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1 Introduction

The “blanket” that surrounds the chamber in a fusion power plant serves two primary purposes: removal
of thermal energy and breeding of tritium for continuing plant operations. In considering deuterium-
tritium (DT) fusion, tritium must be created or “bred” since it has a half-life of 12 years and thus is not
naturally available in the quantities needed. Fortunately tritium can be readily created in the blanket
surrounding the fusion plasma since it undergoes two T producing reaction with neutrons produced in the
DT fusion reaction:

Li+n>n +T+a
Li+n>T+a

The tritium breeding ratio (TBR) equals the number tritium atoms created per DT fusion reaction. Due to
tritium losses by decay and in fuel cycle processing, a TBR greater than one is required to maintain
operations. The fact that reactions with ‘Li produce a lower energy neutron in addition to a T and the
ability to incorporate a neutron multiplier in the fusion blanket makes it possible to breed more than one T
per DT reaction even though the DT fusion reaction only releases one neutron:

D + T - n(14.1 MeV) + a(3.5 MeV)

In order for the lithium to be in a position to undergo these neutron interactions, it needs to be close to the
reaction source, either as a Li-bearing solid ceramic material typically cooled by high pressure helium or
as a liquid metal (pure Li or an alloy) that can also serve as the blanket coolant.

Tritium breeding and energy extraction requirements place many constraints on the materials to be used
in the process. Lithium in some form must then be at a sufficient concentration in either the solid or liquid
breeding material to achieve a TBR greater than one. From an electrical generation perspective,
conversion from heat to electricity becomes more efficient as the working fluid becomes hotter, and
typical operating points are between 400C and 600C. Due to this elevated temperature, molten lithium is
often considered as a blanket coolant, however it can be very problematic due to its high reactivity with
oxygen, water, and nitrogen.

The focus of this LDRD was to explore potential Li alloys that would meet the tritium breeding and
blanket cooling requirements but with reduced chemical reactivity, while maintaining the other attractive
features of pure Li breeder/coolant. In other fusion approaches (magnetic fusion energy or MFE), 17Li-
83PDb alloy is used leveraging Pb’s ability to maintain high TBR while lowering the levels of lithium in
the system. Unfortunately this alloy has a number of potential draw-backs. Due to the high Pb content,
this alloy suffers from very high average density, low tritium solubility, low system energy, and produces
undesirable activation products in particular polonium. The criteria considered in the selection of a tritium
breeding alloy are described in the following section.

1.1  Selection Criteria

The goal of this study is to determine if an alternative alloy(s) for lithium can be found that produce a
coolant with the following attributes:

1.1.1 Reactivity (RX)

Low chemical reactivity is very desirable. The subsequent chemical reactivity of the potential alloy has
tremendous cascading effects on plant economics as well as the safety basis of operation. If a blanket can
be chemically reacted simply by exposing it to air or water (as is true in the case of Lithium) it could have
the potential to mobilize tritium and other activated structural material, not to mention subsequent
destructive explosions and fire scenarios.



1.1.2 Melting Point (MP)

The candidate alloy must have a sufficiently low melting point to allow for operation at as low as 400C,
giving an operating margin of ~50C before the solidification temperature. The alloy should consist of a
single material phase so separation (think oil and water) does not occur during operation giving rise to
continuously changing performance and material properties depending on how well mixed it is.

1.1.3  Tritium Inventory (TI)

The amount of tritium stored in the coolant system is critical in the event of an accident. If the coolant is
reactive (such as in the case of pure Li, or even 17Li-83Pb), there is a potential for all the tritium
dissolved in the coolant to be released, generating an acute dose at the site boundary. As a general
guideline, <100g is considered good, 100-1000g is considered acceptable, and >1kg is considered poor
for a site boundary of 1 mile. All tritium dissolved in potentially volatilized material must be considered
in this calculation. This includes all coolant volumes and the structures containing them such as all the
piping, the blanket, tritium extractor, pumps, and heat exchangers. These concentrations ultimately
depend on the environment of all these components as well as their respective tritium solubilities and
diffusivities.

1.1.4 Power Handling (PH)

The fraction of energy spent on moving the primary coolant around the plant should not constitute a
signification fraction of the total energy generated. This factor is dependent on material properties,
primarily operating temperature window (difference between melt temperature and maximum operating
temperature of 600C), material density, specific heat, viscosity, and thermal conductivity.

1.1.5 Blanket Multiplication Factor (GAIN)

System GAIN plays a very large part in the system economics. Higher gain means that for the same
electrical energy output, less fusion power is needed, reducing the capital costs of the laser and all driver
systems accordingly. This is especially economical if higher GAIN can be achieved through careful
selection of the blanket coolant material. Blanket GAIN is defined as:

Total Thermal Energy
GAIN =

Fusion Energy
1.1.6  Tritium Breeding Ratio (TBR)

There is a minimum TBR required for operation, anything more than that is excess, however there are
scenarios such as starting up a new plant that require a stockpile of tritium to achieve. There are other
alternative uses for excess tritium that have been explored in the past, however for the purposes of this
study, TBR is used as a minimum requirement (of 1.02), and no merit is given to higher values.

1.1.7 Activation (ACT)

Material activation is a large concern when dealing with fusion energy. Worker dose, and waste handling
all become considerations if the material gets to hot both in terms of Contact Dose, and Accident Dose.

1.1.8 Waste Disposal Rating (WDR)
Material must have a WDR<1 to qualify for shallow land burial.
1.1.9 Material Abundance (MA)

Material Abundance factor is a long term consideration. Lithium is sufficiently abundant but we must
make sure alloying constituents are also available in quantities that are needed to support a fusion power
economy.



1.1.10 Material Cost (MC)

Material Cost factor is an immediate factor which clearly impacts the economics of the proposed power
plant. This must be low enough so as to not be commercially prohibitive.

1.2  Potential Alloys

Initial pre-screening and down selection was carried out by examining binary phase diagrams for
elements alloying with lithium. The resulting elements were Ag, Ba, Bi, Cd, Cu, Ga, Hg, In, Li, Na, Pb,
Sh, Sn, Sr, Ti, and Zn. The corresponding phase diagrams can be found in Appendix 6.

2 Simulations

2.1  Selection Mechanism

To down-select potential candidate alloys, a selection mechanism is required that can appropriately
weight the merit of these nine criteria. Human beings are excellent at comparing two properties and
distinguishing between them, but are terrible at simultaneous comparison of many. To that end, the
Analytic Hierarchy Process (AHP)(1) was implemented to determine the criteria weights. AHP uses pair
wise comparison technigque to determine the criteria weights. First a matrix is created where each criteria
is compared one at a time to the other criteria and importance is evaluated on a scale of 0-5 as follows.
Here the results of the selection are tabulated in Table 1.

1 = Equally Important

2 = Moderately More Important

3 = Strongly More Important

4 = Very Strongly More Important
5 = Extremely More Important

GAIN | TI RX PH MC MA
GAIN 1 3 0.5 2 4 4
TI 0.333 1 025 0.25 4 4
RX 2 4 1 4 5 5
PH 0.5 4 0.25 1 3 3

MC 025 | 025 @ 0.2 0.2 1 1.5
MA 025 | 025 @ 0.2 | 0.333 | 0.667 1

Table 1: Criteria Importance Matrix

The diagonals in this matrix are always (1) (white), and the yellow values are calculated as the inverse of
the values generated by the pairwise comparison (green). Values less than (1) take the reciprocal
comparison. For instance in this comparison, row 1, column 2, GAIN is valued as “Strongly more
Important” than the tritium inventory (TI1), however for row 1, column 3, Reactivity (RX) is valued as
“Moderately more Important” than GAIN so the value is %, or 0.5.

1 3 0.5 2
0333 1 025 0.25
2 4 1 4
0.5 4 0.25 1
0.25 0.25 0.2 0.2
0.25 0.25 0.2 0.333 0.667

PairWiseComparison = PWC;; =

_ W Ul
—



This matrix is then squared, and each row summed:

101.9
6 66.9

161.4

PW Csymsq = ZPWCiZ_]- =| 438
J=1 19.9

18.5

Then normalized to determine the correct weighting:

0.247
0.162
PWCsumsq | 0.391
&1 PW Csymsq 0.106
0.048
0.045

The process is then repeated to check if the results are consistent, giving:

0.243
/0.16\
FinalWeights = i 0.389 1

0.11
\0.051
0.047

Weights =

2.2 Material Properties
2.2.1  Melting Point (MP)

Ternary melting point data is used in the calculation of power handling and tritium inventory, as well as
baseline usability of the ternary alloy for a coolant, but is not directly used as a criteria value.

While a Li-Sn binary yields ideal results in terms of TBR and GAIN, unfortunately, the mixture
optimized for Gain and TBR has a melting point over 700C, and is a solid at blanket operating
temperatures. The creation of a Li/Sn/X ternary mixture has potential to lower the melt temperature as
long as the ternary constituent doesn't interfere with the current blanket properties. In examining phase
diagrams for nearly every elemental binary combination of lithium and tin with a ternary partner that was
liquid in some form below 400C.

