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ABSTRACT

Tuhgsten and tungsten alloys are candidﬁte materials for the thermionic emitter in the
space nuclear power convertor. This emitter needs to possess high dimensional stability at
temperatures over 2000 K in order to maintain a long service er. The cause for the dimensional
instability under high temperature is due to the internal pressure generated by the nuclear fuel
inside the emitter cylinder during operatior:.

In this work, the creep behavior of HfC strengthened tungsten alloys was studied. An
uItralngh vacuum, high precision creep test system was constructed for thisvpurpose so that the
" samples could be heated up to 3000 K for heat treatment and creep strain could be measured
from the cfeep sample inside the UHV chamber. ::Creep tests were conducted in tungsten
strengthened with 0.37 percent of HfC at temperatures between 2000 K to 2500 K for durations
up to 8 weeks. To explain the creep behavior observed in this dispersion strengthened alloy, a
creep model was propbsed which accounted for the presence of HfC particles in the form of a
back stress generated by these particles. This model was verified by the creep test data of W-
0.37HAC alloys tested under both extruded and recrystallized microstructural co/nditions.
According to this model, the steady state creep of this type of alloys was expected to increase
with time due to coarsening of HfC particle and recrystallization Qf the alloys under high
temperatures. In contrast, conventional simple power law cfeep model only predicts a constant
steady state creep for these materials, which does not represent the microstructural evolution of
the materials.

The creep of solid solution alloys such as W-Re, W-Nb and W-Hf and Mo-Nb was also
studied. These materials are expected to be more stable in creep properties due to the absence

ofcoarsening particles. These solid solution alloys, in their single crystalline state, are reported
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possessing better corrosion resistance over their polyérystalline counterparts. Existing creep data
of both solid solution tungsten and molybdenum alloys were re-analyzed. The data of these
alloys showed two distinct different creep mechanisms: Class I and Class II. The dominaﬁng
creep mechanism at low stresses could be explained by the ‘Takuchi-Argon'model (ClasS I). At
higher stresses, the data could not be explained by any of the existing creep models. A creep
model was thus proposed that contained a shift factor due to the effect of the solute in these
alloys. In this model, the Class II creep behavior of these solid solution.alloys. were found as a

function of the alloy cqncentration and atomic size mismatch.




1. INTRODUCTION
Efficiency in direct power conversion systems depends strongly on temperature. During

 the past decade, there is a concerted effort to develop high temperature thermionic emitter

materials in therminnic nuclear power converter. The search has been concentrated on materials
based on high temperature creep resistant refractory alloys. An advanced emitters are expected
to function at temperatures between 1700 K and 2100 K for ten years under an equivalént stress
of about 10 MPa. The high emitter operating temperature as well as the very small cesium gap
between the emitter and the collector (needed for the high conversion efficiency) require the

" development of extremely stable materials. Furthermore, the emitter materials must also be
compatible with the hostile nuclear environment ;;resent in thermionic systems. The nonducﬁve
nature of the emitter excludes the possibility of using traditional refractories due to their
insulating nanlre. Pure refractory metals were found to be too weak for such applicatinns due to
their low strength at high temperature. Strengthening agents of either solid solution atoms or
second phase particles must be added to improve the high temperature mechanical properties.
Results from previous studies have shown that the greatly enhanced high-temperature strength
observed in tungsten was due to these two strengthening methods.

The prediction of long term creep behavior of materials such as tungsten alloys reqnires
the understanding of dominating creep process with regards to applied stress and temperature.
On the other hand, creep properties of a material is sensitive to microstructure. To prnvide a
better creep prediction for the emitter materials, the evolution of the minrosn'ucune must be
included. From this point of view, two fundamental approaches can be used to acquire the life
‘time evaluation of the emitter. One method is to measure the dimensional stability of emitters

made of tungsten alloys under real service conditions, which is both time and resource
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consuminé. In this case, alloys with different compositions must be tested with different

- microstructures so that an optimal candidate can be selected. Another approach is to correlate
microstructure with short time creep results and to predict real life performance based on the
effect of microstructural evolution on properties. The tﬁne needed for this latter approach is
significantly shorter than the former one. The accuracy of the latter approach depehds on the
interpretation of short term creep data in light of cdntrolling microstructural parameters. The
reliability also depends on the correct prediction of the possible major microstructural changes
which occur over long_tim;e. Recent studies on microstructural evolutibn in the candidate emitter
"materials under the condition relevant to the working conditions of the emitter have made this

latter approach possible. However, no creep model is available that can perform the life time

evaluation with considering microstructural changes.

In this study, research efforts were devoted to (a) develop creep model(s) that incorporate
the microstructural effects and material parameters to the life time prediction of thermionic
emitter for different type of tungsten alloys; (b) establish a high temperature creep test chamber
and use it to test the candidate materials under conditiqns similar to the service environment of

the emitter; (c¢) verify the model(s) with the experimental results.




2. OBJECTIVES

The effect of microstructure on the creep behavior of tungsten alloys is important to the

application of the long term thermionic emitters. Changes in the microstructure during long term

service may lead to enhanced creep and changes in the creep mechanisms. A mechanistically
based creep model containing microstructure parameteré will not only describe long term creep
behavior, but will also provide guidance for the development of new low-creep materials. The

research objectives of this study are to:

1. Design, construct and test a system for high temperature high vacuum creep test
with high precision; and use this system to conduct high temperature creep tests of a

precipitation strengthened tungsten alloy with different microstructures;

2. Develop mechanistic or semi-mechanistic creep models for both second phase

strengthened tungsten alloys and single crystalline solid solution tungsten alloys.




3. LITERATURE REVIEW
3.1. Operating Conditions of Advanced Thermionic Convertor
Thermionic nuclear power sources are being considered for long term space applications.
To realize the long service life, increasing the service life of fhermionic fuel elements is esséntial.
In each fuel element, the heat required for thermionic electron emission from the emitter is
generated by nuclear fission of the UO, fuel. As shown in Figure 3.1{1], the nuclear fuel pellets
are clad in a thermionic emitter cylinder. This cylinder is subject to internal pressure up to 10
MPa due to fuel swelling under neutron irradiation. The cladding creep radially toward the
" collector leading to a possible internal electrical short ;ircuit at high temperature. Because of the
tight tolerance (about 0.2 mm) between the eminér and collector in the fuel element and its high
operating temperature, high creep deformation resistance for the thermionic emittgr materialsis a
 key factor in the success of these power systems. A typical design of fueled thermionic emitter
tube requires a 10 year life at 2000 K during which only 1% radial creep deformation of the
emitter is allowed. Thus the average creep rate should be less than 3x10™" 5™ ovér 10 years.
Figure 3.1 shows a schematié for a typical thermionic emission fuel element. The shape
of a single unit emitter cylinder resembles that of a thin wall tube. The typical dimensions are 15
- mm outside diameter, 1 mm thickness, and 100 mm long. In this case, the radial creep rate ¢, can
be calculated by the geometrical parameter and creep relation under éimple uniaxial creep
condition, which can be expressed as[2] |
&= (3/2)(€ yimia/ Oc) O G.D)

where £, is the creep rate obtained under the uniaxial condition, O is the effective stress for

creep, 0; is the deviatoric stress tensor.
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Figure 3.1. Schematic of a thermionic fuel element [1].




3.2 Develog_ ment of Candidate Materials

" The development of particle strengthened .tungsten for high temperature acrospace
applications began in the late 1950's. Pure refractory metals were found to be too weak for such
applications due to their low strength at high temperature. Based onvthe previous efforts of Raffo
et al.[3], Klopp et al.[4,5,6], Rubenstein[7] and Witzke[8] in the search of strong structural
material§ for space and nuclear applicétioﬁs above 1644 K (2500 °F), tungsten alloys
strengthened with fine dispersoids have been proposed to for use in the next generation of
thermionic energy conversion (TEC) systems[9,10,11]. In these materials, second phase particlés,

-such as HfC or ThO, with high melting point, were introduced into the W matrix[12,13]. Table‘

3.1 gives some of the high melting refractory mat:crials[14]. In these alloys, dispersed carbides or
oxides retard the motion of dislocations and the growth of grains or subgrainé, an& thus imprdve
the mechanical properties at high temperature{5]. All of these alloys show superior high
temperature mechanical properties and creep resistance over pure W at 2200 K [12,15].
However drastic strength loss occurs at higher temperature due to particle coarsening in the
bprecipitation strengthened (PS) tungsten alloys[16].

Another approach to obtain stronger mateﬁals than pure tungsten is solid solution
_strengthening[12]. The alloying atoms for this purpose are Re, Té, Nb, and Hf. The addition of
small amounts of Re in W can also greatly improve the room temperature ductility for fabrication
without sacrificing the high temperature mechanical properties of W alloys{4,7,12]. Grain
growth also occurs after recrystallization in the solid solution W alloys at high temperature over
long periods of time. Stability of the microstructure is thus a major factor that prevents these
alloys from long time high temperature service. Recent de;velopment of single crystalline

substitutional solid solution tungsten alloys has provided both strengthening and long term
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thermal stability[17]. But the theories for the creep properties of these single crystalline alloys

are insufficient to guide the development of such new alloys.

Table 3.1. Melting Températures of Refractory Materials

Metal Tungsten Tantalum | Molybdenum | Nicbium | Rhenium
(symbol) (W) (Ta) (Mo) (Nb) (Re)
Melting 3695 3290 2896 2750 3459
Point, X

Material | Hafnium | Zirconium | Thoria | Tantalum | Titanium
(Formula) Carbide Carbide Carbide Carbide

(HIC) (ZtC)- (ThO,) (TaC) (TiC)

Melting 4163 3303 3573 - 4153 3433

Point, K

33 Micros&uc@ Evolution
Microstructural changes occur when the HfC streﬁgthened alloys were exposed to high
temperature. There are two major types of microstructural changes: HfC particle coarsening and
recrystalliiation. This two changes will affect the yield strength o, of a HfC particle
sﬁ"engthened tungsten alloy through[18]
 0,=0,+2Gb/L (3.2(2))

where G is the shear modulus, b is the Burgers vector, L is the mean planar center-to-center

particle spacing, 0, is the yield strength of the material in the absence of particles which can be




expressed in the Hall-Petch relation [19]

0,= 0, + K d"” (3:2()

where g; is friction stress, K, is Petch slope and d;; is the grain diameter of the material for
different type of tungsten alloys. When coarsening of the HfC particles occurs, the particle
radius r increases. Thus for a constant particle volume fraction f, interparticle spacing L

increases according’ to [20]

L= (126, | ':f | | | (3.3)
which results in a decrease in the Orowan stress (0¢,,)[21]

Oor = (Gb/L) | 34

of the material. On the other hand, when recrystallization occurs, dislocation density decreases,
leading to a decrease in the friction stress o; (the base yield sﬁength of the material), because o; is
proportional to the square root of the dislocation density. During grain growth, the diameter of
the grains increases resulting in a drop in the term dg"2. It is through this combination of

| microstructure changes (coarsening of particle and recrystallization) that reduces the yield
strength of a cold worked particle strengthened material. - In pure tungsten, grain growth has also
been reported to increase the steady state creep rate. According to Klopp et,al.‘ [22], for the steady'

state creep of arc-melted tungsten also increases with grain diameter through the relationship
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g= Kcos.sdGOAB . (35)

where ¢ is steady state creep rate and o the applied stress. The coefficient K_ is a material's
constant which depends on temperature through the term exp(-QJ/RT), where Q. is the activation
energy for creep, R the gas constant, and T the absolute temperature. The microstructural effect
on the creep of tungsten and tungsten alloys will be reviewed in detail in latter sections of this

chapter.

3.3.1 HfC Particle Coarsening

The dnvmg force for the particle coarsening is caused by minimizing the free energy of
the system via a reduction in the total particle surface area. Large particles grow at the expense
of the smaller ones. Ardell derived a general equation to describe such particle coarsening

behavior as[23]

P} = %t | (3.6)

where r and 1, are the pérticle‘ radius at time t and at the onset of coarsening respectively, k. is

the coarsening rate which is expressed as

K puren = 8YDC.V_2/9RT | | 3.7
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In Equation (3.7), v is the iﬁtedacial free energy of the particle-matrix interface, D is the
diffusion coefficient of the coarsening rate-limiting solute which contains the term exp(-
Qcoare/RT). The parameter Q... is the activation energy of coarsening. In Equation (3.7), C, is
the correspondent solute concentration that is in equilibrium with a particle of infinite size, Va
the molar volume of the precipitate.

| In W-Re-HfC and W-HIC alloys, the coarsening of the HfC particles has been studied
independently by Klopp and Witzke[5], Chen[24] and Ozaki[25] uSing similar methods. The

particle size was measured usingfransmission electron microscopy (TEM) techniques. In their |

. work, the particle raciii were expressed by the Equation (3.6); but different k_, .., values were

obtained. Their results are summarized in Table 32

Table 3.2. Summary of the Coarsening Studies for HfC.

Author(s) | Klopp and Witzke[5] Chen[24] Ozaki[25]
KT | 1.2X10°DSIMORT | 1 5x)(rI7g0M0ORT | 3y ] (rizg-a0aRT
(m’K/s) ‘ .

