and the
¢ probe is attacred tothe flange on the mass spectrometer. The primary pump

1s started to initiate a vacuum in the chamber. Once a pressure of 1O~3
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torr 1s achieved, the turbo-pump increases the vacuum to &8s low as
10—6 torr. The sample is then heated and sublimed by the solid probe, A
fine stream of sample molecules leave through the orifice at the end of the
tantalum tube and enter the ionizer, A stream of electrons btombard the
gaseous molecules producing positively charged parent ions and fragment
ions. A series of lenses in the ionizer collimate t.he: cloud of sample
molecules toward the mase filter. .

The quadrupcle mass filter is composed of four cylindrical rods,
arranged parallel and symmetrical with one another, with opposite rods
electrically connected (Fig. 6.1). A radio frequency and direct current
voltage, of equal potential but'opposite charge, 1is applied to each set of
rods. A stream of ions with a given m/z (mass~to~charge) ratio can be
transmitted through the quadrupole filter and all other ions stopped, by
varying the absolute potential applied te the rods. The ione transmitted
trough the filter are said to be in stable orbits, while the ions absorbed
or deflected by the quadrupoles are said to be in unstablz orbits.

Finally, the {ons flowing down the quadrupole in stable orbits strike
the collector plate (Faraday plate) and the signal is multiplied and
displayed on the oscilloscope. A spectrum of signal intensity versus m/z

value can be obtained from the oscillosccpe screen (Fig., 6.2).

6.4 Contamination of the Mass Spectrameter

In order to obtain accurate results from the mass spectrometer, the
mass spectrometer chamber must be kept free from all contamination,
Coamtamination c¢an result from foreign matter, such as oil fom a human hand,
and/or vacuum leaks. |

Since the solid probe interfaces directly with the chamber, the

“possibility of contamination must be taken into consideration, Every part
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of the so0lid probe must be cleaned thoroughly, to ensurs no residues
(unwanted oxides) are left on the part's surface. For each material used in
the solid probe, including the sample, an appropriate cleaning procedure
must be used,

ﬁhile working in the thermionics lab, several cleaning processes and
spot welding techniques were demonstrated by graduate student Derek Tang.
‘This instruction in'cluded the cleaning of tungsten electrode rods and the
fabrication of collectars and emitters used in a Marchuk tube. The cleaning
procedures for tungsten and tantalum are given on the following page. Moat
metal cleaning processes are similar to that of tungsten and tantalum are
given on the following page. Most metal cleaning processes are similar to
that of tungsten and tantalum, differing only in the type of cleaning agent

used.

Beside "surface residues," contamination can occur form vacuum leakage.
When the probe is attached to the mass spectx*aneter.. a copper "O-ring" must
be placed between the probe and mass spectrometer flanges to provide the
proper seal against leakags. Vacuum s necesasary because the mass
spectrometer either predicts the trajectory or measues the time rlight on
an ifon. Without vacuum, neither function could be accomplished because of

scattered collisions from umeaswured molecules.
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Chomical Cleani ng Procedurea

I. ‘ru_ngtcn

1.. General oakite cleaning procedure

L. 2. Boil in sodiun hydroxide bath for approx. 20 minutes
3. Rinse in distilled water

4, Ultrassonic in diatilled water for 30 seoonds

5. Hot air dry

®
6. Stere in plastic bag
II. Oakite
e 1 - part powdered oakite

8 - parts distilled water

Stir and partially dissolve oakite in cold water, then heat to 80 C and use

at that temnperature. Place parts to be cleaned in ocakite. :

III. Tantalum
1. General oakit;e cleaning procedure
2. Boil in hydrochloric acid for 15 minutes
3. Rinse with distilled water
4, Rinse in two baths of boiling distilled water
5. Ultrasonic in alcohol for 30 seconds
6. Hot air dry
T. Wrap in 1int free, sulphur free paper

8. Store in a plastic bag
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6.5 INDUCTION HEATING

Induction heating is the heating of an electrioally conducting material
by eddy currents induced by a varying electro-magnetic field. The induction
heater principle is similar t5 that of a transformer. The copper coil ocan
be considered the primary winding and the tantalum tube, a single wind

secondary. lf:hon a high-frequency, slternating current flows in the primary

coil, secondary currents (eddy ourrents) will be induced in the material.