Using an interpolation algorithm, Equation 1, the three binary diagrams for all combinations of Li and the
15 other elements is used to create an estimation of the ternary liquidus line. These binary diagrams are
listed in Appendix 6.1. Here a, b, and ¢ represent species Li, X and Y, and F(a,b) is the temperature of the
binary combination of a and b as a function of the relative mole fraction of a to b.

ab {525 b ) cank(25)
ab+bc+ca

Equation 1: Tiix_y=

2.2.2 Heat Transfer Properties

While heat transfer properties are not used directly in the criteria, they are subsets, and can give a good
feel for which materials are enhancing the alloy, and which are not. The ability to quickly transfer thermal
energy, or store large amounts is highly desirable in power plant or heat exchanger systems. The physical

4



properties of the ternary candidates, vary a good deal from species to species. For evaluating the heat
transfer coefficient based on material properties for liquid metals, the important scale factor goes as

(pCp)O'BkO-Z, this is reduced from the heat transfer coefficient (h) and Nusselt number (Nu) correlations

given by Equation 4, and Equation 5, where Prandtl Number (Pr) and Reynolds number (Re) are given by
Equation 2 and Equation 3. Based on this scaling factor, the heat transfer coefficient increases with
increasing volumetric heat capacity and thermal conductivity.

Equation 2: Pr = C”Tu
Equation 3: Re = %
Equation 4: Nu =5.0+0.025(Pr * Re)®
Equation 5: = Nl;*k
By examining the thermal properties of the materials in question in

Thermal Density Molar Dynamic Specific Volumetric Heat Transfer
Material Conductivity Mass Viscosity Heat Heat Coefficient
w/mkl B moll  [Pass]  [/keK] [/emn3K] [kW/mn2-K]
430 1050  107.87  0.00180 235 2.47 26.15
Ba 18 3.51 137.33  0.00074 205 0.72 4.50
8 9.78 208.98  0.00169 122 1.19 5.59
cd 97 8.65 112.41  0.00152 230 1.9 14.63
400 8.92 63.55  0.00156 384 3.43 32.00
Ga 29 5.90 69.72  0.00160 371 2.19 11.87
% 8.3 13.40 20059  0.00210 140 1.88 8.05
82 7.31 114.82  0.00104 233 1.70 12.48
85 0.53 6.94 0.00376 3570 1.89 13.63
140 0.97 2299 000025 1230 1.19 11.15
35 1130 20720  0.00215 127 1.44 8.93
% 24 6.70 121.76  0.00122 207 1.39 7.98
67 7.30 11871  0.00109 217 1.58 11.24
35 2.63 87.62  0.00060 300 0.79 5.66
Ti 2 4.51 47.87  0.00089 520 2.35 11.80
A 1o 7.14 6538  0.00385 388 2.77 19.77

, it is clear that the materials with the highest volumetric heat are Cu, Zn, Ag, and Ti at 3.43, 2.77, 2.47, and 2.34

Cmi_K respectively. Using an example scenario of 2m/s flow down a 50cm diameter tube gives heat transfer
kw

coefficients, the largest of which are for Cu, Ag, Zn, and Cd at 32, 26.15, 19.77, and 14.63 — If designing the

blanket for heat transfer purposes alone, Cu would be the optimal heat transfer fluid, with a high volumetric heat
capacity, it could accommodate a given temperature drop with the lowest flow rate. Additionally, the high heat
transfer coefficient for liquid Cu would allow it to maintain the wall temperatures closer to that of the bulk fluid.
The transition metals in period 4 of the periodic table have the best heat transfer properties, essentially they have the
largest volumetric heat capacity, with Ni being one of the highest. Unfortunately, most of these transition metals
have very high melting points which make them unusable as a heat transfer fluid. Zinc is the exception to this rule
with its low melting point, and has good potential for providing excellent heat transfer.




Table 2: Thermophysical Properties of Potential Coolant Constituents at STP

Thermal Density Molar Dynamic Specific Volumetric Heat Transfer
Material Conductivity [\ Viscosity Heat Heat Coefficient
w/mkl B moll  [Pass]  D/keK] [/emA3K] [kw/mA2-K]
T 430 1050  107.87  0.00180 235 2.47 26.15
18 351 13733 0.00074 205 0.72 4.50
B 8 9.78 20898  0.00169 122 1.19 5.59
97 865 11241  0.00152 230 1.99 14.63
400 8.92 63.55  0.00156 384 3.43 32.00
L Ga L 5.90 69.72 000160 371 2.19 11.87
- Hz  EE 13.40  200.59  0.00210 140 1.88 8.05
Y 731 11482  0.00104 233 1.70 12.48
85 0.53 694 000376 3570 1.89 13.63
T 140 0.97 2299 000025 1230 1.19 11.15
b D 1130  207.20  0.00215 127 1.44 8.93
. sb Y 670 12176  0.00122 207 1.39 7.98
- sn I 7.30 11871  0.00109 217 1.58 11.24
L sr IS 2.63 87.62  0.00060 300 0.79 5.66
2 4.51 47.87  0.00089 520 2.35 11.80
A 10 7.14 65.38  0.00385 388 2.77 19.77

2.3  Criteria Values

In the subsequent sections, all material data in an alloy is linearly weighted by constituent except for
solubility which is scaled according to the lithium concentration curve fit for Lithium Lead. For flow and

geometry: pipe roughness (2 = 0.004), R=13m, t=1.5m, v=2m/s, Dh=2t, and AT;, = 650 — T,,,;-
2.3.1 Reactivity (RX)

Reactivity weightings for the merit function are based on MSDS until more extensive data can be added.
These sheets rate the different elements based on chemical reactivity on a scale between 0 and 3, where 3

IS most reactive. This scale is normalized to [0, 1]. Scaling is linear. Merit function value is given by
Equation 6. Merit function aims to minimize this criterion.

RX

Equation 6: Meritgy =1 — max(RX)

2.3.2 GAIN

Gain data is calculated using MCNP and a geometrical model of the fusion chamber by Jolodosky et
al(2). Ternary mixtures were swept in 5% increments for each ternary combination. Lithium was
combined with 88 different binary mixtures, of which there were 210 data points per ternary for a total of
18,480 MCNP runs to evaluate the ternary data space. Gain data is in the range [0, 1.5] and is normalized
to [0, 1]. Scaling is linear. Merit function value is given by Equation 7. Merit function aims to maximize
this criterion.

GAIN-1

Equation 7: Meritgyy = max(GAIN)—1



2.3.3  Tritium Inventory (TI)

Tritium inventory is the most complicated criteria to calculate (other than the MCNP physics involved in
generating TBR and GAIN). In this simulation, an eight state flow loop is modeled. All pipes are assumed
to be made of steel. Volumes of coolant and steel, wall thicknesses, temperatures, diffusion rates,
solubilities for each of the eight states are calculated based upon known parameters. The states are
defined in Figure 1, showing the direction of flow, and calling out all pipe number lengths.

| TSS
L6 @ L7
© ®

Blanket

Vacuum Vessel

L1

® \/ ©

| HX
5 o

Figure 1: Tritium Inventory System Layout

In this system there are four major components, the Vacuum Vessel (which defines the barriers to clear
Ar and heavily tritium laden Xe), the blanket (where tritium is created, and the coolant heated), the
Tritium Separation System (TSS — where tritium is removed), and the Heat Exchanger (HX) where the
heat is removed. Outside the vacuum vessel, all pipes are assumed to be double walled with zero tritium
in the gas phase outside the pipe wall. Inside the vacuum vessel, the pipes are single walled, and gaseous
tritium concentration is calculated based on gas clearing rates. States 1, 2, 6, 7, and 8 are taken to be “hot”
(600C), and States 3, 4, and 5 are taken to be “cold” (Tmelt+50C). Cross sectional flow areas of the pipes
are calculated by Equation 8 where all the flow is assumed to go through one single pipe for the entire
blanket. Assuming a circular cross-section, the radius and surface area to volume ratio of the pipes can be
calculated.

Aplant

Equation 8: Acpipe = VmaxpCpAT o

Pipe length in state (1) is taken to be 30m, state (3) to be 60m, state (4) and state (6) to be the difference
between the vacuum vessel and blanket radii (5m), and state (7) 30m.

2.3.3.1 State 1 — Just after Tritium Separation System (TSS) to HX

Tritium concentration is set at this point to the designed level of 0.1appm. In this model, the TSS is the
first stop for flow exiting the blanket to take advantage of the high temperature diffusion rates of tritium
to extract it from the system. Temperature is “hot” (600C). State one starts just after the TSS and
encompasses the pipe between state 1 and state 2. The pipe is assumed to be thermally well insulated, but
permeable to tritium (which is swept away by helium in a double walled tube).