~ The activation energy for coarsening rénges from 293 kJ/molé to 615 kJ/mole. There are
differences in other corresponding parameters in the Equaﬁon (3.7). As pointed out by
Ozaki[25], this discrepancy is due to the statistical error in the particle size measured using TEM.
Plotting all three equations in Table (3.2) against reciprocal temperature, the maximum
difference in the predicted particle sizes was found varies only a factor of about two at
temperatures above 2000 K. Itis importaﬁt to identify the expression with the highest scientific
merit. From Klopp's work[5], the controlling factor was considered as the diffusion of Hf

12




~because they found that the activation energy of the coarsening to be 615 ki/mole which was
close to that of the substitution diffusion of the Hf in tungsten (598 kJ/mole from the study of
coarsening of HfC by Klopp éﬁd Witzke[5]). Accofding to Chen{24], the activation energy of
the coarsening was 293 kJ/mole at temperafures beﬁveen 1955 K and 2500 K. Chen suggested
that the controlling factor was the diffusion of carbon in tungsten. Chen based this interpretation
on the work of Dainyak and Kostikov[26], where the activation energy of carbon diffusion in
tungsten was found to be 224 kJ/mole at temperatufes between 1600 K and 2500 K while the
diffusion energy of Hf was only 197 kJ/mole at temperatures between 1173-2173 K. The large
- difference in the reported activation energy of Hf in tungsten critically affects the identification
of the 'contrdlling factor for the HfC coarsening. Thus the direct diffusion of Hf in tungsten
under the condition relevant to the emitter working temperature range was conducted by

Ozaki[25]. Ozaki fouhd that Hf Iattiéé diffusion in pure tungsiexi can be expressed as
D (m%sec)= 10" exp(-Qyp;c/RT) (3.8)

where Q.. hés a value of 334 kJ/mole. |
Comparing this lattice diffusion acﬁvation energy with that of the coarsening by Ozaki's
“work (481 kJ/rnole)[ZS], there remains a 146 kJ/mole difference. -Accordihg,to Ozaki, thlS is due
 to the fact that the solubility of Hf is also a strong function of solubility behavior of carbon.
Based on the W-C phase diagram, the solubility of carbon in tungsten is governed by an energy
of solutioq of 125 kJ/mole. Once carbon has reached its solubility limit in the matrix due to a
decrease in temperature, the Hf atoms will also be precipitated out due to the strong binding

energy of Hfto C to form HfC. Results from earlier studies have shown that the solubility of Hf
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in W is significantly reduced due to the presence of carbon[27]. When temperature increases,
~ carbon solubility increaseé which leads to the decomposition of HfC. Thus, the temperature
depends of the carbon solubility also contributes the coarsening behavior. Taking into
consideration of this contribution, tth total activation energy of coarsening is about 460 kJ/mole
which is close to the observed 431 kJ/mole by Ozaki[25].

Considering the existing error in measuring particle size using TEM, Ozaki provided an

particle coarsening equation that based on the above three studies[25], i.e.
r(m)=[2.8x10"*(UT)exp(-472340/RT)+1,°]'? 39

Which appears to be the best representation to-date describing the coarsening of HfC particles in

tungsten alloys.

3.3.2. Recrystallization
As méntioned egi'lier, recrystallization is another important microstructural change that

will affect the emitter material's property during service at high temperature. Recrystallization
occurs when a cold worked pure metal is heated up to a temperature that is about 40 to 50 percent
of its melting temperature. The driving force of this process is the release of the stored energy
‘from dislocations that are generated in the material by cold work. 4As a result of the reduction in
dislocation density, hardness will drop drastically and so will the yield stréngth of the material.
In pure tungsten, recrystallization occurs at about 1500 K. The recfystallization temperature of
the unalloyed tungsten is greatly aﬁ'ected by impurity[4]. The study on recrystallization of

electron-beam-melted (EB) tungsten and tungsten-rhenium alloys shows that the electron-beam-
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melted tungsten undergoes a 50 percent recrystallization in one hour at temperature of 1477 K
which is about 280 K lower than that of the unalloyed arc-melted tungsten (1755 K){28]. This is
because that the purity of the electron-beam-melted tungsten is higher _than that the arc-melted
(AM) one.” In EB-tungsten, alloy atoms of rhenium j:roduce a sharp increase in the
recrystallization temperature from 1477 K to 1894 K, an increment of 417 K. This effect
‘saturates at rhenium contents between 4 émd 6 at%. At the same time, minimum grain size and
grain growth rate were obtained when Re content were between 6 to 24 at%. For EB tungsten,
aftér annealihg for1 hqur at 2255 K, the minimum average grain diameter is about 500 um at 9
-at% Re. In cohtrast, under the same annealing condition, a minimum average grain diameter of
200 pm was obtéined at 6% Re for the arc-melted:fW-Re system. In other solid solution alloys
such as W-Ta, W-Hf and W-Nb, their ultimate tensile strength in the cold worked state is higher
than that of the corresponding recrystallized state below 2200 K, but approaching the latter with
: inbreasing test temperatures. Above 2200 K, the cold worked materials have an ultimate teﬁsile
strength very close to that of the recrystallized one[15]. Therefore, solid solution tungsten alloy
can be used in the recrystallized condition for long time applications.
Using second phase paﬁicles, the recrystallization temperature can be increased further.
In W-Re-ThO, and W-Re-HfC alloys, Tsao et al. studied the effect of ThO, and HfC on the
recrystallization of W-Re alloys[29]. The microhardness of the two types of tungsten alloys was
plottéd against the one-hour annealing temperature. The onset of _r_ecrystallization was
determined at the temperature where significant softening occurred. The recrystallization
temperatures of these alloys range from 1600 to 2000 K for the thoriated alloYs depending on Re
content. For W-4Re-0.35HfC, the recwsmﬂizaﬁon teﬁxperature is between 2065 and 2180 K

depending on the amount of cold work. In their work, the onset of recrystallization was delayed
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with increasing Re. For a fixed Re content, the recrystallization temperature decreased with
increasirig cold work as expected. The thoria particle di#rneter in their study was about 2 pm,
while the HfC particle diametgr was 0.1 um. However, in the W-0.37HfC alloy, the reported
starting particle diameter was 4 nm, and the recrystallization temperature was as high as 2673
K{[25]. Evidently, the finely dispersed HfC particles increases the recrystallization terhperature
of the alloy. The effect of particles on the recrystallization behavior of an alloy can be explained
by the Zener's theory[30].

According to Zener, there is a retarding force exerted on the migrating grain boundary by

-a precipitate particle during the recrystallization. This retarding force can be expressed as
Fp = 3f,y/2r | (3.10)
where v is the specific interfacial energy of the boundary, and r is the radius of the particle. To
continue the recrystallization process under the retardation of the particle, a driving force is
needed to maintain the grain boundary migration. This force (Fp) is estimated by
Fp=2v/d, o (3.11)
where d; is the grain diameter. Equating Equations (3.10) and (3.11), yields

dg = 4131, | (3.12)

Equation (3.12) illustrates that the final grain size of a recrystallized material is proportional to
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the precipitate radius (r) and the reciprocal of its volume fraction (f). Small particle r#dius and
large particle volume fraction will yield small final grain size. From this point of view, the
coarsening of HfC particles will promote grain growth and lower the recrystallization
temperature. Based on this theory and the recrystallization temperature of the W-HfC alloy
obtained from the experiments, it is possible to estimate the critical particle radius r, beyond
which recrystallization is unrestricted. According to Equation (3.9), for recrystallization to occur
- after ar;nealing at 2673 K for one hour, the critical radius is about 60 nm. To reach the same
radius at 1800 K, 2000 K, and 2200~K, the times needed are 2.32 years, 40 days and 80 hours

. respectively. Thus according to Equation (3.8) for the tungsten alloy emitter operating at about
1800 K, the material will creep under two stages:f:creep under cold worked microstructure, and

creep under the recrystallized'condition.

3.4. Creep of Tungsten and Tungsten Alloys

In order to predict the lifetime of the emitter materials within the working temperature
range and in the condition of low stress, the identification of the dominating creep méchanism is
important. Different creep controlling mechanisms display_diﬁ'erent dependencies of the steady
state créep rate on applied stress. In general, when the creep of a pure metal or an alloy is

controlled by diffusional creep, the stress exponent (n) of the power law creep equation
£€=A0" _ (3.13)

with n equals to 1{31]. When the creep is controlled by dislocation climb and solution drag, n

equals to 5 and 3 respectively, according to Sherby and Burke[32]. In Equation (3.13), € is the
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'steady state creep, o the applied stress, A, a material's constant that depénds on absolute
temperature (T) through an activation energy Q as described by the Arrenius law, with
A=A'exp(-Q/RT), where A 'is a temperanlre-ihdependent constant, while R is the gas constant.
The fundamental process with which a material creeps may be a function of temperature.
Thus determirﬁng ihe dominating creep mechanism under the stress-temperature regime that is
relevant to the service condition of the emitter is essential to meaningful life prediction. In order
to gain insight on these aspects, the creep behavior of tungsten and tungsten alloys will be
comparéd and reviewed regarding to the stress-temperature-microstructural effects based on

. information available in the literature.

3.4.1. Creep of Pure Tﬁngsten

The study of the creep behavior of tungsten first started in the lamp industry. Pugh et al.
studied the effect of témperature on the stress sensitivity of the creep rate of tungsten[33]. They
found that between 1145 K and 1477 K, the stress exponent (n) of the power law creep equation
(Equatioh (3.13)) increased with decreasing test temperature. In the study of Harris and Ellison ,
the n value changed from 4.5 to 18 and then tb 43 when the test temperature was changed from
1644 K to 1088 K and then to 922 K[34]. This increase in the n value was explained as the shift |
of creep controlling mechanism from ﬁally»‘difﬁls‘ion control to theA fully dislocation glide control.

Klopp and Raffo[28] found that in arc-melted tungsten, even when the creep was fully
controlled by diffusion (n=5.8), the activation energy Q also changed with test temperature.
They observed that Q=309 kJ/mole between 1922 to 2200 K and Q=585 kJ/mole from 2200 to
2477 K. Similar temperature dependent behavior of the creep activation energy in tungsten was

also reported by Robinson and Sherby[35]. They r/gexamin'ed the creep test results of arc-melted
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and powder-metallurgy tungsten by King and Sell[13], Klopp et al.[22], Pugh[36], Green[37],
Sutherland and Kloppt3 8], Gilbert et al.[39], Flagella[40] and.'l‘aylor etal.[41]. Using the
temperature depéndent elastic modulus data, E=E(T), from the work of Armstrong and |
Brown[42] and Lowrie and Gonas[43], steady state creep raie was plotted against the stress to
modulus ratio (0/E) for every set of data. Robinson and Sherby[35] reexpressed the creep of

tungsten by the equation

- €=A"exp(-Q/RTY0/E)" | (G149

where A "=A_'/E". Taking the logarithm of this eciuation, the modulus-corrected activation

energy for creep was calculated by
Qulo =-R[OIne/a(1/T)] | (3.15)

Plotting the ;:alculated Q. as a function of température, Robinson and Sherby[35] found that
between 1473 and 2473 K, Q=376 kJ/mole and above 2473 K, Q=585 kJ/mole. The two distinct
activation energy values were found to correspond to those for the dislocation core diffusion (378
kJ/mole) and lattice diffusjbn (585 kJ/mole) respectively in tungste;i. In order to provide a
unified cfeep equation for tungsten for the two activation energies, Robinson and Sherby

introduced an effective diffusion coefficient D,; which was expressed as
D.s=D,f,+ Dyf, . (3.16)
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vyhere D, and D, are the lattice and dislocation diffusion coefficients respectively, f; and £, are
the fractions of atoms which participate in lattice and dislocation diffusion respectively.
According to their paper, D,=5.6x10*exp(-585/RT) m%/s, and D;=10%exp(-378/RT) m%s, where
the energy is expressed in unit of kJ/mole.

The creep behavior of polycrystalline tungsten is also affected by the microstructure. As
shown in Equation (3.5), in the arc-melted tungsten, the creep rate é=d;"*, while for tungsten
made by the powder mefallurgy method, é=d ;. This discrepancy in the grain size depéndence
was discussed by Robinson and Sherby[35]. According to their paper, the creep data of
‘ polycrystalline nmgsteﬁ fall into two categories: creep without subgrain formation and creep with

subgrain formation. Without subgrain formationi creep of tungsten can be expressed as
¢ = Sd;’D,(0/E)’ (3.17)

where S is a universal creep constant with a value of 3x10* m™. This relationship is valid in
tungsten made by the powder metallurgy (PM) :znethod. In this case, the reported grain sizes are
very small (in the rangés of 10 to 35 ym)[37]. Grain boﬁndary area is sufficiently large to act as
source and sink of dislocations so that creep will proceed without forming subgrain. When the
grain is sufficiently largé, subgrains are formed during creép in order to sustain the creep
deformation. Robinson and Sherby proposed that the form of Equation (3.17) was still vaiid; but
the grain diameter in the Equation (3.17) was replaced by the subgrain size A but with a different
* value of creep constant, S'[35]. In this case, according to the work of Sherby and Burke, the

subgrain size A depends on stress o through the relationship[32]
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A=po’ (3.18)
where P is a material constant. Combining Equations (3.17) and (3.18), a fifth power law
relationship is obtained for the subgrain forming tungsten. According to Robinson and
Sherby[35], all arc-melted tungsten materials obey this fifth oower law. When subgrain is
created during creep deformation, the effect of grain size becomes minor. Since the fifth and
seventh power law relations represent the above two extreme cases, any poWer value that falls
between these two values for tungsten can be explained by the relative contributions of the two
" microstructural factors. For example,‘ in the work of Klopp et al.[22], n equals to 5.8 for both
arc-melted and electron-beam melted tungsten. One can conclude that the subgrain formation
dominates, and the gram size dependent is rather week (6=xd;**). The relation éxd;** holds
when the reported grain size ranges from 50 um to 4 mm. ‘However, the exact condition for the

transition between the different stress dependence was not discussed by Robinson and Sherby.

3.4.2. Creep of Tungsten Allovs

3.4.2. l Creep of Solid Solution Tungsten Allov

Systematic studies of the high-temperature creep properties refractory metal alloys had
been carried out by the National Aeronautics and Space Adtmmsu'anon (NASA) Lewis Research
Center (LeRC) through the research program of refractory metals since 1963{44]. This program
was aimed at searching for refractory metal alloys with useful strength above 1644 K. Varxous
tungsten alloys had been developed and tested for their high-temperature tensile properties,
recrystallization temperature, high-temperature creep rupture test, high-temperature step-load

creep test, and low-temperature four point bending test. Great improvements were obtained in
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the high-temperature creep strength and tensile streﬁgth tﬁrough appropriate alloying[12].
In general, the presence of solid solution atoms in tungsten increases the creep strength. .