Since the current flowing in the sanple material is a summation of the eddy
currents induced, the copper coil is wrapped closely arcund the tantalum
tube. This ensures maximum induced eddy currents and therefore, high
heating rates,

The advantages of induction heating over conventicnal heating nrocesses
are; the heating is very rapid because the heating is induced directly into
the material. The heating is localiled and heating area easily controlled
by the size and shape of the inductor coil. Because of the generator, the
heating is easily contrcliable. It lends itself to automation, in-line
processing, and autmatic-process cycle control. The start-up time is short
and the working conditions are faworable because of the absence of noise,
fumes, and radiated heat.

The induced currents in the sample mat&ial decrease exponentially from
the surface toward the center of the mﬁterial being heated. Since the
heating is maxim@ at the swface, and the mass spectrometer will be used
for surface composition analysis, induction heating lends itself as the moat
effective method of heating. v_ucn induction heating the heat is generated

by the current flowing through the material's own resistivity.

SN
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6.6 Soiid Probe Design

The final design of the solid probe inocorporates induction heating to
vaporize sclid samples at a taspsrature of approximately 2000 C to 3000 C.
The induction coil, made of copper, carries radio frequency and induces
current directly into the sample material. Cooling water is run through the
copper tubing to minimize the effecta of radiation. a generator providea
both the radio fregquency and cooling water to the solid probe. the tube
holding the sample is made of tantalum and has a 0.050 inch orifice in the
end of it. The probe flange and body are made of stainless steel. The
flange is a standard two and three quarters inch flange. Ceramic insulators
are used to thermally and electrically insulate the base of the tantalum
tube and the copper tubing fram the body of the solid probe. The probe and
a schematic of its relationship with the mass spectrometer are shown in

Figs, 6.3, 6.4, and 6.5,

6.7 DESIGN RATIONALE

Of the three basic types of heating methods; induction heating,
resistive heating and electron bombardment, induction heating was chosen
because of the geometry of the application. The induction heating probe is
a self-contained unit that has the capability of heating a sample to the
very high temperature requirement (2000 C to 3000 C).

Furthermore, induction heating was chosen for the probe because of i{t's
advantages mreviously stated, such as; extremely high heating rates, easily
controllable heating, short start-up time, and absence of fumes and radiated
heat . |

Copper tubing is used for the induction coil because of {t's high

el ectrical conductivity. The sample holding tube is made of tantalum

because of it's capability to withstand high temperatures and ease of
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machining. A small orifice (0.050 inch) is drilled in the end of the
tantalum tube to permit only a small stream of sample molecules to enter the
ionizer. This is important because the ionizer must not be flooded with
sample molecules,

Because of it's ability to both thermally and electrically insulate,
ceramic 1s chosen for insulation between the base of the tantalum tube and
the body of the probe. The ceramic insulators are also employed between the
copper tubing and the body of the probe.

The copper induction coil is wound only at the end of the tantalum tube
to localize the heating at the sample location in the tube. The spacing
between the copper coil and tantalum tube is close to ensure maximum induced
eddy currents and therefore, high heating rates. The induction coil and
sample holding tube extend approximately six inches into the maas
spectrometer chamber to allow the heating to take place directly in front of

the ioni zer.

6.8 CONCLUSION

‘The objective of this project was to develop a design for a solid probe
to interface with the mass spectrometer in the thermionics lab, to initiate
the design procedure for the probe, the method of heating had to be chosen,
Induction heating was chosen because of it's advantages in this application,

The configwation of the probe was then generated and the materials chosen.
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