2.3.3.2 State 2 — Inside the Heat Exchanger

Heat exchanger hydraulic diameter is taken as a general assumption to be 0.1m. Based on general liquid
to liquid heat exchanger design, surface area to volume ratio for the heat exchanger is taken to be 250

2
%(3). Since the temperature of this state varies from hot to cold, temperature dependent parameters are

calculated at both the inlet and outlet, and then averaged (especially important for highly non-linear
parameters such as diffusivity and solubility). Peclet number is calculated by Equation 9, and Nusselt
number by Equation 10. Nusselt is then used to calculate the heat transfer coefficient on the coolant side
of the HX wall. HX walls are assumed to be made of 1mm thick steel with a thermal conductivity of 20

ﬁ, and the heat transfer coefficient on the other side of the HX is assumed to be to a molten salt

secondary loop with htc=2,000 mZW_K. Overall heat transfer coefficient can then be calculated by Equation
11.

Equation 9: Peyx = % * VmaxDh

Equation 10: Nuyy = 5.0+ 0.025Pe%%

Equation 11: Uux = 1 t;X T

htey Thyy Thtcy

Based on the power output of the fusion plant, temperature drop, heat transfer coefficient and surface area
to volume ratio of the HX, the total volume of coolant in the heat exchanger can be calculated by
Equation 12.

Equation 12: Vegy = Lﬂ;s
U,,XATi,,(V_IU()
HX

Length of the HX is taken as the cubed root of the volume, and volume of steel in the HX is taken as the
product of the HX wall thickness, surface area to volume ratio, and coolant volume in the HX, Equation
13.

A
Equation 13: Vsyx = (Vs’”‘) tuxVeyy
HX

2.3.3.3 State 3 — Heat Exchanger to the Vacuum Vessel

State 3 is “cold” with very low tritium concentration. Not much leaks out in this leg. This state continues
up to the vacuum vessel wall.

2.3.3.4 State 4 — Vacuum Vessel to the Blanket

Inside the vacuum vessel, there is a relatively high concentration of tritium due to target and hohlraum
debris. Radius of the vacuum vessel is taken to be 18m. Mass of the target is taken to be 1.7 mg of D+T.
Chamber gas is 6000K, clearing ratio is 0.5% per shot. Steady state gas concentration can be found as a
function of clearing ratio(4,5) by Equation 14. Knowing the mass of tritium in the vacuum vessel,
volume, and temperature, the partial pressure of tritium can be found.

m
Equation 14: my = target

Xclear

2.3.3.5 State 5 — The Blanket

The blanket is where the tritium is created, and the coolant heated. Tritium creation rates are based on
alloy TBR and plant power (taken to be 2 GW) and are calculated in Tritium generated per second.
Surface area to volume for the blanket is calculated based upon chamber radius and thickness assuming
spherical geometry. Gas surrounding the blanket is at the same partial pressure as in state 4.



2.3.3.6  State 6 — Blanket to the Vacuum Vessel

State 6 is nearly identical to state 4 except this time at high temperature, meaning higher tritium
permeation rates. Depending on the coolant and wall concentrations, that rate could be either in or out of
the coolant.

2.3.3.7 State 7 — Vacuum Vessel to the Tritium Separation System

State 7 is the last stretch of tubing, no tritium is assumed to be outside of the tube walls, so tritium can
only be leaving the system.

2.3.3.8  Tritium Inventory Calculations

Once all the hydraulic diameters have been calculated, the pressure drop in the system can then be found
with some very basic assumptions and is given by Equation 15. Here K, ¢ is the piping flow losses and is
taken to be 20, h.p.m i the vertical height of the chamber and is taken to be 2R 4/

K
Equation 15: AP = pg ( ef [Vinax + Repam + lef)L v;";x )
With a known system pressure drop, minimum wall thicknesses can be found based on the stress limits of
the pipes and a 3x safety margin as compared to a 1mm thick pipe (Equation 16). With the pipe thickness
known, pipe volumes can be calculated and the volume of steel and volume of coolant for each state
determined.

Equation 16: tyipe = Max ([ij:: 1mm])

Concentration of tritium in the coolant can be modeled by the differential equation of the form of
Equation 17, resulting in a solution of the form of Equation 19, which after re-substitution gives
Equation 20. In this equation, D is the diffusivity of tritium in steel, K, is the Sieverts constant in steel,
Py, is the partial pressure of tritium in the gas outside the pipe, t is the pipe thickness, SA/V is the surface
Area to Volume Ratio, L is the pipe length, and v is the coolant velocity(6-12). This gives the final
concentration at the end of the pipe depending on surrounding conditions in a continuum, allowing tritium
to either be absorbed into the pipes, or dissipate to the surroundings. Equation 21 adds on the one
additional source term that is needed to increase the concentration in the blanket due to the tritium
generation due to neutron irradiance. Finally, Equation 22 and Equation 23 give the average tritium
concentration in the coolant and the steel for each segment of the loop. This can be converted to moles by
multiplying by the respective zone volume. Sum to total with Equation 24.

Equation17:  €(t) = C(0) + 5
1
Equation 18: = IKSSPZ - C(t) D3 _ alb — x]

Equation 19:  C(t) = [ab + Cyle ™™

DSA DSA L)

Equation 20:  C,iq = KssPZ +Cl (=7

. D SA L T
Equation 21:  Cyyq = lDSAK P +C l (-27+5) 4 T2gen
Cstate
— CxtCxi1
Cxcoolant - 2

Equation 22:
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1
K 2
. (CxcoolantK_sLj-l-KssPTZ)
Equation 23: Crgteel = >

Equation 24: TI= [Zx stteel * szteel + Zx Cxcoolant *V
TI
max(TI)

|+ My

Xcoolant

Equation 25: Merity; =1 —

2.3.4 Power Handling (PH)

Power handling is explicitly calculated as the ratio of circulating power to output power. Values from this
calculation are in the range of [0.000192 to 3.62]. Maximum allowed value for this criterion is 0.1 or
10%. Data is normalized to [0, 1] after the cap with a linear scaling. The value for power handling for
each alloy is given by Equation 26, and the merit function by Equation 27. In these equations, f is the
friction factor, v is the flow velocity (estimated to be 2m/s), Cp is the specific heat of the coolant, AT;,, is
the temperature window between the minimum coolant temperature and 650C, R is the radius of
the blanket (13m), and t is the blanket thickness (1.5m). Equation 26 derives from basic heat
transfer equations, and using assumptions with regards to spherical chamber geometry of a given
thickness.

- W _ APAw v: L v? [(R+t)3-R3
Equation 26: W_ APAw _ " L _ _fv" [R+D ]
Q mCpATe 2CpATio Dp CpATjp 3n2t2R
w
Equation 27: Meritpy =1 — —%—
max(a)

2.3.5 Material Cost (MC)

Material Cost data is in % in the range [116,000-119,000,000]. Data is gathered from Alfa Aesar in terms

of bar stock when possible. It is expected that actual bulk prices will be considerably less. This metric is
used to get an estimate on the value. The data is capped at 10,000,000 and is then normalized to [0, 1].
Scaling is linear. Merit function value is given by Equation 28. Merit function aims to minimize this
criterion.

McC
max(MC)

Equation 28: Merityc=1—

2.3.6  Material Abundance (MA)

Gain data is in the range [0.0000067% to 2.3%] and is normalized to [0, 1]. Data is gathered from
ptable.com(13) in terms of crust abundance. Scaling is logarithmic. Merit function value is given by
Equation 29. Merit function aims to maximize this criterion.

log19 MA-min(MA(MA>0))
log19 max(MA)—min(MA(MA>0))

Equation 29: Merity, =

2.3.7 Tritium Breeding Ratio (TBR)

TBR is not directly used as a merit function weighting, but it is used as a cutoff. If the TBR is <1.02 it is
typically excluded. The exception is when examining alloys for use with enriched lithium in which case
this cutoff is not imposed.
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2.3.8 Melt Temperature

While the melt temperature is not directly used in the merit function as a weighting, it is used as a cutoff.
Any alloys with a melt temp over 650C are not considered.