Raffo et al.{3] conducted step-load creep tests at 2200 K of both arc-melted and electron-beém-

melted W-Re alloys in the recrystallized condition with Re content up to 6.64 at%. The n values

of the power law equation obtained range from 5.3 to 6.1 which are close to the n value of 5.8 for

the unalloyed tungsten[22]. They found that the creep rates of the electron-beam-melted (EB)

tungsten alloy were higher than those of the arc-melted (AM)tungsten alloy because of the high
| purity and larger gram size of the electron-beam-melted alloy. They also obtained the creep
: ,‘strength as a function of alloy content for the solid solution tungsten alloys such as W-B, W-Hf,
W-Ta, and W-Nb at the creep rate of 10° 5™ at 22:00 K. They concluded that the alloy
strengthening effect of the solute atoms followed a descending order of B, Hf, Ta, Nb and Re.
The strengthening effectivenes; of the different solutes has been correlated with the atomic size
difference between the solute and tungsten. For all the substitution alloy studied, Hf was found
to be the most effective strengthening agent. Consequently the effect of Hfoﬁ the creep behavior
of mngsten was studied in more detail [12]. Re;sults of this later work show that the creep stress
exponents of different, tungsten binary alloys are between 5 to 6. This implies a similar creep
mechanism for these alloys as that for pure tungsten under the same test condition. However,
creep rates of the alloys were reduced due to the presence of the alloying elementé. This creep
behavior of dilute tungsten was also reported by other investigators. Vandervoort[45] studied the
creep of W-5Re alloy made by PM method between 1873 and 2073 K. Creep rates were reported
to reduce by a factor of 10 from pure tungsten. ’I:his result is consistent with the work of Raffo et
al.[3]. The stress exponent n of 5.5 and an activation energy of 435 kJ/mole for creep were also

obtained suggesting that the creep was controlled by dislocation core diffusion.
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When the rhenium content was increased above 24 at%, creep rates were found to be
consistently higher than those containing only 1 to 2% solute despite the majority of the creep
rates were‘sﬁll lower than pure tungsten. At the same time, the stress exponent drops to 4.0 for
the EB W-24Re alloy at 2200 K[4], 3.8 for PM W-25Re (1773 to 2200 K){46], and 4.7 for the
AM W-26Re alloy[4].

The change in the creep behavior as a function of solute that had occurfed in other alloys
was discussed by Sherby and Burke[32]. In their paper, thg effects of alloying on the creep
behavior of solid solution alloys were summarized based on the analysis of extensive creep data.

" They concluded that the addition of solute atoms nét only increased the creep strength, but under
certain conditions also led to a change of the stres,:s exponent of the creep equation from 5 to a
value of 3 for steady state creep. Thus the steady state creep behavior of solids can be divided.
into Class II and Class I solids based on the two different stress exponent values of the p§wer law
creep _equation for the steady state creep of the material. According td‘ Sherby and Burke[32], the
stress exponentk value n is typically 3 for Class I solids. This type of creep has been found in
many high concentration solid solution alloys. bn the contrary, Class II solids usually possess
higher n values (on the order of 5). Most pure metals and dilute all_dys beloﬁg to this type of
materials. To quantitatively describe the alloying effect on Class I creep in"a material, Takeuchi
and Argon[47] developed a creep model showing that creep in Class I material is controlled by
the viscous glide of edge dislocations under the drag of the solute atmosphere. And the creep
rate is inversely proponional to the square of the solute-solvent atom size mismatch parameter

(e) as well as solute concentration (C). On the other hand, Weertman[48] &cveloped a model for

Class II creep controlled by non-conservative motion of edge dislocations in pure metals.

In tungsten alloys, the above classification has been supported by the creep data of W-

23




25Re[46]. Single crystalline Mo-Nb alloys exhibit such a transition from Class II to Class I
behavior at 1923 K. Tachkova et al.[49] observed that at 1923 K, stress exponent of the steady
state creep of the Mo-Nb single crystalline alloys changed from 5.8 to 3 when the Nb weight
percentage increased from 1.8 to 3. They aiso developed an equation that related the steady state

creep rate of the alloys to stress and alloy concentration in the following form:
§/1%, = BC"? ‘ - (3.19)

‘where Ty, is the resolved shear stress on the {hkl} plane, B is a constant and C is the
concentration of Nb. The exponent (value of 3) m the shear stress term is related to the stress
eprnent deﬁned earlier. This equation is in agreement with the model developed by Takeuchi
and Argon[47]. However it is only valid for Nb concentrations greater than 3%. For
concentrations below this critical value, the stress exponent of the alloy was found to increase
from 3 to 5.8 which is similar to that of pure molybdenum. Unfortunately, no equation was - -
provided in these previous studies to correlate tixe dependence of creep deformation on alloy
éoncentration fqr class II creep of materials. Available data from W-Nb, W-Ta and W-Hf alloys
| exclusively show Class II creep. However no detailed analysis of the creeb behavior has been for

these systems.

3.4.2.2. Creep of Particle Streéngthened Tungsten Alloys

There are mainly two kinds of particle strengthened tungsten alloys available: carbide-
su'engtheried tungsten alloys (usually referred as precipitation strengthened tungsten alloy) and

oxide-strengthened tungsten alloy (usually referred as dispersion strengthened tungsten alloy or
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~ODS tungsten alloy).

The creep test of carbide strengthened tungsten alloyé was conducted for W-Nb-C
allbys[3,12]. In the W-Nb-C alloys, the high tensile Strength of an extruded W-1.15Nb-1.32C
alloy was related to the stabilization of the cold worked structure by the finely dispersed W,C
carbides (0.5 um in diameter) in the matrix[3]. The influence of carbon addition on the high
temperature creep and tensile strength in unalloyed tungsten, W—NB, W-Ta, W-Ta-Re, and W-Hf
alloys was studied[12]. The creep strength of these alloys increased with increasing carbon
content, with the best strengthening effects found in the W-Hf-C alloys. The highest creep
strength of the W-Hf-C alloys was related to the finest HfC carbide sizes (on the order of 0.05 to
0.2 pm). ‘Hafnium carbide (HfC) possesses the hi:ghest melting point 4103 K and the highest
energy of formation (the most negati‘ve)xamong all carbides. Therefore HfC is expected to be the
most stable compound for carbide strengthening. On the other hand, lower creep strength was
obtained in W-C system as compareé to that of unalloyed tungsten. The reduction‘ in the creep
strength was explain by the increase in the sélf-diffusion rate of tungsten due to the pfesence of
carbon[12]. |

The study on the comp;)sitional and microstructural influence on the high temperature
strength of AM W-Hf-C alloyS provided a further identification of the effect of HfC on the high
temperafure mechanical properties of tungsten[7].r In Rubenstein's work[7], the effect of
microstructure on the creep of W-Hf-C alloys was emphasized. The W-Hf-C alloys were found
‘'to be heat treatable and the lowest temperature for solution treatment was 2810 K. Diﬁ'erent heat
treatments le;i to different microstructures. TEM results indicate that 1) the recrystallized alloys

_contain equiaxial grains and relatively large HfC particlés; 2) in the solution annealed and aged

microstructure, fine HfC particles are distributed dispersively in the recrystallized matrix; and 3)
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in the swaged and tested W-Hf-C alloys, cells (subgrains) form with straight sides and contain
fine HfC particles HfC precipitates either in the cell boundaries or in the cell interiors, and
dislocation network stabilized with fine particles can be seen in the subgrain intérior. All of the
recrystallized or solution annealed and aged alloys were crept at 2200 K. The resultant creep
data were interpreted by the simple power law creep. Significant improvement in tﬁe creep
strength over the pure tungsten and W-Hf binaries was obtained in both recrystallized W-0.48Hf-
0.50C and the solution annealed and aged W-0.48Hf-0.50C. The sfress exponent can be as high
as 10 to 13, as compared to about 5 for AM pure tungsten and W-Hf alloys. This high stress
- dependence was explained by the presencé of fine dislocaﬁon structure stabilized by the particles
observed within the cell interior. The network deﬁsity le_ads to an increase in the internal stress
and thus in the high stress dependence. However, no experimental evidence is available to
support this hypothesis. Instead, the well formed subgrain has only been found in the swaged
samples after tensile test. While in the solution and aged samples, no subgrain formation has
been observed even after tensile test. In fact, TEM observation shows only dislocation network
stabilized by particles in the solution and aged tensile specimens. Therefore, Robenstein's
statement on the high creep stress dependence for the solution annealed alloys may not be valid.
The creep strength increment due to HfC was quantified by a detailed measurement of the
HfC diameter in various W-Re-Hf-C alloys[5]. In this study the combined effects of high
temperature strengthening due to HfC and the low temperature ductilify improvement of rhenium
were exarnined to de§ermine if there was any detrimental inteliaction between these two factors.
Based on the experimental results they concluded that there was no detrimental interaction
associated with the HfC induced strengthening at high temperature and rhenium enhanced

ductility. In fact, superior creep properties were obtained in the W-Re-Hf-C alloys. The creep
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strength of these alloys o, is related to the HfC volume percent (f,), median HfC particle

diameter (d) and matrix creep strength (0, through the relationship
oc = afvll?-/d + oe(m) ) ) (3 .20)

where a is a constant, also called the particle strerigtheﬁing rate. The strengthening effect of HfC
in tungsten was explained by its ability to retard the motion of individual dislocation (defined as
direct strengthening) and resist subgrain boundary migratic;n (defined as indirect strengthening).

" These two strengthening factors have been illustrated by the fact that swaged alloys possesses an
extraordinary high creep strength at the median pa:rticle diameter of 40 nm. At a grain diameter
of 60 nm the extra strengthening disappears in the as-swaged alloy as compared with the solutibﬁ
annealed and aged alloys. This suggests that the indirect strengthening is ineffective when the
particle size is beyond a certain critical size.

In general, finer HfC particles were obtained when the tungsten alloys were either
solution-annealed or solution-annealed and agea compared to those in the recrystallized
con'ditio’n. Thus matérials with better creep strength can be obtained when processed in the
forme; two conditions. The corresponding stress exponent n (Equation (3.13)) of W-Re-Hf-C
alloys ranges from 13 to 20 for solution annealed or solution afmealed and aged states. These
values are higher than that of alloys in the récrystallized or swaged states (6 to 8). Unfortunately,
in the studies of Rubenstein[7] and Klopp and Witzke[5], the creep constant A of Equation
(3.13) was not expressed in terms of the' particle diameter and volume fraction of HfC.
Consequently the effect of particle coarsening on long term creep of these alloys cannot be

determined.
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A recent study at Arizona State University has generated more extensive creep data in the
temperature range of 1900K to 2783K and stresses between 20 MPa and 100 MPa for W-4Re-
0.26HfC[24], W-4Re-0.33HfC[50] and W-3.6Re-0.33ZrC alloys[51]. A typical set of data is

shown in Figure 3.2. These data were analyzed based on the creep eqﬁation given in Equ’ation
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(3.13) to produce a stress exponent of 5.2 to 5.4 and the activation energy for creep was ﬁso
- obtained. In W-4Re-0.26HfC, Chen reported two activation energies for creep at two different
temperature ranges [24]. At temperatures between 1955 and 2200 K, the activation energy for
the W-4Re-‘0.26HfC alloy was found to be about 439 kJ/mole and from 2300 to 2500 K, the
activaﬁon energy was 678 kJ/mole [50]. For W-4Re-0.33HfC alloy between 1955 and 2190 K,
the activation energy was also reported at around 439 kJ/mole by Luo et al. [51]. This low
energy value was related to the dislocation core diffusion infhe materials. However, the higher
activation-energy of 677 kJ/mole obtained for higher temperature is ébove the highest value for
* the activation energy'for lattice diffusion reported for tungsten (640 kJ/mole)[52]. In W-3.6Re-
0.33ZrC, the activation energy is about 456 kJ/mt;le between 1900 and 2400 K[51]. These
studies concluded that the mechanism ;\°f creep in these alloys was dislocation creep either
controlled by dislocation core diffusio;x (dominating at low tefnperature) or by lattice diffusion
(dominating at high temperature) E);pedmental evidence of both direct and indirect
strengthening was obtained through TEM observation from the crept W-4Re-0.26HfC and W-
3.6Re-0.33ZrC samples. The individual dislocations detected were all edge dislocations.
Although particle coafsening was observed in théir research, the microstructural change of W-
Re-HfC during long term high temperature operation was still ignored by fhe final creep
model[24,51]. Thus, the life time prédiction of the emitter was performed under a fixed
microstructural condition, which was not consistent with their own research findings.

In W-ThO, alloys, thoria is relative inert. It is mainly used for grain size control in the
lamp inéiustry because of its melting point 6f 3490 K which is the highest amongst all metal
oxides. Typical alloys are W-1 w/o ThO,, W-2 w/o ThO, and W-Re-ThO, with equivalent

amount of ThO,. Because this type of alloys are made by powder metallurgy methods, thoria
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tends to segregate on the grain boundaries. Small fraction of the oxide will also be present in the
" matrix due to grain boundary migration during sintering, thus providing strengthening against ”
creep deformation[24]. In the lamp industry, the addition of rhenium is used to improve the
room temperature fabricability, and at the same time, rheniufn can alsb increase the resistance of
filament for vibration damage. In the ODS tungsten alloys, the addition of rhenium above 10
percent has been reported to change‘the creep behavior of the W-ThO, alloy from Class II to
Class I. This means that in this type of alloys, the contribution of the Re still has a dominating

effect through changing the creep behavior of the matrix.

3.5. Creep of Refractorv Metal and Allov Single Cgstals

The development of single crystalline alloy provides another alternative for use in the
thermionic emitter. One of the problems of carbide strengthened polycrystalline materials is
microstructural evolutiox\1 of the material during service at high temperatures for long periods of
time[5,24,25]. The strengthening effect in polycrystalline tungsten alloys strengthened with HfC
particles may diminish due to coarsening of thé strengthening particles at elevated temperafures.
This degradation process is fcypically represented by an increasing in the steady state cfeep rate as
a function of operating time. During hlgh temperature service, recrystalliiation will provide
additional grain boundary area for easier fuel penetration thus prevenﬁﬁg the materials to be in
direct contact with nuclear fuel or other components containing potential fast diffusing elements.