Table 3: Summary of Criterion and Li-Pb Alloy Examples

Weight MinValue MaxValue Maximize/Minimize? Scale
Gain 0.243 0 1.5 Maximize Linear None
Tritium Inventory 0.16 0 1.00E+21 Minimize Linear 3000
Reactivity 0.389 0 3 Minimize Linear None
Power Handling 0.11 1.92E-04 3.62E+00 Minimize Linear 01
Cost 0.051 1.16E+05 1.19E+08 Minimize Linear 3.00E+07
Availability 0.043 6.70E-06 2.30E+00 Maximize Logaritmic None
TBR 0/1 0.00E+00 1.6062 Binary Linear  1.02 (Min Value)
MeltTemp 0/1 6.50E+02 Binary Linear 650C
Criteria Lithium Lead 10Li-Pb 15Li-Ph 20Li-Pb
Gain 1.0395 1.0195 1.0079 1.0142 1.0194 1.024
Tritium Inventory 27.315 114.71 53.372 39101 33.588 31941
Reactivity 3 0 0.15 0.3 0.45 0.6
Power Handling0.0001941 0.0084052 0.0032509 0.001902 0.0012828 0.0010354
Cost 1.16E+05  4.45E+05 4.29E+05 4.12E+05 3.96E+05 3.79E+05
Availability 0.0017 0.00099 0.0010255 0.001061 0.0010965 0.001132
TBR 1.6062 0 1.0011 1.1434 1.2302 1.2941
Melt Temp 180.85 327.85 301.28 27592 248.04 255.98
3 Results

Running results of the various criterion calculations through the merit function with the appropriate
weights shows that a few key alloys do very well. Table 3 lays out the various criterion, weights,
minimum and maximum values, maximization vs minimization and scale. For key lithium lead alloys it
also lays out the different merit function results for comparison and evaluation. When sorting by merit
function, bismuth and lead alloys show up as winners because of their ability to allow for very low
lithium content, but still maintain sufficient TBR to operate a plant. While lead is an acceptable coolant,
bismuth produces polonium when irradiated, and is a non-starter with respect to plant operation.

Lithium-Lead-Zinc is a very predominant alloy in the merit function results and shows up as having
compositions in many of the top contending ranks (Table 4). Some of the interesting results are those with
the highest gain such as rank 1, 2, and 13.
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Table 4: Merit Function Results

Mixture Tritium  Reactivit Power CostPer  Availabil

ame gMerithGaingTBR glnventogy gHandlinggVolume gity gMeItchcomprcomp chomngixlnd
1 'li-pb-zn' 0.73567 1.1385 1.08E+00 35.213 0.45  0.001419  3.95E+05 0.001437  288.15 15 80 5 52
2 'li-pb-zn' 0.73198 1.1692 1.07E+00 39.115 0.6 0.0015107  3.77E+05 0.001813  371.54 20 70 10 52
3 'li-ag-pb' 0.72884 1.0566 1.02E+00 53.379 0.15 0.0032509  4.29E+05 0.001026  301.28 5 0 95 6
4 'li-pb-ba' 0.72881 1.0565 1.03E+00 53.382 0.15 0.0032509  4.29E+05 0.001026  301.28 5 95 0 49
5 'li-pb-bi' 0.72881 1.0565 1.03E+00 53.382 0.15 0.0032509  4.29E+05 0.001026  301.28 5 95 0 50
6 'li-pb-zn' 0.72881 1.0565 1.03E+00 53.382 0.15 0.0032509  4.29E+05 0.001026  301.28 5 95 0 52
7 li-ti-bi' 0.72848 1.1183 1.06E+00 106.16 0.3 0.0074512  4.89E+07 0.099175  525.95 10 15 75 64
8 'li-ti-bi' 0.72746 1.1069 1.10E+00 58.599 0.3 0.0034207 5.17E+07 0.066176  432.36 10 10 80 64
9 'li-pb-zn' 0.72071 1.1864 1.064 46.659 0.75 0.0018175 3.59E+05 0.002189  444.35 25 60 15 52!
10 'li-ti-bi' 0.71892 1.0925 1.1417 43.163 0.3 0.0022888 5.45E+07 0.033176 339.21 10 5 85 64
11 'li-pb-ba' 0.71496 1.0627 1.18E+00 39.104 0.3 0.001902 4.12E+05 0.001061 275.92 10 90 0 49
12 'li-pb-bi' 0.71496 1.0627 1.1754 39.104 0.3 0.001902 4.12E+05 0.001061 275.92 10 90 0 50!
13 'li-pb-zn' 0.71496 1.0627 1.18E+00 39.104 0.3 0.001902 4.12E+05 0.001061 275.92 10 90 0 52!
14 'li-ag-pb' 0.71493 1.0626  1.1682 39.104 0.3  0.001902  4.12E+05 0.001061  275.92 10 0 90 6
15 'li-zn-bi' 0.71488 1.1456 1.094 33.579 0.45 0.0013123  5.10E+07 0.000651  260.73 15 5 80 67
16  'li-zn-bi' 0.71428 1.1737 1.077 34.429 0.6 0.0012283 4.46E+07 0.001125 317.84 20 10 70 67
17 'li-na-bi' 0.71393 1.0761 1.0724 43.713 0.3 0.0024279  5.73E+07 0.11509 257.94 5 5 90 42
18  'li-in-pb' 0.71389 1.0606 1.12E+00 39.098 0.3  0.001902  4.12E+05 0.001061  275.92 10 0 90 35
19  'li-pb-bi' 0.71353 1.065 1.0207 43.428 0.15 0.0023996  4.15E+07 0.000386  190.85 5 30 65 50
20 'li-pb-bi' 0.71326 1.0632 1.166 41.693 0.3 0.0021292  3.57E+06 0.001012  310.35 10 85 5 50
21 'li-ga-pb' 0.71323 1.0593 1.09E+00 39.095 0.3 0.001902  4.12E+05 0.001061  275.92 10 0 90 25
22 'li-pb-zn' 0.71295 1.1313  1.1704 33.524 0.6 0.0011554  3.78E+05 0.001473  296.56 20 75 5 52
23 'li-pb-bi' 0.71207 1.0636  1.1622 40.822 0.3 0.0020624  6.73E+06 0.000963  300.81 10 80 10 50
24 li-pb-bi' 0.71196 1.0658 1.02E+00 44.074 0.15 0.0024937  4.47E+07 0.000337  205.96 5 25 70 50
25  'li-pb-bi' 0.71086 1.0639 1.16E+00 39.593 0.3 0.0019613  9.90E+06 0.000914  285.21 10 75 15 50
26 'li-pb-bi' 0.71017 1.0664 1.0264 44.91 0.15 0.0026064  4.78E+07 0.000288  222.68 5 20 75 50
27 'li-pb-bi' 0.70991 1.0647 1.16E+00 38.484 0.3 0.0018637  1.31E+07 0.000864  268.56 10 70 20 50
28  'li-pb-bi' 0.70857 1.0649  1.1583 37.615 0.3 0.0017819  1.62E+07 0.000815  253.15 10 65 25 50
29  'li-ti-bi' 0.70856 1.1038  1.2022 54.194 0.45 0.0028205  4.85E+07 0.06626  448.31 15 10 75 64
30 'li-pb-bi' 0.70846 1.0674 1.03E+00 45.882 0.15 0.0027285  5.10E+07 0.000239  239.26 5 15 80 50
31  'li-pb-zn' 0.7078 1.1598 1.14E+00 39.316 0.75 0.001365 3.60E+05 0.001849 390.08 25 65 10 52!
32 'li-pb-bi' 0.70757 1.0658 1.1582 36.73 0.3 0.0016897 1.94E+07 0.000766 234.05 10 60 30 50!
33 'li-ti-bi' 0.70703 1.1133 1.17E+00 109.67 0.45 0.0080505 4.57E+07 0.09926 548.37 15 15 70 64
34 'li-pb-bi' 0.70657 1.0683 1.0336 46.891 0.15 0.0028483 5.42E+07 0.00019 254.14 5 10 85 50!
35 'li-zn-bi' 0.70647 1.1895 1.0712 36.768 0.75 0.0012196 3.83E+07 0.001599 367.37 25 15 60 67
36 'li-pb-bi' 0.70639 1.0664 1.16E+00 36.032 0.3 0.0016093 2.25E+07 0.000717 215.56 10 55 35 50!
37  'li-pb-zn' 0.70505 1.1959  1.0604 56.818 0.9 0.0024433  3.42E+05 0.002565 501.9 30 50 20 52
38 'li-pb-bi' 0.70498 1.0666 1.16E+00 35.502 0.3 0.0015425  2.57E+07 0.000668  198.68 10 50 40 50
39  'li-pb-ba' 0.70472 1.1226 1.05E+00 33.67 0.6 0.0012975  6.34E+06 0.001061  254.13 15 80 5 49
40 'li-pb-bi' 0.70447 1.0693 1.04E+00 47.755 0.15 0.0029483  5.73E+07 0.000141  265.58 5 5 90 50
41 'li-pb-bi' 0.70379 1.0674  1.1609 35.107 0.3 0.0014895  2.89E+07 6.19E-04  184.18 10 45 45 50
42 'li-pb-bi' 0.7025 1.068  1.1628 34.774 0.3 0.0014424  3.20E+07 5.69E-04  170.39 10 40 50 50
43 'li-sr-bi' 0.70225 1.1247 1.0474 43.253 0.5 0.0023232  5.22E+07 3.78E-03  341.96 10 10 80 58
44 'li-ag-bi' 0.70207 1.0702  1.0422 47.26 0.15 0.0029097  6.05E+07 9.16E-05  260.86 5 0 95 2
45  'li-ba-bi' 0.70207 1.0702 1.04E+00 47.26 0.15 0.0029097  6.05E+07 9.16E-05  260.86 5 0 95 12
46 'li-cu-bi' 0.70207 1.0702  1.0422 47.26 0.15 0.0029097  6.05E+07 9.16E-05  260.86 5 0 95 15
47 'li-ga-bi' 0.70207 1.0702  1.0422 47.26 0.15 0.0029097  6.05E+07 9.16E-05  260.86 5 0 95 21
48  'li-in-bi' 0.70207 1.0702  1.0422 47.26 0.15 0.0029097  6.05E+07 9.16E-05  260.86 5 0 95 32
49  'li-na-bi' 0.70207 1.0702  1.0422 47.26 0.15 0.0029097  6.05E+07 9.16E-05  260.86 5 0 95 42
50 'li-pb-bi' 0.70207 1.0702  1.0422 47.26 0.15 0.0029097  6.05E+07 9.16E-05  260.86 5 0 95 50
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Table 5 shows results in the absence of bismuth. Here other alloys begin to surface such as 10Li-10Na-
20PD, but for the most part, Li-Pb-Zn still dominates the scene of alloys. 25Li-60Pb-15Zn is most likely
one of the top candidates, with high gain (1.186), moderate TBR (1.064), and a hypothesized acceptable
melting point of 444C, this alloy has low lithium content and lower lead content that the traditional 17Li-
83Ph. It is interesting that the top performing alloy is not Li-Pb, but a ternary Li-Pb-Zn with composition
very close to that of the chosen MFE community.

Table 5: Merit Function Results, No Bismuth

Mixture MeritF Tritium Reactiv Power Cost Per Availabi Melt

Rank Name g xn g Gain ETBR g Inventoryg [13% g Handlingg Volumeg 113 g C g Acompg Bcomp g Ccomp g MixIndid
1 'li-pb-zn"  0.7364 1.14 1.08 28.628 0.45 0.001419 3.95E+05 0.00144 288 15 80 5 52
2 'li-pb-zn'  0.7328 1.17 1.07 32.25 0.6 0.0015107 3.77E+05 0.00181 372 20 70 10 52
3 'li-ag-pb'  0.7323 1.06 1.02 29.889 0.15 0.0032509 4.29E+05 0.00103 301 5 0 95 6
4 'li-pb-ba'  0.7323 1.06 1.03 29.889 0.15 0.0032509 4.29E+05 0.00103 301 5 95 0 49
5 'li-pb-zn'  0.7323 1.06 1.03 29.889 0.15 0.0032509 4.29E+05 0.00103 301 5 95 0 52
6 'li-pb-zn'  0.7219 1.19 1.06 37.796 0.75 0.0018175 3.59E+05 0.00219 444 25 60 15 52
7 'li-pb-ba'  0.7163 1.06 1.18 28.55 0.3 0.001902 4.12E+05 0.00106 276 10 90 0 49
8 'li-pb-zn'  0.7163 1.06 1.18 28.55 0.3 0.001902 4.12E+05 0.00106 276 10 90 0 52
9 'li-ag-pb'  0.7163 1.06 117 28.55 0.3 0.001902 4.12E+05 0.00106 276 10 0 90 6
10 'li-in-pb"  0.7153 1.06 112 28.55 0.3 0.001902 4.12E+05 0.00106 276 10 0 90 35
11 'li-ga-pb' 0.7146 1.06 1.09 28.55 0.3 0.001902 4.12E+05 0.00106 276 10 0 90 25
12 'li-pb-zn'  0.7134 1.13 1.17 28.741 0.6 0.0011554 3.78E+05 0.00147 297 20 75 5 52
13 'li-pb-zn"  0.7085 1.16 114 33.342 0.75 0.001365 3.60E+05 0.00185 390 25 65 10 52
14 'li-pb-zn'  0.7069 1.20 1.06 43.801 0.9 0.0024433 3.42E+05 0.00257 502 30 50 20 52
15 'li-pb-ba"  0.7054 1.12 1.05 27.847 0.6 0.0012975 6.34E+06 0.00106 254 15 80 5 49
16 'li-pb-ba'  0.6998 1.07 1.26 27.752 0.45 0.0012828 3.96E+05 0.0011 248 15 85 0 49
17 'li-pb-zn'  0.6998 1.07 1.26 27.752 0.45 0.0012828 3.96E+05 0.0011 248 15 85 0 52
18 'li-ag-pb'  0.6998 1.07 126 27.752 0.45 0.0012828 3.96E+05 0.0011 248 15 0 85 6
19 'li-in-pb'  0.6982 1.06 1.21 27.752 0.45 0.0012828 3.96E+05 0.0011 248 15 0 85 35
20 'li-pb-zn'  0.6973 1.18 1.13 39.041 0.9 0.0017174 3.43E+05 0.00222 459 30 55 15 52
21 'li-ga-pb'  0.6972 1.06 1.19 27.752 0.45 0.0012828 3.96E+05 0.0011 248 15 0 85 25
22 'li-na-pb'  0.6971 1.06 1.04 28.663 0.6 0.0015933 3.80E+05 0.23096 287 10 10 80 44
23 'li-na-pb'  0.6922 1.06 1.08 27.89 0.6 0.0012188 3.79E+05 0.11605 259 15 5 80 44
24 'li-pb-sn'  0.6918 1.01 1.14 28.55 0.3 0.001902 4.12E+05 0.00106 276 10 90 0 51
25 'li-pb-zn'  0.6913 1.13 1.24 29.839 0.75 0.0010689 3.62E+05 0.00151 328 25 70 5 52
26 'li-na-pb'  0.6908 1.05 1.03 27.752 0.45 0.0012828 3.96E+05 0.0011 248 15 0 85 44
27 'li-sr-pb'  0.6908 1.05 1.03 27.752 0.45 0.0012828 3.96E+05 0.0011 248 15 0 85 60!
28 'li-pb-zn'  0.6892 1.20 1.05 49.741 1.05 0.0038095 3.24E+05 0.00294 545 35 40 25 52
29 'li-sr-pb'  0.6891 1.07 104 28.082 0.55 0.0013354 9.84E+05 0.00285 266 15 5 80 60!
30 'li-pb-sn'  0.6875 1.08 1.05 28.846 0.6 0.0011796 4.03E+05 0.00109 300 20 75 5 51
31 'li-sr-pb'  0.6857 1.08 1.04 28.615 0.65 0.0014093 1.57E+06 0.0046 288 15 10 75 60!
32 'li-pb-zn'  0.6853 1.15 1.20 34.881 0.9 0.0013047 3.44E+05 0.00188 412 30 60 10 52
33 'li-ga-pb'  0.6834 1.11 1.07 29.725 0.75 0.0010596 1.07E+06 0.00121 326 25 5 70 25
34 'li-pb-ba' 0.683 1.12 1.16 27.959 0.75 0.0010631 6.32E+06 0.0011 267 20 75 5 49
35 'li-pb-ba'  0.6828 1.07 1.33 27.759 0.6 0.0010354 3.79E+05 0.00113 256 20 80 0 49
36 'li-pb-zn'  0.6828 1.07 133 27.759 0.6 0.0010354 3.79E+05 0.00113 256 20 80 0 52
37 'li-ag-pb'  0.6827 1.07 133 27.759 0.6 0.0010354 3.79E+05 0.00113 256 20 0 80 6
38 'li-na-pb'  0.6825 1.07 1.08 28.548 0.75 0.0014474 3.63E+05 0.34591 285 10 15 75 44
39 'li-pb-zn'  0.6824 1.19 1.11 45.04 1.05 0.0024264 3.25E+05 0.0026 514 35 45 20 52
40 'li-sr-pb' 0.6817 1.10 1.03 29.523 0.75 0.0015224 2.16E+06 0.00635 315 15 15 70 60
41 'li-in-pb'  0.6808 1.07 1.28 27.759 0.6 0.0010354 3.79E+05 1.13E-03 256 20 0 80 35
42 'li-ga-pb'  0.6799 1.07 125 27.759 0.6 0.0010354 3.79E+05 1.13E-03 256 20 0 80 25
43 'li-na-pb'  0.6787 1.06 1.12 27.909 0.75 0.0011403 3.63E+05 2.31E-01 262 15 10 75 44
44 'li-pb-ba'  0.6758 1.15 1.05 29.345 0.9 0.0012331 1.23E+07 1.06E-03 314 20 70 10 49
45 'li-pb-sn'  0.6753 1.02 1.23 27.752 0.45 0.0012828 3.96E+05 1.10E-03 248 15 85 0 51
46 'li-na-pb'  0.6737 1.06 113 28.03 0.75 0.0010145 3.63E+05 1.16E-01 271 20 5 75 44
47 'li-pb-zn'  0.6737 1.17 1.18 40.641 1.05 0.0017068 3.26E+05 2.26E-03 476 35 50 15 52
48 'li-na-pb’ 0.672 1.05 1.08 27.759 0.6 0.0010354 3.79E+05 1.13E-03 256 20 0 80 44
49 'li-sr-pb' 0.672 1.05 1.08 27.759 0.6 0.0010354 3.79E+05 1.13E-03 256 20 0 80 60
50 'li-pb-zn'  0.6705 1.20 1.04 50.152 1.2 0.0036598 3.06E+05 3.32E-03 550 40 30 30 52
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Another interesting way of examining the results is to consider enrichment such as in Error! Not a valid
bookmark self-reference.. Here, Sn-Zn binaries are the key players with very high gain up to 1.475. The
idea here would be to add small amounts of enriched Li so as to not dilute the high gain Sn-Zn mixture
and maintain high gain. These curves can be seen in more detail in Figure 2.