‘The material systefn based on a single crystalliné matrix strengthened by fine inert
particles can also provide strengthening and simultaneously eliminate any problems associated
with grain boundaries. The succe;sﬁxl examples are numerous, and one of these is the single

crystalline superalloy turbine blade. However the best superalloys lose their strength at |
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températures abo;re 1300 K and are inappropriate for ultrahigh temperature applications. Single
crystalline refractory alloys possess the mechanical strengthened at such ultrahigh temperature.-
However, the high melting temﬁeratm-e of refractory metals makes the use of crucible for crystal
growth difficult if not impossible. Electron beam melting and other non-containment techniques
are more appropriate to grow refractory metal and alloy single crystals, albeit at higher
fabrication costs. These single crystallihe mateﬁals have been developed by Nikolev et al.[17].
They selected alloying solutes to form solid solﬁtions which are thermodynamically stable from
room temperature to the very high emitter operating temperature of over 1800 K. Figure 3.3

" compares the reported creep strength of one of the single cryétalline alloys that has been
developed with polycrystalline W-4Re-0.33HIC[29). It is evident from the figure that the
solution strengthened single crystals possess better creep resistance than the polycrystalline
material.

In the creep study of tungsten single crystal, stress exponent was found to be about 5.8
and the activation energy for creep at 5.8 eV/atom (equivalent to 559 U/mole)[S 3]. Dislocation
network and subboundaries were formed duﬁng creep between 2073 K and 2823 K.

The creep of single crystalline molybdenum has been reported by numerous
authors[49,54,55,56,57]. For single crystalline molybdenum under a uniaxial tensile creep test
condition, the stress eXponent, n, for power law creep was found to be about 7[57]. In

Tachkova's work n was 5.8 as compared to a lower value of 5 for polycrystals[49].
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3.6. Summary

Extenéive creep data, microstructural information and their relationship to high
temperature mechanical properties exist for tungsten and its alloys. Most of these results were
obtaihed under the test conditioﬁs which targeted at polycrystalline material. The absence of
grain boundary also makes fuel penetration significantly slower because no grain boundary exists
to provide short circuit diffusion path for the nuclear fuel components[17]. These attributes lead
to the current development of high creep resistance single‘crystalline solid solution strengthened
W-based and Mo-based materials for potential thermionic fuel el_emenfs applications. However,
in Nikolaev's work, the chemicai composition and crystalline orientation of their alloy were not
reported. On the other hand, the low precision of‘:the strain measurement in the early days
precluded the acquisition of low stain rates in a short durations. Therefore the important effects
of microstructural changes during long time high temperature operation on creep were predicted
with uncertainty. Recent progress on the study of creep of tungsten alloys and the accompanying
microstructural evblution investigation under the conditions close to the thermionic emitter
service state provides a great deal of insight into the materials property-structure correlation.
However, the microstructural change and other material parameters have yet to be explicitly
incorporated into the creep equation of particle strengthened tungsten alloys. The governing
factors that confrol creep in solution strengthened tungsten alloys also have not been established.
These two problems prevent the performance prediction of the emiﬁer materials for long time

high temperature applications. These two issues were the subject of this dissertation.
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4. CREEP MODELING OF PARTICLE STRENGTHENED TUNGSTEN ALLOYS

4.1. Problem of Previous Studies

The particle strengthened tungsten alloys have been chosen as candidate materials for
advanced thermionic emitter. The strengthening particleé in the alloys are expected to coarsen |
- under long-time high temperature exposure. This microstructural evolution and recrystallization
- will diminish the creep strength of these materials. For this reason, the kinetics for the HfC
particle coarsening and the condition for recrystallization have been addressed by several
authors[5,24]. However the créep equation used by the authors for life time prediction is still
- based on a fixed microstructﬁxe under relatively short term creep test.
The purpose of this portion of the disSertzﬁion is to develop a model that expresses the
-microstructural variable explicitly in the creep equation of the particle strengthened tﬁﬁgsten
alloys. ,
4.2. Model Selection and its Imgroverhent
The modeling approach taken by this study will be through the comparison between
available creep data of tungsten alloys with other particle strengthened alloy systems where creep
models have béen developed. Early creep data for the W-Re-Hf-C and W-Hf-C alloys cover
wide range of compositions and many of them combine both solid solution and particle
strengthening together. These alloys shows high stress expoﬁents which range frqm 5 to 20[5,7].
Figure 4.1 shows the log strain rate versus log stress plot of the creep data obtained from Klopp
and Witzke[5] for HfC particle strengthened tungsten alloys. These different n values imﬁly that

there is a large variety of mechanisms operating in these alloys. However, any n value larger

than 7 does not corresponding to any known creep mechanism[58]. Since all of these data were
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35




obtained at 2200 K, the possible dominating creep mechanisms cannot be identified through the
activation energy approach.

Studies at Arizona State Universiiy[24,50,5 1] have produced more extensive creep data
for the same class of materials under a wide range of test temperatures. They concluded that \the
creep mechanism was dislocaﬁon creep and controlled by the dislocation core diffusion below
2200 K; and above 2200 K, the creep is controlled by lattice diffusion. In their study, three types
§f materials were ﬁsed: W-Re-HfC, W-Re-ZrC, and W-Re-ThO, The addition of thenium
(approximately 5%) is to enhance the low temperature fabrication property of the materials.
Rhenium is highly soluble in tungsten and 5% is believed to have little influenced on the creep
behavior. The concentrations of strengthening pai:'ticles are on the order of 0.2 to 1 mole percent.
Creep rates in these materials were investigated in the temperature range of 1900 K to 2873 K
and from a stress 10 MPa to 80 MPa. Figure 4.2 shows a typical set of data plotted in a log-log
fashioﬂ. These data were also analyzed based on the creep behavior given in Equation (3.13).

A survey of the literature on modeling of creep for precipitation strengthened and
dispersion strengthened alloys reveals that there are several creep models that were developed in
~ an attempt to contain particle information within the model. Ansell and Weertman[59]

developed a model to express the creep rate of PS and DS alloys as

¢/D, = 2(L/b)*(Gb/kT)(0/G)* : 4.1)
where L is the interparticle spacing, b the Burgers vector, G the shear modulus of the materials.
This model predicts that the creep rate of a particle strengthened alloy depends on the fourth

power of the applied stress, which is inconsistent with the high stress exponents observed in
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tungsten alloys and other ODS alloys such as Ni-20Cr-2ThQ,[60]. One approach to model the
creep of the alloys with high n values is to plbt the normalized steady state creep rate £,/D;
against normalized stress 6/E or 6/G in the logarithmic scale. In Ni-20Cr-2ThO, single cry?tal
(TD-Nickel), the plot of ,/D, versus o/E in the logarithmic fashion was found to be nonlinear.
Instead, the curve points to the existence of a threshold stress o, below which dislocation creep
does not occur. The physical origin of this threshold is the interaction between the dislocations
ahd the strengthening particles. The threshold stress is proportional to the Orowan stress (Gb/L). -
If the applied stress is much larger than the o, the stress exponent is reduced. Modeling this set

" of data with the consideration of the threshold stress, a phenomenological equation of the

following form was obtained
¢/D, =B(0/E-0,/E)" | (42)

where B is a creep constént. After reexamining the creep data of TD-Nickel, n is found to be
close to 4. This value is in agreement Qvith the stress exponent value which was assigned in the
Lagneborg's theory[61] on the creep of dispersion strengthened alloys. In his theory, Lagneborg
introduced a back stress o, that is due to the particle-dislocation interactibn. This creep model

can be expressed as
g=A(0-0,))" : (4.3)

Again A is a creep constant. And this 0, in Lagneborg's model is proportional to the applied

stress through the relationship 6,=0.7¢ when the applied stress is less than the Orowan stress.
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But this is not true for the W-Re-HfC and W-Re-ZrC alloys. According to the work of Chen and
Luo et al., the resulting stress exponent is above 5.2 [24,51]. And the n values obtained from
earlier studies are even higher|[5,7].

The relation ¢,=0.70 in Lagnebo;g's theory was obtained under the asSumption of high
volume percent of particles, and the dislocation curvature between the particles induced by thé
app}ied stress was also considered helpful to resist the dislocation climb to bypass the
strengthening particles. Higher applied stress results in higher back stress. In additioﬁ, the
higher the stress, the closer thc_z dislocation line increase around the particles, making the climb
" process more local. However, in tungsten alloys, HfC volume fractions are less than 1% in
“almost all of the alloys. Thus the Lagnebofg’s the:ory is not suitable to describe the creep of the

particle strengthened alloys with low volume percent of the strengthéning agent and needs to be
“modified. | |

When improving the Lagnéborg’s model, some relevant experimental facts were
considered. As mentioned before, the high creep strength of the HfC strengthened tungsten
alloys derives from both direct strengthening and indirect strengthening. The creep model should
be able to differentiate these factors. In the case of particle strengthened tungsten alloys, TEM
results show that movement vof individual dislocations is restricted by the particles in both the W-
4Re-0.26HfC and the W-3.6Re-0.33ZrC alloys[24,51]. In Ni-20Cr-2ThO,, the particle-
dislocation interaction has been modeled as a threshold stress which is Vfound to be proportional
to the Orowan stress of the alloy[60]. The same concept can be used in modeling the direct
strengthening of the parﬁcles in the tungsten alloys. A modified Lagneborg's creep model was
develo;raed-by assuming that the back stress be a threshold stress type and is also proportional to

the Orowan stress in the manner
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o, = aGb/L “4.4)

where « is a constant related to the effectiveness of the particles as strengthening agent, b is the
Burgers vector which is 2.74x10"° m for tungsten, G is the temperature dependent shear
modulus,_ L is the inter-particle distance which is also ihdirectly dependent on temperature and
time due to particle coarsening (Equation (3.9)). After considering the temperature effect on the

creep constants, the modified Lagneborg creep model can be expressed as
é=(A'DGb/KT)[(c-aGb/LY/G]* 4.5)

where D is the diffusivity, A'is a function of indirect strengthening. Combining Equation (3.3)
(L=(3n/2f,)"r) with Equation (4.5), the above model can be expfessed as a function of particle

volume fraction f, and averagé particle radiusr,
é=(A'DGb/KT)[(0-0.46aGbf, " */r)/G]* (4.6)

4.3. Creep Modeling of Particle Strengthened Tungsten Alloys

The application of this particle strengthened equation to the creep data of HfC, ZrC and
ThO, is successful, as shown in Figures 4.3 t0 4.5. In all these alloys, a constant n value of 4 was
used which was appropriate for dislocation creep. In this figures, the y-axis is the fourth root of
the creep rate (corresponding to 1/n) and the x-axis is linear stress. The fit was obtained using a
least square method based on the particle strengthened creep equation. The activation energy for

creep is incorporated in the A term and is related to the slope of the lines in Figures 4.3 to 4.5.
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The back stress due to the dispersion particles can be obtained using the x-intercept of the lines
in the same figure. For the timgsten alloys strengthened with HfC anci ZrC, ihe particle stress (x-
intercepts in Figurés 43 an_d 4.4) is a function of temperature whereas ThO, particle stress is
relatively athermal. Results from microstructure analysis show that the HfC and ZrC are quite
randomly dispersed while the thoria particles are segregated at the grain boundaries. Particles at
the grain boundaries are ineffective in resisting dislocation motion. The data from thoria
strengthened tungsten were therefore not analyzed.
The temperature dependence (through the shear modulus G) of the particle stress in HfC

| -and ZrC containing alloys is given in Figures 4.6 and 4.7 respectively. In these figures, values of
0.274 nm and 0.5 to 2 um were used for band L réspectively. These values were experimentally
determined by microstructure analysis[24]. The slope of Figures 4.6 and 4.7 corresponds to &
values of 0.094 and 0.1 for the two materials. Theoretically, according to the work of Arzt and
Ashby [62], who examined the relationship between threshold stress for creep and material
parameters in the shear mode, the threshold stress should range from 0.04 to 0.3 Gb/L depeﬁding
on different dislocation configurations. Because these o values were obtained for the data under
tensile conditions, they should be divided by two in order to compare the theoretical value in the
shear mode under the assumption of maximum shear stress state of rm=d/2. Thus the |
experimental threshold shear stress of these alloys ranges from 0.047Gb/L to 0.05Gb/L, \'vhich‘ is
in agreement to the theoretical values which are from 0.04Gb/L to O.3Gb/L. From the above
analysis, the direct strengthening factor is a function of particle morphology. For indirect
strengthening, it is expected to be governed by the creep constant A. Indirect strengthening is
related to the substructure stabilized by particles. In order to prove this point, it is necessary to

compare the A values obtained from the worked structure and the recrystallized structure of the
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Figure 4.3. Plot of the creep data for tungsten with HfC based on a modified Lagneborg's creep
model. The slope of the lines is related to the activation energy for creep and the x-intercept is

the particle back stress.
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Figure 4.4. Same as Figure 4.3 but for tungsten strengthened with ZrC[51].
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same material; Unfortunately, all the available data were obtained from only one microstructure,
either all swaged and all recrystallized. For example, the creep tests of W-4Re-0.26HfC were
conducted after recrystallized at 2100 K for one hour plus stay at the test temperature for at least
two hours, and that of W-4Re-0.33HfC was conducted after recrystallization for 1.5 ixours at
2438 K. Fof the aré-melted W-3.6Re-0.33ZrC, the test was done after annealing two hours at
2450 K with reported grain size of 110 um. Therefore, more systematic test need to be done to

study the indirect strengthening.
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5. EXPERIMENTAL PROCEDURES
In this study, an experimental study was designed to verify the semi-mechanistic
phenomenological creep model developed in Chapter 4 for carbide particle strengthened tungsten
alloys. As mgntioned in Chapter 3, a W-HfC emitter with an initial worked microstructure will
deform by creep in the as-received condition as well as the recrystallized condition due to
coarsening of the HfC particles at temperatures above 1700 K during the 10 year service.