Table 6: Merit Function Results, No TBR Limit (for enrichment)

Mixture Tritium Reactivit Power CostPer Availabili Acom Bcom Ccom Mixin

Rank ﬂName ﬂMeritFuGain ﬂTBR ﬂlnventﬂy ﬂHandIinVolumﬂty ﬂMeItCﬂp ﬂp ﬂp ﬂd

1 'li-sn-zn' 0.9618 1.4754 1.00E-05  60.093

o

0.003219 7.90E+05 0.002115  252.56

(=)

75 25 56

30 'li-cu-sn'  0.94244  1.4536 0.00E+00  91.102
31'li-sn-zn'  0.94238  1.4347 4.00E-05 75.34
32 'li-sn-bi'  0.93885  1.4529 0 60.363

0.00558 8.74E+05 0.000878  377.22
0.003572 5.69E+05 0.005526  358.46
0.003605 7.19E+06 0.000199  211.59

10 90 17
30 70 56
90 10 54

2'li-sn-zn'  0.96164 1.476 1.00E-05  58.123 0 0.003113 8.14E+05 0.001736  228.43 80 20 56
3 'li-sn-zn'  0.96146  1.4742 1.00E-05  61.992 0 0.003304 7.65E+05 0.002494  272.24 70 30 56
4 'li-sn-zn'  0.96101  1.4759 1.00E-05  56.147 0 0.002984 8.39E+05 0.001357  198.84 85 15 56
5'li-sn-zn'  0.96053  1.4718 2.00E-05  63.692 0 0.003362 7.41E+05 0.002873  287.84 65 35 56
6'li-sn-zn'  0.95918  1.4688 2.00E-05  65.543 0 0.003421 7.16E+05 0.003252  302.45 60 40 56
7 'li-sn-zn'  0.95916  1.4751 0.00E+00  57.421 0 0.003152 8.63E+05 0.000978  206.33 90 10 56
8 'li-sn-zn'  0.95751  1.4653 2.00E-05  67.472 0 0.003478 6.91E+05 0.003631 315.8 55 45 56
9 'li-sn-zn'  0.95609  1.4732 0 59.132 0 0.003364 8.88E+05 0.000599  217.06 95 5 56
10 'li-sn-ti' 0.95601  1.4646 0 12335 0 0.007944 1.23E+06 0.033209  442.46 95 5 55
11 'li-sn-zn'  0.95526  1.4607 3.00E-05  69.389 0 0.003526 6.67E+05 0.00401  327.66 50 50 56
12 'li-na-sn'  0.95341  1.4664 0 54.474 0.15 0.002931 8.73E+05 0.11521  229.69 5 95 45
13 'li-sn-zn'  0.95266  1.4555 3.00E-05 71.21 0 0.003564 6.42E+05 0.004389  337.91 45 55 56
14 'li-sn-zn'  0.95063  1.4705 0 61.598 0 0.003646 9.13E+05 0.00022  232.85 100 0 56
15 'li-ag-sn'  0.95001  1.4693 0 61.598 0 0.003646 9.13E+05 0.00022  232.85 0 100 8
16 'li-cu-sn'  0.95001  1.4693 0 61.598 0 0.003646 9.13E+05 0.00022  232.85 0 100 17
17 'li-ga-sn'  0.95001  1.4693 0 61.598 0 0.003646 9.13E+05 0.00022  232.85 0 100 27
18 'li-in-sn'  0.95001  1.4693 0.00E+00  61.598 0 0.003646 9.13E+05 0.00022  232.85 0 100 37
19 'li-na-sn'  0.95001  1.4693 0 61.598 0 0.003646 9.13E+05 0.00022  232.85 0 100 45
20 'li-sn-ba'  0.95001  1.4693 0 61.598 0 0.003646 9.13E+05 0.00022  232.85 100 0 53
21 'li-sn-bi'  0.95001  1.4693 0.00E+00  61.598 0 0.003646 9.13E+05 0.00022  232.85 100 0 54
22 'li-sn-ti' 0.95001  1.4693 0 61.598 0 0.003646 9.13E+05 0.00022  232.85 100 0 55
23 'li-sr-sn' 0.95001  1.4693 0 61.598 0 0.003646 9.13E+05 0.00022  232.85 0 100 61
24 'li-sn-zn'  0.94974  1.4496 3.00E-05  72.732 0 0.003578 6.18E+05 0.004768  345.97 40 60 56
25 'li-cu-sn'  0.94763  1.4611 0.00E+00  71.585 0 0.004353 8.93E+05 0.000549  303.86 95 17
26 'li-ga-sn'  0.94637  1.4596 0 59.349 0 0.003409 1.59E+06 0.000304  220.77 5 95 27
27 'li-sn-zn'  0.94626  1.4425 4.00E-05  74.065 0 0.003578 5.93E+05 0.005147 352.6 35 65 56
28 'li-sn-bi'  0.94439 1.461 0 60.886 0 0.003619 4.05E+06 0.000209  221.83 95 5 54
29 'li-ga-sn'  0.94251  1.4501 0 57.419 0 0.003201 2.27E+06 0.000388  209.52 10 90 27

0

0

0
33 'li-sr-sn' 0.93863  1.4637 0.00E+00  83.271 0.1 0.005367 1.48E+06 0.002009  355.25 5 95 61
34 'li-sn-ti' 0.93823 1.446  0.1168  55.291 0.15 0.00313 1.19E+06 0.033283  367.86 90 5 55
35 'li-ga-sn'  0.93814  1.4401 0 55671 0 0.00301 2.95E+06 0.000472  198.06 15 85 27
36 'li-sn-zn'  0.93804  1.4261 4.00E-05  76.641 0 0.003564 5.44E+05 0.005905  363.93 25 75 56
37 'li-cu-sn'  0.93528  1.4449 0 11538 0 0.006999 8.55E+05 0.001207  428.51 15 85 17
38 'li-na-sn' 0.9349  1.4627 0.00E+00  53.227 0.3 0.002748 8.33E+05  0.2302  267.88 10 90 45
39 'li-ag-sn'  0.93474  1.4413 0.00E+00  61.949 0 0.003612 2.96E+06 0.000209  230.91 5 95 8
40 'li-sn-ti' 0.93428 1.459 0.00E+00 255.1 0 0.01604 1.55E+06 0.066198  526.76 90 10 55
41 'li-sn-zn'  0.93408  1.4543 0.11218  41.635 0.15 0.001953 7.74E+05 1.81E-03  244.94 75 20 56
42 'li-ga-sn'  0.93395  1.4307 0 54.15 0 0.002841 3.63E+06 5.56E-04  187.32 20 80 27
43 'li-sn-zn'  0.93386  1.4552 0.11337  40.458 0.15 0.001861 7.99E+05 1.43E-03  219.43 80 15 56
44 'li-sn-zn'  0.93375  1.4526 0.11116  42.803 0.15 0.00203 7.50E+05 2.19E-03  265.17 70 25 56
45 'li-sn-zn'  0.93334  1.4168 5.00E-05  78.097 0 0.003562 5.20E+05 6.28E-03  369.47 20 80 56
46 'li-sn-bi'  0.93318  1.4446 0 59.912 0 0.003592 1.03E+07 1.88E-04  201.12 85 15 54
47 'li-sn-zn' 0.933  1.4504 0.11042 44.02 0.15  0.0021 7.25E+05 2.57E-03  282.63 65 30 56

48 'li-sn-zn'  0.93261  1.4551 0.11512  40.655 0.15 0.001907 8.24E+05 1.05E-03  220.89
49 'li-sn-ti' 0.93211 14404 0.1182  90.452 0.15 0.005648 1.51E+06 6.63E-02  476.04
50 'li-sn-zn'  0.93179  1.4473 0.10988  45.284 0.15 0.002164 7.01E+05 2.95E-03  298.04

85 10 56
85 10 55
60 35 56

UL OO U1t O LTOODOO OO0 |LMO OO0 OO0 OO0 0000000000000 oooooo oo oo o
w
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Figure 2: Lithium-Tin-Zinc Gain with minimal Lithium.