. Another important reason for conducting creep experiments under these two microstructural
conditions is to separate the contﬁbution due to direct and indirect strengthening effects of HfC.
51 Materials and Sample Preparation | |

The material éhosen for this research is W:-O.37 mol% HfC. This material is close to the
optimum HfC content for high temperature mechanical properties according to Klopp, Witzke
and Rubenstein[5,7]. Rhenium was not a&ded to the alloy so that thé solid solution effect of Re
could be eliminated.

The present source of supply for HfC carbide strengthened refractory alloys is Pittsburgh
Materials Technology Iﬁc. Duriné material fabrication, the first step was the vacuuni arc melting
of the three components (tungsten in the form of rods, hafnium in the form of thin foils and
carbon yarn) into 38 mm diameter electrodes formed by a water cooled copper mold. The ingot
was machined to form a 100 mm long billet and was then encapsulated in a 47 mm diametér Mo
cladding for extrusién._ Extrusion was accomplished at 2273 K at a reduction ratio of 8:1 to a
final diameter 15 mm. The cladding was subsequently removed by dissolving it in nitric aci&.
With 0.37 mol% HfC precipitated in the pure W matrix, this élloy was reported as possessing the
highest mechanical strength at 2200 K[5]. In the as-received state, sections of the alloy rods

were ground to form dog bone shaped creep samples. Figure 5.1 shows the dimensions of the
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creep sample.

3.2. Creep Testing Equipment and Creép Testing Procedures

To conduct high temperature creep tests of tungsten alloys, a vacuum better than 107 torr

is required to prevent oxidation. A vacuum chamber evacuated by a cryogenic pump was
constructed for this purpose. The creep samples were heated up tc; the test temperature by self-
resistifze heating. Figure 5.2 is a schematic diagram of the UHV high temperature creep test
apparatus.

In order to establish the existence of threshold stress, high sensitivity and accuracy of the
‘strain measurements are essential. In this study the sample elongation was measured directly
from thé TZM specimen grip inside the test chami)er using an extensometer with two
LVCs(linear variable capacitor). This requires the strain measuring system to withstand high
temperatures over 600 K. A set of coaxial cable feedthroughs modified for UHV application
were used to bring ‘the signal from the LVC's inside the chamber to the outside signal amplifier.
Cooling of the two LVC's was accomplished by two chilling blocks through which ethy! alcohol
was circulated to remove the heat generated by the test sample.

The load inside the chamber was calibrated by a load cell mounted on the sample grip.
The effects of vacuum and the bellow were eliminated via a correlation of the dead‘ weight with
load cell reading. There was a temperature distributi;)n along the sample due to the 1"esistive
heating rhethod employed. The temperature is uniform only in the middle section, and dropped
sharply near the grips. This introduces difficulty in determining the effective gauge length of the
test sample in the normal tensile test conditions. However, in the case of creep testing at very
high temperature, the creep contribution decreases exponentially with temperature. The effective

gauge length was determined by measuring the distance between the two points on both sides of
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the central high temperature zone beyond which creep was negligible. For the samples tested at.
different temperatures in this study, a laser micrometer was used to scan the permanent sample

diameter change at room temperature after testing at elevated temperature. In all of the samples

~ scanned, there is a section of 15 mm1 mm in the middle of fhe gauge length within which
sample diameter starts to thin gradually and reaches to a minimum at the center of 'the samplé.

For each of the crept sample, the total plastic elongation is less than 0.5 mm measured at above

2000 K. Thus the error of the stfain calculation is below 10%. For this reason, the creep strain

rate was calculated based on an effective room temperature gauge length of 15 mm plus the

‘correction due to thermal expansion at the test temperature. Figure 5.3 shows a typical laser

micrometer scanning of a crept sample and the eﬁ:ective gauge length is determined to be about

15 mm. | F
The creep test procedures are described as follows:

1) = Before starting a creep test, the specimen was cleaned with acetone and methanol to
remove greasé aﬁd moisture.

2) The sample was mounted in the grips and surrounded with the tantalum heat shield. This
shield was placed on top of lower specimen grip platform and was separated from the
upper grip. A slot was opened on the shield to allow the temperature of the specimen to
ﬂbe measured by a dual wavelength infrared camera.

3) The insulation between the heat shield and the specimen was checked, as well as that
between the heat shield and upper grip.

4) The chamber was sealed with a conflat flange and the chamber was evacuated with a

roughing pump to 10 torr.
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11)

12)
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14)

The metal valve between the roughing line and the chamber was closed and then tﬁe high
vacuum valve waé opened so that the chamber was evacuated with a cryogenic pump.
When the pressure in the chamber drop to the low 107 torr range, the cooling bath for the
ethyl alcohol was turned on, then the circulation pump to allow the liquid passing thrqugh
the internal cooling system and the two chilling blocks for the two LVCS. The
texﬁperature of LVC was measured by a thermocouple.

The current adjustment knob was checked to make sure it was at the zero position before
turning on the AC heating power unit.

The heating current was increased until the sample started to glow at about 1273 K. The
sample and the chamber were allowed to 6utgass. At the same time, the strain signal
amplifier and éhart recording machine were turned on.

When the chambér pressure drop back to the low 10 torr ra.hge, the temperature of the
specimen was increased to 1800 K and held for at least one hour to permit the entire
system to' reach thermal equilibrium (LVC temperature became stable).

The specimen temperature was increased to the desired recrystallization temperature for
one hour then quickly reduced to the test temperature (if required). The sample was held
at the test temperature for one hour prior to loading. |

The chart recorder was turned on and set to'a proper speed to record the sainple
elongation as a function of time.

A step-load test method was used in this study.

At the termination of the test, the specimen was cooled down under load and imder the

vacuum.

The high vacuum was closed to isolate the cryogenic pump from the chamber. The
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chamber was let up to a nitrogen atmosphere. This prevent the absorption of the moisture
by the inside surface of the chamber.

15)  The specimen was removed and stored for further study.

16)  Repeat steps 1 to 15 for another specimen.

5.3. Creep under Different Microstructures

Step-load creep tests were performed for the W-0.37HfC alloy with two different
microstructures: 1) as-extruded and 2) recrystallized. Recrystallization annealings were
’conducted to some of the samples to study the microstructural effect on the creep behavior.of the
W-0.37HfC at temperatures between 2000 K and :2500 K. Other samples weré tested under the
as-received condition. Since in this condition, the substructure induced by hot extrusion is
stabilized during creep by the HfC, the indirect strengthening is expected to contribute to the
creep resistance of the material. In the recrystallized condition, the coarsened HfC particles in a
matrix with a low dislocation density should provide direct stfengthening only at the early stages
of deformation. Conducting the creep tests in the above two conditions is intended to separate

the effects of direct and indirect strengthening.

5.4. Paraméteré to be Determined

Many parameters can be identified from a creep test. Howevér the creep parameters to be
determined in this study are those that are directly relatéd to the verification of the creep model
described in Chapter 4. In &e creep test of this study, the applied stress range started from the
minimum stress the equipment could provide 5 MPa (according to the load cell calibration) and

terminated below the yield strength of this alloy at the test temperature so that the plastic stain
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was purely creep in nature.

Primary creep is a combination of anelastic strain and plastic creep defoﬁnation where
work hafdening dominates, thus displaying an ever-decreasing creep rate. The primary creep is
sensitive to microstructure, deformation history and appliéd stress level[63]. Without enough
information, direct comparison of these proces§ between different alloys is difficult. However,
the primary creep will be recorded during the creep tests to definitely identify the onset of steady
state creep; | |

Steady state creep is a dynamic equilibrium of work hardening and thermal recovery.

“This creep behavior is usually used for theoretical analysis and for the comparison of creep
properties between alloys. The steady state creep: rates.of W-Re-ZrC were plotted in a log-log
manner as in Figure 4.2 and compared with the creep data of other PS (precipitation
strengthened) and DS (dispersioﬁ strengthened) tungsten alloys. The stress sensitivity, denoted

as "n", of the steady state creep equation can be determined by[64]
n = (0lné/G1no), (5.1)

In the case of many ODS alloys, high n value is only an apparent stress exponent because
of the presence of the threshold stress. If the creep of these alloys are expressed by the simple
power law, the apparent activation energy Q_,,, corresponding to this apparent stress exponent n

for creep can be determined by[64]

Q. app = [OIn€/O(-1/KT)],




where ¢ is the steady state creep rate, k is the Boltzmann constant.

For pure metal, the true activation energy of creep, Q,, can be determined after
considering the correction of temperature dependénce of shear modulus, atomic volume of the
material and other material parameters used in a proper creep‘model. For pure metals, Q, can

also be expressed as
Q. = AH, - (n-1)(kTYG)(dG/dT) + (kT¥Q)(dQ/dT) (5.3)

where AH, is the activation enthalpy of creep or is sometimes called the true activation energy of
creep,  is the atomic volume of the materials. Because the effect of changing atomic volume to
the activation energy is very small, the last term in Eiluation (5.3) is negligible. Therefore, the

temperature dependence of modulus needs to be considered. Equation (5.3) can be simplified as
Q.= AH, -(n-1)(kT¥G)(dG/dT) 54

The exact expressions for DS tungsten alloys would follow the similar form as the
Equation (5.4) plus the effect of the dependence of back stress on temperature{64]. In this study,
Q. for the model developed in Chapter 4 (Equation (4.5)) can be deterrﬁined in the following
manner. The threshold stresses (0,)at different temperatures were obtained by the x-intercept of

< 1/4

the plot £ versus o plot of the creep data (see Chapter 4). The slope K of each line in the plot
corresponds to the temperature dependence of creep. The real activation energy for the creep

model used in the W-HfC was calculated from the negative slope of the fitted line of

' log(K*G*kT/b) and 1/T, that is




log(K*G*kT/b) = log(A'Dy) - (Q/2.303R)(1/T) O (59)

where K*=A in Equation (4.3), and the y-intercept is In(A'D,). The indirect strengthening effect
was determined by comparing the A' values for the two selected microstructures provided D, is

known.

3.5. Microstructural Characterization of the Crept Specimens

- The particle size used for the modeling was not measured in this study because detailed
"microstructural work has already been conducted by Ozaki[25] in the same material under the
same fabrication condition. ‘The average particle :size will be estimated with Equation (3.9)
obtained by Ozaki[25]. The interparticzle.spacing (L) was calculated by Equation (3.3).
Extrapolated values of 6,, can be obtai;xed using Gb/L at different temperatures for different
microstructures.
X-ray diffraction was conducted on the transverse surface of the creep'speqimens which

were recrystallized to confirm that recrytallization has occurred in these specimens. At the same

time, optical microscopy was used to measure the grain size and monitor recrystallization.
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6. RESULTS AND DISCUSSION

6.1. Creep of Recrystallized W-0.37HfC

Figure 6.1 shows the creep data from 2000 t§ 2500 K plotted in the form of logé versué
logo for thé recrystallized W-0.37HfC alloy. In this set of data, materials that récrystallized at
2773 K for one hour were.tested between 2000 and 2300 K at 100 K interval. Materials that
were recrystallized at 2673 K for one hour were crept at 2400 and 2500 K. The slope of all of the
- lines in this plot corresponds to the‘ stress exponent n for the simple power law which varies from
-5.5 to 9. Because the simple power law cannot provide a proper explanation of the creep in W-

HfC alloys as mentioned in Chapter 4, the activat_ion energy found in the simple power law‘
model is referred to as the apparent activation energy. Following the idea of apparent activation
energy (Bquation (5.2)), the creep controlling mechanism m recrystallized W-0.37HfC was

sought assuming that
é=¢ (T,0) | | - (6.1)

Under the condition of constant stress, Qc,,, can be obtained by the following differential

| form[64]:
Qc opp = [0In€/0(-1/RT)], | ' (6.2)

Here the Qc,,, is calculated on a per mole basis. To obtain the Qc,,, from the experimental data,

the log of the steady stéte creep rates(€) obtained for the recrystallized W-0.37HfC material under
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selected stress levels were plotted against the reciprocal test temperature as shown in Figure 6.2.
Accdrding to Equation (6.2), the activation energy Qc,pp corresponds to the slope of each of the
lines at different stress levels. Thé resultant Qc,,, ;ralues are listed in the same figure. These

values range from 663 kJ)mole to 1871 kJ/mole with an éver;lge of 1'011 kJ/mole whjch is about

371 to 526 kJ/mole higher the activation energy for self-diffusion (485-640 kJ/mole) in pure

tungsten[52].
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Figure 6.1. Stress-dependence of the steady state creep rate of recrystallized W-0.37HfC.
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Figure 6.2. Effect of temperature on the steady state creep of recrystallized W-0.37HfC.

Apparent activation energy found to be between 648 to 1530 kJ/mole.
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6.2. Creep of As-Received W-0.37HfC

Similar finding was obtained from the creep data of W-0.37HfC, tested in the as-received
condition at temperatures |
between 2019 and 2219 K. As shown in Figure 6.3, the stress exponent n ranges from 6 to 7. In
this case, the average appareﬁt activation energy Qc,,, is 947.5 kJ/mole (540 kJ/mole - 1,748
kJ/mole)as shown in Figure 6.4. These high and varying activation energy values were obtained
under the assumﬁtion that stead& state creep rate is only a function of temperature and the applied
stress without considering any other structural and material factors. Factors such as Young's
‘modulus and strengthening HfC particles in the W-0.37HfC alloy are also functions of |
temperature due to the temperature dependence Qf atomic bonding strength and particle
coarsening. In the case of dispersion strengthened alloys, thg increased interparticle spacihg @)
due to particle coarsening with temperature will decrease the threshold stress o, according to
Equation (4.4). This effect results in a situation where the material creeps under different
equivalent stresses (0-0,) under different temperatures even though the applied stresses are the

same.
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Figure 6.3. Stress-dependence of the steady state creep rate of the as-received W-0.37HfC.
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Figure 6.4. Effect of temperature on the steady state creep of the as-received W-0.37HfC.
Apparent activation energies varies from 540 kJ/mole to 1748 kJ/mole, giving an average of

947.5 kJ/mole.
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6.3. Verification of the Créep Model for Dispersive Carbide Strengthened Tungsten Alloys

To obtain a more meaningful activation energy using the equivalent stress approach,
verification of the creep model developed for particle strengthened tungsten is necessary. Creep
data at each temperature for the W-0.37HfC were fitted to the dispersion strengthened creep -

model developed for this class of mateﬁal (Equation (4.3)):

¢ = A(o-0))* | | | - (4.3)
where the constant A can be expressed according to Equation (4.5)

A = A'(DW/G’KT) (6.3)

Again A' is a material constant, K is the Boltzmann constant, b is the Burgers vector (equals to
0.274 nm for W) and G is the shear modulus. The diffusion coefficient D‘is expressed as D exp(-
Q./RT) and Q. is the activation energy in this model. However, the Q. values obtained through
this method méy still contain the activation energy from other thermally activated processes inv
the materials which may occur during creep testing. As mentioned earlier, in both W-HfC and
W-Re-HfC alloys, the strengthening effect of particles comes from two different contributions:
“direct strengthening” and "indirect strengthening”[5,7,24]. The former refers to the resistance
.from the HfC particles to the gliding individual disloc.ation during deformation and the latter
involves the stabilization of grains and subgrains by the particles. When the temperature is
sufficiently high, loss of indirect strengthening due to particle coarsening may occur resulting in

significant degradation of creep resistance. Furthermore, the parameter A' may also change when



dynamic recrystallization occurs.

Using Equation (4.3), the constant A was determined for the recrystallized W-0.37HfC
samples tested at different temperatures by taking the fourth root of the strain rate (¢'“) versus o
as shqwn in Figure 6.5. The threshold stress o, caused by the particles for each temperature can
thus be obtained as the x-intercept of each line. The creep data for the recrystallized W-0.37 HfC:
also fits Equation (4.3) very well. These results are cpnsistent with the modeling wérk described
in Chapter 4 for W-Re-HfC and W-Re-Z1C.

Plotting the log(A) values versus 1/T will yield the required activation energy which is

“independent of stress if the tefnperanxre dependence of the shear modulus G is not considered.
More accurate values were obtained by introducir:xg the temperature dépendence of shear

modulus. This was accomplished by arranging the Equation (6.3) to the form:
AGkT/b = A'D exp(-Q/RT) ' ' 6.4)

An examination of vthis ecjuation indicates that if all the data points can be fitted in to a straight
liné in the plot of log(AG’kT/b) versus 1/T, then QC can be calculated by multiplying the slope of
the line by 2.303R. Both log(A) and log(AG’kT/b) versus 1/T are plotted in Figuré 6.6. Two
straight lines are obtained. The calculated activation energies (575.8 and 582.1 kJ/mole) using
the two methdds are very close to that for the self-diffusion ;)f pure tungsten (from 487 to 640
and averaged at 554 kJ/mole by seQen reported values[52]). In both methods of analysis, the A'
values were found to be relatively constant over the entire test temperature range from 2000 K to
2500 K. When calculafing the creep activation energy of the recrystallized W-0.37HfC, the line

was drawn based only on the four 2773 K recrystallized specimens which were crept between
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Figure 6.5. Creep data obtained ﬁdm recrystallized W-0.37HfC plotted in accordance with the

dispersion strengthened creep model given in Equation (4.3).
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2000 K to 2300 K. The other two high temperature (or low 1/T values) points (2400 K and 2500
K points) which still fall on the same line‘were from samples recrystallized at 2673' K. When the
two points from the 2673 K recrystallized samples were also included in the activation energy
calculation, the Q, remained at around 585.2 kJ/mole. Since 2673 K is the reported one hour
recrystallization temperature of W-0.4HfC alloy [25], this finding implies that A’ does not
depend dn the temperature at which full recrystallization occurs. This results will be discussed

further in the "Discussion" section. The creep of recrystallized W-0.37HfC can be expressed as:
£=13 3x107(b/G3kT)exp(-575800/R’1‘)(o-'0p)4 (2000 K<T<2500 K) (6.5)

. The A’ in Equation (6.4) is -inﬂuencéd by cold working. This is supported by the
experimental creep data of  as-received 'W-0.37HfC and will be discussed in section 6.5.

F oliowing thé same method, the creep data of W-0.37HfC tested in the as-regeived
condition were also analyzed in accordance with Equation (4.3) (Figure 6.7). The thresholdk
stresses in the creep of the as-received W-0.37HfC under all test temperatures were obtained by
extrapolation. However in this set of data, no single activation energy can satisfy all the data
points when using the equivalent stress approach. As shown in Figure 6.8, at lpw temperéture
(2019 K to 2300 K) the slope of the curve still results in a reasonable activation energy value
which is close to that obtained from the recrystallized samples. However at high temperature
(2400 K - 2500 K) the activation energy (corresponding to the slope of the line inF igure 6.8)
deviates significantly.

Plotting the values of 1og(AG’kT/b) for both the as-received and the recrystallized
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specimens against 1/T for all the test temperatures together, it was found that for specimens
tested at 2500 K, the values of log(AG’kT/b) from both m‘icrostructures‘ were very close to one
another (Figure 6.9). This result implies that the as-received specimens become fully
recrystallized during creep testing at 2500 K. At 2400 K, partial recrystallization was believed to
be the reason for the higher A value. To confirm this 0ccurren§e, all the crept samples were

examined to determine their recrystallization state as will be described in the next section.

6.4 Recrystallization Studi of Crept Specimens

In order to prove possible recrystallizatiog for the as-received W-0.37HfC during creep,
optical micrographs and x-ray diffraction (XRD) :spectra were obtained from the transverse
surface of all the crept éamples. As shown in Figure 6.10, th.e’material in the as-received éample
possesses distorted grains and no equiaxial grain was observed. Significant texture was detected
by XRD (Figure 6.11). However, this {110} texture disappeared m the as-received sample crept
above 2300 K (Figure 6.12). Optical microscope observation shows that partial reérystallization
6ccurs when samples are tested ét 2300 K and 2400 K as shown in Figures. 6.13 (a) and (b).
Sample crept at 2500 K possessed fully recrystallized structures. Optical micrograph (Figure
6.14) shows that only equiaxial grains exist. On the other hand, samples that \%vere recrystallized
all exhiBited recrystallized microstructure (Figures 6.15 and 6.16) with XRD spectra displéying
multiple peaks that matched the spectrum for tungsten (Figures 6.17 and 6.18). Therefore, for
the as-received W-0.37HfC, the activation energy for creep should be calculated based on the
three low temperature points (2019 K, 2119 K an 2219 K) in Figure 6.8 where recrystallization

has not occurred.
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Figure 6.7. Creep data obtained from as-received W-0.37HfC plotted in accordance with the

dispersion Vstrengthened creep model given in Equation (4.3).
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Figure 6.10. Optical micrograph of the as-received W-0.37HfC.
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Figure 6.11. XRD spectrum of the as-received specimen.
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Figure 6.12. XRD spectrum of the as-received specimen crept at 2300 K.
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Figure 6.13(a). Optical micrograph of as-received W-0.37HfC crept at 2300 K.
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Figure 6.13(b). Optical micrograph of as-received W-0.37HfC crept at 2400 K.
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Figure 6.15. Optical micrograph of W-0.37H{C recrystallized at 2673 K and then crept at

2400 K.
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Figure 6.16. Optical micrograph of W-0.37HfC recrystallized at 2773 K and then crept at

2100 K.
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Figure 6.17. XRD spectrum of W-0.37HfC alloy 2673 K recrystallized and then crept at 2500 K.
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6.5. Discussion

It is evident that the modified Lagneborg creep model can describe the creep behavior of
W-Re-HfC, W-Re-ZrC and W-HfC alloys. Using the equivalent stress approach in accordance
with this model yields reasonable value of the activation energy for creep. Comparing the
| log(AG’kT/b) value of the recrystallized W-0.37HfC with those obtained from the as-extruded

sfates, the A value of Equation (4.3) for the as-extruded material was about l% of that for the
recrystallized material tested at temperature below 2219 K. The particle stabilized worked
structure decreases the A value. In order to further compare the A' values of the two
-m_icrostructure states, the effect of activation energy for creep should be eliminated. Folléwing
the same method described in section 6.3, the valtzie of log(A'D,) was found to be 2.47 for the as-
extruded W-O.37HfC alloy tested between 2019 K and 2219 K. The corresponding value for the
recrystallized material is 7.12 between 2000 K and 2500 K. The activation énérgy for creep m
the as-received W-0.37HfC between 2019 and 2219 K was found to be about 467 kJ/mole which
is between the energy for lattice diffusion (585 kJ/mole) and dislocation core diffusion (378
kJ/mole). This activation energy value implies that both processes contribute to creep in the
material in this tungsten alloy. Comparison of the activation energy values for creep between the
recrystallized and the as-extruded materials indicated that the particle stabilized worked structure
in the as-extruded material reduced the activation energy for creep by allowihg more dislocations
to participate in the diffusion process. Because of the significant contribution of the dislocation
core to the diffusion process in the as-extruded W-0.37HfC sé.mples, the corresponding D value
in Equation (4.5) for this material should be Deg as expressed by Equation (3.16)[35]. If the

| creep activation energy of this material between 2019 K and 2219 K is defined as Q_ ., then the

effective the D, can also be expressed as




D eff D 0 eﬂexp('Qc eﬂ/RT) (66)

where Q. . equals to 467 kJ/mole. Equating Equation (3.16) and Equation (6.6) yields

DO eﬂexp('Qc cﬂJRT) = fLD L + fDD D _ (67)

The value of D, . can be estimated provided the values of f; and f, are known. According fo
Robinson and Sherby[35], f, was found to be near unity. Using the lattice diffusivity of
DL=5.6xIQ“‘exp(e585200/RT) m?s and dislocatioz:1 core diffusivity of DD=10‘3exp(-378290/RT).
m*/s (R in unit of J/mole-K) bgiven by Robinson and Sherby[35], the value of f, is calculated to
be 1.1x10”° when assuming the f,D, =f,D,, at 2300 K. At this temperature, dynamic particlé |
stabilized worked structure start to disappear in the és—extruded W-0.37HfC. Therefore the
values of Dy ¢ were found to.be from 2.53x10% to 2.19x10° m%/s between 2019 K and 2219 K
with an average value of 2.33x10° m%s. Using fhe ratio of 10g(A ruaedDo e)/108(A recrysuatiizeaDo)s

which equals to 2.47/7.12, the A' for the as-extruded material is found to be
A peged = 3-27X10°A" o catines (6.8)

This means that the A' is greatly reduced by the particle stabilized Worked structure. Above 2300
K the A value increases drastically indicating that dynamic recrystallization has occurred.

Therefore the creep of as-extruded W-0.37HfC alloy between 2019 K and 2219 K can be

expressed as
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& = 2.97x10%(b/G’k T)exp(-467400/RT)(0-0,)" (019K<T<219K)  (69)

where G and o are in unit of MPa.

Figure 6.19 shows a comparison of the log(AG’kT/b) values between different
recrystallized materials. The slope of the line for W-4Re-0.26HfC gives an activation energy of
613.8 kJ/mole which is different from thét obtained for the W-0.37HfC by only 5% in the same
temperature range. However the line for W-4Re-0.26HfC is below that of W-0.3 7HfC, showing
a 3 to 5 times reduction in the corresponding A values over the entire test temperature range.

The reason for this reduction was inyestigated by comparing the test éonditions of the two
materials. According to Chen and Tsao et al,, W-;#Re-O.26HfC become fully recrystallized after
anngaling at 2100 K for one hour[24,29]. The cfeep tests of the W-4Re-0.26HfC from 1955 K
and 2500 K were all conducted after recrystallized at 2100 K. The initial particle radius was
about 20nm. While for the W-0.37HfC, the creep tests weré con&ucted after the material having
been recrystallized from 2673 K to 2773 K for one hour. 'fhus the starting average particle sizes
were estimated between 60 nm and 77nm according to Equation (3.9). But the particle size is not
believed to be the reason for the higher A values. As shown in Figure 6.9, the log(AG’kT/b)
value for the as-extruded W-0.37HfC increases is larger than the corresponding reggretion value
for the recrystallized material due to the dynamic recrystallization of the as-extruded alloy during
the creep test. This value is even larger than the reggretion lég(AG’kT/b) value of the W-4Re-
0.26HfC under the recrystallized condition. | According to Ozaki[25], the average particle radius
in the as-extruded W-0.37HfC alloy used in this sfudy is also 20nm. However, this small particle
size did not.lead to smaller A value than the pre-recrystallized W-4Re-0.26HfC saﬁpl% when it

was tested at 2500 K. In fact, the A value for the W-0.37HfC is over 3 times as large as that for
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the pre-recrystallized W-4Re-0.26HfC crept under the same temperature and W-0.37HfC has a
higher HfC volume fraction than that of the W-4Re;0.26HfC. Therefore, particle size effect on
A cannot explain such reduction. As illustrated in section 6.3, the A value does not depend on
thé grain size of the material as long as full recrystallization is achieved. Then only difference -
between the two materials is that the presence of 4 a/o Re in the W-4Re-0.26HfC. Thus the
difference in the A value may be due to the solid solution strengthening effect of Re to the
matrix. To provide a quantitative evaluation on the Re solid solution effect‘on ihe creep
properties of the HfC particle strengthened tungsten alloys, further study is needed to separate the
two strengthening mechanisms. Therefore the effect of solid solution atom on the creep tungsten
should also be studied with the absence of HfC pa:rticles. This study will be cdnd_ucted in the
next chapter.