4 Conclusions

Lithium-Lead-Zinc alloys are some of the frontrunners in the ternary alloy selection. There is, however,
little difference between the merit functions, and quite a wide spread of possible alloys that are
competitive. Further analysis on waste stream, WDR, and activation would help to augment this list and
down select options that are un-feasible due to negative effect. Lithium-Tin-Zinc alloys show great
promise for use with enriched lithium to enable very high gain blankets with low chemical reactivity and
low activation. In the absence of enrichment, and excluding Bismuth, Lithium-Lead-Zinc alloys show
perhaps the most promise. It is worth noting that the reactivity scaling used in this exercise is merely a
place holder to help ground the alloys in reality, however it is only a excerpt from MSDS sheets and
contains very minimal data. Similarly the ternary interpolation on melt temperature is a “refined”
estimate, and not a hard calculation. Therefore eliminating various alloys because of their performance in
these metrics could be premature.
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6 Appendix

6.1 Binary Phase Diagrams
6.1.1 Ag-Ba
Weight Percent Barium
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6.1.2 Ag-Bi

Weight Percent Bismuth Ag-Bl

[ 11 20 3 4 56 ol el B0 ) 1
LUH o 2e b mans preele rereh T an| lane

961.93°C

Y

Ag-Bi
HiH) t - — S— B
' Struktur-
Composition,  Pearson Space bericht
SRS 3 Phase at.% Bi symbol group designation  Prototype
o ——
¥ (Ag) 010 2.76 cF4 Fmi3m Al Cu
2 3 (B 100 hR2 R3m A7 aAs
2
£ I. Karakaya and W.T. Thompson, J. Phase Equilibria, 14(4), 525-530 (1993)
& s 3
400 -
00 4 b
\ et 271.442°C
0.99 FENIE
(Bi)—I
200 T T T T T T T T T
1} n 0 3 4 S 60 i) 8 ) 14}
Ag Atomic Percent Bismuth Bi

6-2



613 Ag-Cd
Weight Percent Cadmium Ag-Cd
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6.1.4 Ag-Cu

Weight Percent Copper
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6.1.5 Ag-Ga

Weight Percent Gallium
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6.1.6 Ag-Hg
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6.1.7 Ag-In
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6.1.8 Ag-Li
Weight Percent Lithium Ag—Ll
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6.1.9 Ag-Na
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6.1.10 Ag-Pb

Weight Percent Lead
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6.1.11 Ag-Sb
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6.1.12 Ag-Sn
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6.1.13 Ag-Sr
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6.1.14 Ag-Ti
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6.1.15 Ag-Zn
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Subramanian, and L. Kacprzak, ed., ASM Internaticnal, Materials Park, OH,

117 (1990)



6.1.16 Ba-Bi

Weight Percent Bismuth Ba"Bi

m-
Ba-Bi
Struktur-
3007 Composition, Pearson Space bericht
Phase at.% Bi symbol group designation  Prototype
Ba,Bi, 40
et BaBi, 75 tP4  Pdjmmm L,  AuCu
3 (Bi) 100 hR2 R3m A7 aAs

Temperature, °C
H

3 MHFC G Grube and A. Dictrich, Z. Elektrochens., 44, 755-758 (1938)
200 & = 3
3 &
(Bi)—p
100 L
£ W A pA £ % % oo
Atomic Percent Bismuth Bi
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6.1.17 Ba-Cd

Temperature, °C

Weight Percent Cadmium

] ].IO !'IJ J.ﬂ 40 SID &0 70 80 L] 100
m L T ¥ A | 4 T T 4 T + L) T 5
727
00+ [
677 -
.
620°C 10
500 B5.7
‘.
75
500
] - =
1
400+ [&] =
80°C o 3
e\ il 2
300+ B
€—(Ba) A 3]
= "
@ =
m T 1 1 1 T L] L) *
10 20 M an 50 60 0 80 90

Ba

Atomic Percent Cadmium
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Ba-Cd

Ba-Cd
Struktur-

Composition, Pearson Space bericht
Phase at.% Cd symbol group designation _ Prototype
(Ba) 0 2 Im3m A2 w
Ba,Cd 333 t6 I4/mmm Clt, MoSi,
BaCd 30 cP2 Pm3m B2 CsCl
BaCd, 66.7 of12 Imma
Ba,Cd,, 81.6 hP4t P6fnunm
BaCd,, 91,7 148 14 famd . ..
(Cd) 100 hP2 P6./mmc A3 Mg

Binary Alloy Phase Diagrams, 2nd ed., T.B. Massalski, H. Okamaoto, P.R.
Subramanian, and L. Kacprzak, ed., ASM International, Materials Park, OH,
566, 568-369 (1990)



6.1.18 Ba-Cu

Weight Percent Copper

1% 20 k] 40 50 60 50 90 100
1200 T l' + i - '} T l. lI [l L
1984 87'C
um-: -
] L
]
¥ w00 s
. j 758°C
E 127°C} w4
g 600 o
= s50°C [
F] b
160°C - f (Cu)
] ny ‘3- [
1€ (Bw) a
m' T LJ J L} T T 1
a 10 20 30 40 50 &0 7 %0 100
Ba Atomic Percent Copper Cu
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Ba-Cu

Ba-Cu - )
o Struktur-
Composition, Pearson Space bericht

Phase at.% Cu symbol group designation _ Prototype
(Ba) 0 cl2 im3m A2 W

BaCu 50 hP8 P6yfmmc .
BaCu,, 92.9 cF112 Fm3c D2, NaZn,;
(Cu) 100 _cF4 Fm3m Al Cu

H. Okamoto, J. Phase Equilibria, 15(5), 564-565 (1994)



6.1.19 Ba-Ga

Ba

Weight Percent Gallium

10 20 30 0 sa 6 70 B1 90 100
1700 . ; L | Lo LS KSR '
1016°C
100} = &
RRS"C
L —

800 L
Y e
§
=1 B0+ SH1°C =
E 2
-4
£ 1w
ﬁ 414°C

4007 4.5

8 .
2| a 4]
c [}
md & Fy 2 g 3
= == ==}
‘(BB) (Ga)
29.5'C
- ' 297M1°C
"o 10 E 40 5o 60 7t 50 90 100
Ba Atomic Percent Gallium Ga
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Ba-Ga

Ba-Ga
Struktur-

Composition, Pearson Space bericht
Phase at.% Ga symbol group desipnation _ Protolype
(Ba) 0 cl2 Im3m A2 w
Ba,,Ca 9.1 cF176 Fd3m Al gV
Ba,Ga, 46.7 cP60 P23 . AlLSt,
BaGa, 66.7 hP3 Pé/mmm c32 AlB,
BaGa, 80 o H4/mmm DI, Al,Ba
(Ga) 100 oC8 Cmca All Ga

V.P. ltkin and C.B. Alcock, J. Phase Equilibria, 12(5), 5715-577 (1891)



6.1.20 Ba-Hg

Ba

Temperature, °C

Weight Percent Mercury
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]

50 60 T - B0
A 1 1 -

Trerer T H

§22°C

560°'C.

490°C

sirc
—

4H'C
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oo 14— (Ba)

Ba,Hp

BaHp
BaHg,

BagHgs,
v

Ba, Hys,

g
I

BaHg,,

BaHg,,

-38.8290°C

(Hg)t

Ba

s.

i - T
0 s 60 70
Atomic Percent Mercury

100
Hg
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Ba-Hg

Ba-Hg
Struktur-

Composition, Pezrson Space bericht
Phase al.% Hg symbol group desipnation  Prototype
(Ba) 0 cl2 Int3m A2 W
Ba;Hg 33.3 6 H/mmm Clly MoSi;
BaHg 50 cP2 Fnim 52 CsCl
BaHg: 66.7 of12 Imma e CeCu;
BﬂHHgsg 785 hPés Tes wen P
Ba;Hgs, 81.6 hP38 P6/mmm . Ba;Cdy,
BaHgg 857
BaHg), 91.7 cP36 Pm3Im D2, BaHgn
Bﬂng 93
(Hg) 100 hRL R3m A10 aHg

C. Guminski, J. Phase Equilibria, 21(2), 173-178 (2000)



6.1.21 Ba-In

Weight Percent Indium
lm ‘ T lla T 2‘“ L 3lo T -’F T sp L} ‘l:ﬁ. .cl ’In '_$ IN lu" Ba ln
a3stc \ B42°C
L L - Ba-ln_
e Strukur-
Composition, Pearson Space bericht
630°C Phase at.% In symbol group designation  Prototype
S;_ =, /___/ : (Ba) 0 ciz m3m Az w
AZC sszc/ [« BBa,ln Ba,ln 7.1
g |\ /] — BaIn 25
g pBa:ln 333
18 B - aBa,ln 333
| = - Baln 50
(Bad = = 5 & 2 Baln, 66.7 ol12 Imma CeCu,
{2 gl % a K] 8 ! Baln, 80 10 Idimmm D1,  AlBa
<k C {in) 100 2 14fmmm A6 In
] 136 156.634°C
] in)—» H. Okamoto, Phase Diagrams of Indium Allays and Their Engineering
] Applications, C.E.T. While and H. Okamoto, ed., ASM International, Materials
& v 7 . : - — : : Park, OH, 42-43 (1992)
10 20 30 40 50 &0 T0 B0 o 100
Ba Atomic Percent Indium In
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6.1.22 Ba-Li