Similar to thé above study on the creep data of the W—0.37HfC alloy, the analysis was also done
to the W-3.6Re-0.33w/0ZrC and W-4Re-0.33mol%HfC. The results -of such an analysis for the
W-3.6Re-0.33w/0ZrC yielded Q. value of 334 kJ/mole (as shown in Figure 6.19). This value is
close to the activation energy for dislocation core diffusion of 378 kJ/mole. The value of f, is
calculated to be l.7x10'é at a transition temperature of 2400 K (the highest creep test temperature
for W-3.6w/oRe-0.33w/0ZrC). This corresponds to the condition that the contribution of
dislocation core diffusion and lattice diffusion are equal at the transition temperature. .Using the
equation obtained by Robinson and Sherby[35], a dislocation density of 1.7x10" m? was found
necessary for pure tungsten to maintain the dislocation core diffusion as the dominating creep
process up to 2400 K. This dislocation density corresponds to an applied stress of 82 MPa in
pure tungsten according to Vandervoo:t and Barmore[46] who have measured the dislocation

density of tungsten as a function of stress at 2073 K. However, most of the creep tests for both
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Figure 6.19. Comparison of the activation energy of particle strengthened tungsten alloys.
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W-3.6w/oRe-0.33w/0ZrC and W-4Re-0.33a/0HfC were conducted at stresses below 80 MPa.
The reason for this material to have a high transition temperature of dominating creep controlling
process may be due to high density of dislocations generated during the primary creep stage and
retained by the particles during the steady state creepl. In fact, in W-3.6w/oRe-0.33w/0ZrC, there
are estimated 1 vol% of ZrC particles (compared to 0.43vol% HfC m W-4Re-0.26 HfC and
0.6vol% HfC in W-0.37HfC). These ZrC particles are very fine (<100nm) even after annealing
at 2473 K for two hours followed by testing ét 2200 K fof 200 hours[Sl]. The high volume
percent and the presence of uﬁcoarsened ZrC particles may be responsible for the low activation

' energy fér creep observed. Another possible reason for the reduction of activation energy is the
presence of alloying elements Zr in the W matrix :which results in a decrease in the activation
energy for diffusion of both solute and solvent. Povarova reported that the acﬁvation energy of
diffusion for Zr in tungsten decreases by 167 kJ/mole due to the presence of Zr and it can be
expected that the activation énergy for the self-diffusion of tungsten will also be reduced with the
presence of Zr[52].

An earlier study has éxamined the creep behavior in W-4Re-0.33mol%HfC alloy which
contains 0.52 vol% of HfC particles. This concentration is very close to the reported volume
pefcent at which this class of materials have shown the maximum high temperature tensile
strength and creep strength[7]. As mentioned before, these hlgh strehgths are due to the high
ability of HfC particles to resist dislocation motion and grain boundary and sub-bouxidary |

migration during deformation. Unfortunately, the author did not provide any microstructural

information for their crept samples.




7. CREEP MODELING OF SINGLE CRYSTALLINE SOLID SOLUTION TUNGSTEN
AND MOLYBDENUM ALLOYS
A recent report[17] stated that single crystal tungsten alloys had very high creep
resistance which was an order of magnitude higher than that ef W-4Re-0.33HfC at 2073 K.
However, the authors did not mention the exact experirﬁental conditions such as the erystal
orientation of the specimens, the stress states and the stress direction relative to the oﬁentation of
the test specimens. These factors are important to the understanding of creep deformation in
single crystale. Therefore, the analysis was first conducted based on an assumption that the
’ growth of the single crystal were either in the [110] direction which is one of the conditions
relevant to the geometry of the TFE orin [111] w;hich provides six {110} planes on the
circumference (maximum number poesible). Thxs (110) surface gives the best thermionic
emission characteristies. The purpose of this research is to understand the creep behavior of TFE
made of solid solution strengthened refractory single crystal alloys, especially molybdenum and |
tungsten. In such alloys, it is expected that the absex;ce of grain boundary and the presence of
solid solution will result in different creep deformation processes compared to disperéion
strengthened polycrystals. The effects of the deformation geometry of the single crystal emitter
and solid solution strengthening were examined separately. |
7.1 Stress Analysis for Deformation of B.C.C. Single Crystalline Cylinderical Tube
The stress state experienced by the TFE. cladding is more complex and resembles that of a

thin wall cylinder subjected to an internal pressure. The wall of an internally pressured cyiinder
experiences a triaxial stress state with fhe cireumferential stress (also called hoop stress or
tangential stress) leéding to creep in the diameter of the cylinder at high tempergtures. Creep is

usually measured by monitoring the outside diameter of the tube[49]. In this configuration, the
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creep rate of the expanding outside diameter depends on the single crystal growth direction
which is along the axis of the cylinder and the triaxial stress state. A stress analysis based on a
singlé crystal cylindrical tube under an internal pressure was conducted.

In this study, we have only included the creep expansion in the outside diameter due to
the effect of the hoop stress (resulting in the expansion of the diameter). Results, illustrated in
Figure 7.1, show the resolved shear stresses in véridus' possible planes on the surface of a single
crystal cylinder with a [110] growth direction (coming out of the paper in Figure 7.1). The
resolved shear stresses of three active slip systems under a hoop (or circumferential) stress, 0y,

‘were calculated around the peﬁméter of the cylinder. Two of the three slip systems belong to the
{112}<11T> as indicated by the dotted and dashe;i lines. The third system is related to the'basic
{110}<T11> slip and is represented by the solid line. Although the [110] direction possesses a
two-fold symmetry, tﬁe resultant resolved shear stress distributions exhibit a four-fold symmetfy
due to the way that the circumferential (hoop) stress is projected onto the slip plane. The
distribution of such resolved stresses provides information on the deformation around the
circumference of the cylinder. There are alternating zones of large and small deformation within
each slip system investigated. This is due to variations in the crystallographic orientation as a
function of position.around the cylinder. However the macroscopic stress distribution will be a
summation of all the stresses from all the different available slip systems. This results ina
relatively isotropic macroscopic stress distribution implying that the deformation observed in
cylindrical single crystal with a [110] axis will be quite uniform. As pointed out by other

authors[57], the increase in zone alternation results in a corresponding decrease in the effective
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Figure 7.1. Resolved shear stress analysis for a BCC single crystalline thin-walled cylinder

grown along the [110] axis.
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dislocation free path generated by creep. This results in a reduction in the steady state creep rate.
This effect was calculated for a cylinder with a [111] zone axis along its longitudinal direction.
Similar to that shown in Figure 7.1, an analysis was also made on a single crystalline tube with a
[111] growth direction. The resolved shear stress (t) distributions for a [111] bec single
crystalline tube are shown in Figure 7.2. Three slip systems were considered, all of which were
of the {110}<111> type. The three slip systems result in identical deformation (shown by the
solid, dashed and’ dotted lines), but rotated 30° as e@ected due to the three-fold symmetry in the
[111] direction. Consequently, the deformation due to a uniform hoop stress in cylindrical single
,-crystal with a [111] axis is again quite uniform. |

The above analysis is supported by the exl:)erimental study of Tachkova[49]. In
Tachkova's work, the effect of solid solution strengthening on the créep expansion rates of the
outside diameter single crystal cylindrical sample were réported and the results are summarized
in Figure 7.3. In this figure, the steady state creep rate of the outside diameter is plotted against
the resolved shear stress in a log-log manner so that the slope of the line is related to the stress
exponent. The use of resolved shear stress instead of applied stress eliminates the directional
-dependence of the stress state. The tests were conducted using an interhally pressurized thin wall
tube configuration to simulate the service conditions of the TFE. The authors found, in pure Mo
single crystals, the stress exponent (5.8) is independent of the crystal orientation (both in the
[110] and [111] directions). This implies that the resolved stress distributions (similar to that

given in Figures 7.1 and 7.2) for the two crystal directions are relatively similar.
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7.2 Creep Modeling of Tungsten aﬁd Molybdenum Single Crystalline Solid Solution Alloys

The effects of alloying on the creep behavior of solid solution alloys have been studied |
extensively. The addition of solute atoms not only increases the creep strength, but under certain
conditions also leads to a change of the stress exponent of the steady state creep equation from 5

to a value of 3. This is especially the case for the creep of single crystalline Mo-Nb alloys at
1923 K reported by Tachkova[49]. They observed that the stresé exponent of the alloys changed
from 5.8 to 3 when the Nb content was increased above 3 wt%. This change in creep behavior is
consistent with the classification by Sherby and Burke[32]. In their study, the steady state creep
" behavior of solids is divided into Class I and Class II solids by the two different stress exponent
(n) values of 3 and 5 respectively. The transition :of the creep behavior from Class II to Class I
with the increase of solute conicentration reveals a change of dominating creep mechanisrﬁ from
climb controlled (as modeled by Weertmann[48]) to glide controlled as modeled by Takeuchi
and Argon[47]. The prediction of such a change with respect to the alloy type and alloy
concentration depends on the miodeling of the two distinct creep mechanisms. In Mo-Nb alloys,
the effect of alloy concentration on Class I creep can be well expléined by the T-A model as
reported by Tachkova (Equation (3.19)){49]. However, the effect of alloying on the Class II
creep of Mo-Nb alloys has not been formulated. Similar situation also exists in the solid solution
tungsten alloys where many alloys exhibit Class II creep behavior, as reviewed in Chaptef 3.
Therefore the purpose of the following sections are to model the Class II creep behavior observed
in tungsten and molybdenum alloys.
The creep strength of W-Re, W-Nb, and W-Hf at 2200 K has been determined by Raffo

and Klopp[12]. They concluded that Hf was the most effective strengthener in tungsten while Re




was the least effective among the three elements considered as shown in Figure 7.4. The effect
of strengthening was found to be governed by the atomic size difference between the solute
atoms and tungsten. Unfortunately no quantitative model for thesevalloys has been developed. As
shown in Figure 7.5, results from polycrystalline tungsten and its alloys show that Class II créei)
behavior exists in most alloys under the stress and temperatﬁre conditions of interest. The
presence of solutes shifts the creep rate lower relative to that observed in pure tungsten. Thus a
creep model was formulated for these materials that accountéd for the alloying effect by a shift
factor. The creep behavior of solution strengthened alloys is related to that of the pure material

. via the equation:.

Eattoy = Sattoy Epure ' ' : (7.1)
where ¢,,,, and &, are the sieady state creep rate of the alloy and its matrix metal respectively,
and S,;,,, is the shift factor. This model requires that: (1) the creep of the dilute tungsten alloys
has the same stress exponent (n) as that of pure tungsten, (2) atomic mismatch and alloy

‘concentration being the dominate factors on creep, (3) the alloy shift factor S, provides a
smooth transition in terms of changes in composition and solute type.

To determine the form of the shift factor S,,,, the observation that the addition of solute
atoms leads to a reduction in creep rate or increment in creep strength is considered. The
strengthening effect of the solute was assumed -to origiﬁate from its interaction with climbing
dislocations thus imposing an extré energy barrigr for creep to occur in these alloys. This barrier
was assumed to be a function of atomic mismatch (e) and alloy concentration (C) according to
the conclusion of Raffo and Klopp[12]. Since cree;; is a thermally activated process, this extra
energy barrier f(e,C) will affect the creep of the alloys through the term exp[-f(e,C)/(RT)]. Thus

Equation (7.1) can be re-expressed as
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Figure 7.4. Effect of solute content on creep strength of solid solution strengthened tungsten
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€atoy = Epure €XP[-f(€,C)/(RT)] (72)

where R is the gas constant and T is the absolute temperature. The shift factor Suoy= exp[-
f(e,C)/(RT)] was assumed to be similar for materials in both the single crystalline and

polycrystalline states.

7.2.2 Model Verification Based on Tungsten Alloys

The strengthening effect varies with solutes as illustrated in Figure 7.4. The value of the
ierm exp[-f(e,C)/(RT)] at 2200 K can be obtained from the information provided in Figure
7.5 when both 0,,,,(creep strength of alloy) and O_.-pm (creep strength of pure tungsten) at &=10¢ 5™
are known for the given alloying solute and compositions. Hence, for any alloy that obeys the
power law creep equation (¢ = A_o), the condition of constant creep rate of 10° s yields the
following relationship:

Ac alloycalloyrl = Ac pure Uputen = 10-6 s.l (73 )
where n=5.8 in pure tungsten and its dilute alloys. From Equation (7.2), the condition of
constant stress 0, gives:

A, 1o O = A exp[-f(e,C)/(2200R)] - 7.4)

n
< alloy ™ pure ¢ pure 0pure

Taking the natural logarithm of both sides of the Equation (7.4) and combining with Equation

(7.3), result in:
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Ing,,, = Ino,,. + f{e,C)/(2200Rn) (7.5)

Through Equation (7.5), the relationship between e, C and 0, can be thained if the exact form
of f(e,Cj is known. The values of the atomic size mismatch (¢) are given in Table 7.1 for use to
determiﬁe the factor.

One of the boundary conditions of Equation (7.4) is that if the solute content C is zero
(pure unalloyed material), A . should equals to A_,;,, . Furthermore, if the atomic size
* mismatch factor (e) is zero (same atomic radius and therefore no strengthening effect), we have
’A: pire = Acanoy- It both cases, the alloy behaves like a pure metal. The form of the parameter
f(e,C) is thus expected to be a function of the proéiuct of e and C. Based on this
phendmenological assumption, sélecting‘ different alloy cohcentrations and determining the creep
strength at a constant creep rate of 10° s”! and using the corresponding e values from Table 7.1, a
master curve was obtained with the parameter f(e,C) taking the form of eC'2. This is shown in
Figure 7.6. From this master curve, the creep strength of W-Re, W-Nb, and W-Hf alloys at 10

1/s is governed by the product eC" through the relationship:

InG,y,,, = 66eC'? + 3.1 = 66eC'* + InG | (7.6)
Comparing the above equation with Equation (7.5), the parameter f(e,C) at 2200 K is

given by f(e,C) = 66eC"2. Therefore, f(e,C) = 145000nReC" at 2200 K with C in mole fraction.

The steady state creep rate of the binary solid solution strengthened tungsten alloys can be

expressed as:
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€atoy = Epure €XP(-145000neC'/T) ' (7.7

where n equals to 5.8 for the arc-melted tungsten [3] and single crystalline tungsten [53].
Equaﬁqn (7.7) shows that when either e or C equals to zero (which Corrésponds to a pure metal),

f(e,C) vanishes, and the term exp[-f(e,C)/(RT)] equals to one. In this case, €10y DECOmES €, 3S

required.

Table 7.1. Atomic Size Mismatch between Tungsten and Three Solutes

Atomic Radius " Atomic Size Atomic Size
®) Difference Mismatch
Element (in angstrom) (relative to W) (e)
~ [65] e=| Ty Tooue |/Tw
W 1.38 : 0.00 0.00
Re 1.34 -0.04 0.029
" Nb 1.44 0.06 0.042
Hf 155 0.17 0423

*rw is the radius of the tungsten atom and r,,,, is the radius of the alloying solute.
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Figure 7.6. Master curve showing the dependence of creep strength of the tungsten solid solution

alloys at 8=10s at 2200 K.
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7.2.3 Model Verification Based on Molybdenum Alloys

The creep behavior of Mo-Nb and Mo-Hf solution strengthened single crystals is
summarized in Figure (7.7). The data for the Mo-Nb alloys were obtained at 1923 K
TachkoQa[49] whereas the Mo-Hf study was conducted by Liu and Zee[66] at 1853 K. Thé creep
response of an unalloyed Mo single crystal is included and it exhibits Class II creep with a stress
exponent of 5>.8. Two alloys (1.8 wt%Nb and 2 at%Hf) were found to possess Class II creep as
shown in Figure 7.7. The same ’analysis outlined for the W alloys in the above section was
conducted for these Mo alloys. The same objective is to determine the functional form of f(e.C)
for Mo alloys. Figure 7.8 represents the shear stress dependence on the parameter eC 2 ata
consiant creep rate of 10 s™! for the two Mo alloy:s of interest (similar to Figure 7.6 for W). Two
lines were obtained due to the difference in temperature. The Mo-Nb alloy was tested at a higher
temperature than the Mo-Hf material. Since creep is thermally activated, it is possible to correct
for tﬁis temperature by the term exp(-Q/RT). Figure 7.9 represents a temperature corrected plot
with an activation energy (Q.) of 443 kJ/mol. This Q, value corresponds to the activation energy
for creep in Mo c;btained from the literature[55]. From this analySis, the solution strengthening
function was found to be f(e,C)=260000RneC!2. The Class II creep behavior of Mo-based alloys

can therefore be described by
€.ttoy = Epure €XP(-260000neC'?/T) : (7.8)

where C is ihe' mole fraction of the solute.
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Figure 7.7. Steady state creep of molybdenum‘single crystal and single crystalline molybdenum

alloys[49,66].
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Figure 7.9. Same as Figure 7.8 but corrected by temperature.
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7.2.4 Discussion

As mentioned earlier the physical origin of the factor f(e,C) is the additional enefgy
barrier imposed on dislocation climb process caused by the solute atoms during creep. This
implies that the process is thermally activated and the reduction of creep rate will drop
exponentially as predicted by new model. Thus creep caused by dislocation climb will be
reduced with increasing alloy coﬁcentration as compared to the creep induced by dislocation

- glide. Therefore there exists a point where creep mechanism changes from climb contr;l to
viscous glide control, the latter of whicﬁ will dominate the creep when the solute concenﬁaﬁon is
"high enough. This transition behavior was observed in Mo-Nb single crystalline alloys[49].
| The creep model developed in this study fi)t both tungsten and molybdenum alloys
provides a good fit to the existing Class II creep data. For those alloys showing
dislocation glide, there exists a point where creep mechanism changes from climb control to
viscous glide controi, the latter of which will dominate the creep when the solute concentration is
high enough. This transitionbehavior was obsérved in Mo-Nb single crystalline alloys[49].

The creep model developed in this study for both tungsten and molybdenum alloys
provides a good fit to the existing Class II creep data. For alloys showing Class I creep behavior,
the creep caused by climb mechanism does not play a dominate role. For example, Raffo and
Klopp[12] have examined a tungsten alloy with 0.8 at% Hf at 2200 K with the results shown in
figure 7.10. Their data were in excellent agréement with the dislocation climb controlled model
(Equation (7.7)) as illustrafed in the same ﬁgure._ As expected, the creep rate predicted by the
Takeuchi and Argon[47] model (¢ = {kTDso3]/[8Ce2G4b5]) is lower than the measured quantities -

indicating that the dislocation glide controlled creep is not a dominate process
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in this alloy. In this prediction, the solute diffusivity of Hf at 2200 K, 5.9X10"*m’s! was used
according to Ozaki[25]. At stresses below 20 MPa, dislocation viscous glide will become the
dominate mechanism as predicted by ﬁe Takeuchi and Argon. However, no creep data at such -
low stress levels are available. Especially, in W-25Re alloy where glide con‘trolled creep V(Class
I) dominates[46], creep predicted by Equation (7.7) shown that the climb mechanism is not
dominating whiéh is copsistent with the experimental data of W-25Re. In molybdenum alloys,
Figures 7.10 and >7.l 1 show the excellent prediction of the dislocation climb model on Mo-Nb
and Mo-Hf alloys respécﬁvely. |
‘ The physical origin of the shift factor in the above model has draw theoretical interest in
 this study. The presence of solute atoms enhanceé the creep resistahce of the material by
dislocation pmmng Under the conditions of high applied stress and high temperature, this
strengthening effect is due to the resistance of dislocation climb by solutes. The size misfit
between the solute and‘the solvent atoms is the source of dislocation pinning. The model
developed is based on the excess energy for dislocations to bow around solute atoms. Figure
7.12 illustrates sucﬁ an interaction. The solute atoms are assumed to be evenly distributed.
Climbing dislocations (due to applied stress) are pinned when they encounter solute atoms due to
the interaction of the strain field prbduced by the size misfit. The pinned dislocation line will |
bow ﬁpon increase in the applied stress. A balance in force wil_l be established between the line
tension of the
dislocation (T) and the resistance force of the solute (F). The bowing angle (¢) is a function of
applied stress. The onerall line léngth of the dislocation increases due to bowing. The force

balance criterion yields:
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Figure 7.12. Schematic drawing of the interaction of climbing dislocation with solﬁte atoms.
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2Tcos(¢/2) =F, (7.9)

The elastic interaction energy for a solute atom at a distance r and an angle 6 from a dislocation:

can be described as[67]

U(r,0) = A(sin®)/T | | | (7.10)
where

A=(4/3)[(1+v)/(1-v)]Gber’ 1y | ; (7.11)

and r,,.;, is the atomic radius of the matrix, G is the shear modulus of the material (temperature
dependent), b is the Burgers vector (0.274 nm for tungsten) and v is the Poisson's ratio (0.28 for
tungsten). The term e is the atomic size mismatch factor between the solute and the solvent
(matrix) atoms as shown in Table 7.} 1. Absolute values of this parameter are given since the
interaction between dislocations and solute atoms only depends on the magnitude of this
mismatch and not its sign.

When a dislocation approaches a solute atom through the climb procesé, the interaction
energy (given in Equatipn (7.10)) increases. The maximum interaction occurs ata © éngle of 90°
(the dislocation approach the solute atom either frofn the top or bottom in Figure 7.12). Under
this condition, the energy U is simply Afr. The interaction force F that the solute atorﬁ exerts on
the dislocation to impede its climb is related to the derivative of the interaction energ.y (F=

dU/dr). This interaction force between solute and dislocation increases as the applied stress is
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increased. The maximum force (F.) that this interaction can provide prior to the breakaway of
the dislocation from the solute atoms can be computed by first determining the interaction force
through F=-dU/dr yielding:

- F=(4/3)(1+v)Gber,,./[(1-v)T%] (7.12)

@

Substituting the condition Inawix= I = b/2 and a Poisson's ratio of 0.28 into the equation yields:

F,= 1.2Gb% (1.13)

At the point of contact between the solute atom and the dislocation, the line tension T at the

critical conditionjust prior to breakaway is given by[68]:

T, = GbY[In(R,/Ry)-1}/[4n(1-v)] | (7.14)

where R, is the spacing between dislocations and Ry is the size of the dislocation core (which is
normally approximately ﬁvektimes the Burgers vector. In the solutionstrengthened alloys of
interest, the materials are normally in their well annealed state with an average dislocation
density on the order of 10 m?. This yields a dislocation spacing (R,) of 10° mm. Substituting
R;=10? mm, R;=5b=1.2x10" mm and v=0.28 into Equation (7.14), the critical line tension for

dislocation breakaway is:

T, = 0.5Gb’ (7.15)
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At this criticai point, the parameters (F,, T, and ¢.) in Equation (7.9) will take on their respective

critical values:
2T cos(¢/2) =F, ' (7.16)

From this equality, the critical bowing angle ¢, can be obtained. Combining Equations (7.13),
(7.15) and (7.16), the critical Bo“ring angle'for tungsten strengthened with three types of solutes
(Re, Nb and Hf) can be calculated. The parameter that distinguishes the three alloys is the misfit
" coefficient e. The (¢/2) values for the W-Re, W-Nb and W-Hf alloys are 89.0°, 88.6° and 85.8°
respectively. These angles are related to the maximum bowing of the dislocations prior to
breakaway.

The retardation of creep due to solution strengthening arises from the extra line length of
the dislocaﬁon (due to bowing) that must be generated prior to the breakaway of the dislocation
from the solute atoms. For a section of dislocation between two solute atoms separated by a

distance L, the increase in energy AE to create this extra line length can be written as:

AE=T(L-L)N ‘ (7.17)
where T, is the critical line tension defined earlier, L, is the line length of the bow (larger than L,,
the straight line distance) and N is the number of atoms within the volume that the bowing

* dislocation has swept through. The parameter N is related to the shaded area (S) in Figure 7.12

in the following manner:
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N = Sb/(2R)’ | - (7.18)

The area S (in Figure 7.12) can be calculated using simple geometry and is related to the other

" parameters of interest through:

S = [n-¢.-sin ]L /[8cos($/2)] (7.19)

Itis rea;onable to assume that the solute atoms are distributed randomly in the matrix. The term
'L, is the average nearest neighﬁor distance between these atoms and ié_equal to b/C'? where C is
the solute concentration. Substituting Equaﬁons (:7.18) and (7.19) into (7.17), the following
expression for the extra energy required to free the dislocation from the pinning of the solute

atoms:

AE = (32/3)G pinf(PI(1+0)/(1-0))(eC™) ' (7.20)

- where

f(d)c) = [ﬁ4¢c-2cos(d)c/ 2)] / v[n-d)c'sm(bc] (7'21)

As illustrated earlier, the value of ¢, is relatively insensitive to type of solute. This implies that
the term f(¢,) is also quite insensitive to materials. For the three alloying elements selected, the
value of f(¢,) is approximately 0.25.

The extra energy needed to free a climbing dislocation from solute pinning sites (given in
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Equation (7.20)) can be used to calculate the reduction in creep due to the presence of such solute
atoms. Since AE can be treated as an extra activation energy for creep, it is feasible to account

for this strengthening effect by introducing an additional rate limiting term of the form exp(-

| AE/KT) to the creep for the pure material. The creep rate of a strengthened alloy (é,,{oy) is

therefore related to the creep rate of the pure materials (¢,,.) via the equation:

Ealloy = Epure€XP(-AE/KT) . | (7.22)_
where

AE = 1.2x10%(m*) GeC'? | - | (7.23)

Creep data are available for three tungsten based alloys (W-Re, W-Nb and W-Hf). At2200K,
the exponential term AE/KT becomes 4.10x107°GeC'2. Comparing with the term exp(-
145000neC"¥/T) from EQuation (7.7) at 2200 K with an n value of 5.8, a G value of 932 GPa was
obtained. This value is.about eight times the dynamic shear modulus of pure tungsten[43] at
2200 K. Therefore, pure elastic interaction can not explain the interaction between the solute and
dislocation. In spite of this, the ability of this mddel to fit the available data strengthens the
confidence of our assumption that the creep resistance of the solid solutioﬁ alloy comes from the
extra activation energy required for créep in tungsten alloys. Equations (7.7) and (7.8) can be
ﬁsed to serve as a guidance for further improvement of the above creep model and for new alloy

development.




8. CONCLUSIONS

A comprehensive study was conducted to examine the strengthening effects in Mo and W
alloys via an experimental-modeling approach. Both solution strengthening and dispersion

strengthening concepts were investigated.

8.1. Carbide Particle Strengthened Tungsten Alloys

1) A semi-mechanistic phenomenological creep model was developed to describe the creep of
_precipitation strengtheﬁed‘tungsten and tungsten-rhenium alloys which is consistent with the
microstructure.

2). High temperature creep tests of W-0.37HfC alloy were conducted under different
metallurgical conditions. Direct and indirect strengthening effects of the HfC were separated by
the model developed in thi§ alloys. Dynamic recrystallization during creep significantly reduces
indirect strengthening at temperature above 2300 K. Below this temperature, the indirect
strengthening will provide about 20 fold reduction in the creep rate of the W-0.37HfC.

3). The activation energy of creep for the W-0.37HfC tested between 2000 to 2500 K is 585
kJ/mole, indicating that creep is lattice diffusion controlled under this condition.

4). Correlatiofxs between thetallurgical state of W-0.37HfC and creep behavior were made as

function of temperature and stress.

8.2 Solid Solution Tungsten and Molybdenum Alloys

1). A model was developed to describe Class II creep behavior in solution strengthened refractory

alloys of tungsten and molybdenum. This model successfully explained the available data in
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alloys based on these body-cen.tered cubic materials.

2). The effects of alloying on the dilute binary refractory alloy were modeled with alloy -
concentration (C) and atomic size mismatch parameter (€) (being the main paiameter) between
tungsten and solute atoms. A shift factor was developed and employed to pfedict the creep
behavior of these alloys. Results show that Class II creep behavior of the binary tungsten alloys

can be expressed as
Eattoy = Epurc€XP(-145000neC"*/T) 8.1

- while the Class II creep behavior of the binary mc;lybdenum alloys can be expressed as

»

oy = &,ure€XP(-260000neCV/T) | 8.2)

where £, and €, are the steady state creep of the pure single crystalline tungsten and binary
alloys respectively.

The model gives satisfactory predictions to existing creep data in solution strengthened
tungsten and molybdenum alloys and'provides insights into the development of high creep

strength single crystals of refractory materials.
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