Temperature, °C

Weight Percent Lithium

nrc
m-

5004

_ass'c

BaLi,

H1.6

-
v Ll

 160.6'C

89.5 143°C
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T 1] L) 1
30 40 50 60
Atomic Percent Lithium

T
0

%0 )
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Ba-Li

Ba-Li
Strukiur-
Composition, Pearson Space bericht
Phase at.% Li symbol _group designation  Prototype
(Ba) 0 2 Im3m A2 w
BalLi, 80 hP30 P6ymmc " .
(BLi) 100 ef2 Im3m A2 W

A.D. Pelion, Bull. Alioy Phase Diagrams, 5(5), 452-454 (1984)




6.1.23 Ba-Na

Ba

Temperature, °C

Weight Percent Sodium

10 20 30 40 &0 7080 100
500 T T T t T + T t et
nrc
700 -
600 b
L
500 E
1004 2
300+ 2
3 197°C b
m “ \
E Ba) 955 .
100 ( R3" F918'C
BaNa 2L =
T 986
BaNa;  (fiNa)
) o 0 0 30 50 0 0 B0 w0 100
Ba Atomic Percent Sodium Na
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Ba-Na

Ba-Na
Struktur-

Composition, Pearson Space bericht
Phase at.% Na symbol aroup designation  Prolotype
(Ba) O3 cl2 b 3m A2 W
BaNa 30t073 tr*
BaNa, BO o** .
(BNa) 98.8 10 100 cl2 im3m A2 W

A.D. Pelton, Bull. Alloy Phase Diagrams, 6(1), 26-29 (1985)



6.1.24

Temperature, °C

Ba-Pb

Weight Percent Lead

0w 0 50 60 70 80 v 100
100G T . T : |l ll ll Jl T . T . T
L
617°C
583°C 3
18 0 s s
5004 b
400 L
£ £ 3
C} 1.502°
00— (Ba) B 3 E w3°C  337802°C
93 9.2
2004 £
(Ph)—I»
:% ¥ T L] T T 1 1]
9 10 0 30 40 50 &0 ] B0 90 100
Ba Atomic Percent Lead Pb
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Ba-Pb

Ba-Pb
Struktur-

Compasition, Pearson Space bericht
Phase al.% Pb symbal EIOUD designation  Prototype
(Ba) 0 o2 m3m A2 w
Ba,Pb 30to 36 oPl12 Pnma c23 Co,5i
pBaPb 50
aBaPb 50 oCB Cmcm B, CrB
BaPb, 75 hR12 R3m
{Pb) 99.2 10 100 cF4 Fm3m Al Cu

G. Grube and A. Dietrich, Z. Elektrochem., 44, 755-767 (1938)



6.1.25 Ba-Sn

Weight Percent Tin Ba_ Sn
n A N . N SN N S
BG0 T T T T T T T
3 3 Ba-Sn
. —_ L Struktur-
Composition, Pearson Space bericht
00 3 Phase at.% Sn symbol group designation  Prototype
Ba,Sn 333 oPl12 Prma 23 CozSi

ot 1 BasSnsy* 375 1132 I4/mcm DE§; CrsB;
& BaSn* 50 oC8 Cmem B; CiB
E‘ 472°C BaSn; 75 rew aa
2w &9 3 BaSns 833
g (BSn) 100 14 18,/amd AS fSn
|.."E’ 3004 L (aSn) 100 cF8 Fd3m Ad C (diamond)

*Not shown
& 3 3 &C 231.9681°C
200 & i = - Binary Alloy Phase Diagrams, 2nd ed., T.B. Massalski, H. Okamoto, P.R.
(BSn) —» Subramanian, and L. Kacprzak, ed., ASM International, Maierials Park, OH,
100 3 616, 618 (1990)
(aSa)
a ki
2 0 0 50 60 70 30 % 100
Alomic Percent Tin Sn
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6.1.26 Ba-Sr

Weight Percent Strontium

10 b1} 0 40 50 0 80 w0 100
8OO . ! : . I o+ .I iy T
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Ba Atomic Percent Strontium Sr
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Ba-Sr

Ba-Sr
Struktur-
Composition, Pearson Space bericht
Phase at.% Sr symbol group designation  Prototype
(Ba,BSr) Oto 100 ch2 Im3m A2 W
(aSr) 78 to 100 cF4 Fm3m Al Cu

C.B. Alcock and V.P. ltkin, Buil. Alloy Phase Diagrams, 8(6), 534-336 (1987)



6.1.27 Ba-Ti

Weight Percent Titanium
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Ba Atomic Percent Titanium Ti
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Ba-Ti

Ba-Ti
Struklur-
Composition, Pearson Space bericht
Phase al.% Ti symbol _ group designation  Prototype
(Ba) 0 cl2 Im3m A2 w
(BTi) 100 c2 im3m A2 w
(aTi) 100 hP2 P6,/mmc A3 Mg

1.L. Murray, Phase Diagrams of Binary Titanium Alloys, I L. Murray, ed., ASM
International, Metals Park, OH, 38-39 (1987)



6.1.28 Ba-Zn

Ba Weight Percent Zinc
[ IP 20 30 40 30 &0 T 80 %0 100 Ba-Zn
1000 T T ety e by bt
885°C
800-] 3 Ba-Zn
1n1c] L Struktur-
. Composition, Pearson Space bericht
o LN Phase at.% Zn symbol group designation  Prototype
e 80 1 (Ba) 0 ci2 im3m A2 w
g Ba.Zn 133 16 /mmm Cll,  MoSi,
E BaZn 50 cP2 Pri3m B2 CsCl
E‘ ] 419.5  119.58°C BaZn, 66.7 of12 Imma CeCu,
g v . 360°C s BaZn, 833 oC24 Cmem
—— 3 3355 Fm3
ES AR i (Zn)|— BaZn,, 92.9 cF112 m3c D2, NaZn,,
(Zn) 100 hP2 P6.fmmc A3 Mg
] Ba 5 3 & g ] H. Okamoto, J. Phase Equilibria, 12(4), 469-471 (1991)
< (Ba) N, § g g §
2 @ a & s
) 1o 2 B 20 50 80 N 80 % 100
Ba Atomic Percent Zinc Zn

6-28



6.1.29 Bi-Cd

Weight Percent Cadmium
10 i) 30 40 50 60 o 8 W 1
400 T + ot T - T L T L b 20 T *
3503 3
321.108°C
3“-' L 3
e
o 3
é m- -
B 1504 146°C 3
3 55
1009 3
— (Bi) (Cd)—»
50 3
o 10 30 40 50 50 0 50 %0 100
Bi Atomic Percent Cadmium Cd
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Bi-Cd

Bi-Cd
Struktur-
Composition, Pearson Space bericht
Phase at.% Cd symbol group designation  Prototype
(Bi) 0 hR2 R3m A7 aAs
(Cd) 100 hP2 Péjmmc A3 Mg

Z. Moser, 1. Dutkiewicz, L. Zabdyr, and 1. Salawa, Bull. Alloy Phase Diagrams,
9(4), 445-448 (1988)



6.1.30 Bi-Cu

Weight Percent Copper
10 20 30 0 56 & 70 80 WIN
1200 r : T bbbt
106487°C
!
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g
2
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5 a
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<4— (Bi)
) 10 40 50 60 ! 80 % 100
Bi Atomic Percent Copper Cu
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Bi-Cu

Bi-Cu
Struktur-
Composition, Pearson Space bericht
Phase at.% Cu symbol group designation Prototype
(Bi) 0 hR2 Rim A7 aAs
(Cu) 100 cF4 Fm3m Al Cu

D.J. Chakrabarti and D.E. Laughlin, Buil. Alloy Phase Diagrams, 5(2), 148-155
(1984)



6.1.31 Bi-Ga

Bi

Weight Percent Gallium
)y 10 e 30 40 50 60 70 B0 %0100
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300 L 2
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g 1] 1
e ,
— (Bi) b
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(Ga) =P
! 10 20 E Iy 50 60 70 80 %0 100
Bi Atomic Percent Gallium Ga
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Bi-Ga

Bi-Ga
Struktur-
Composition, Pearson Space bericht
Phase at.% Ga symbol group designation  Prototype
(Bi) 0 hR2 R3m A7 aAs
(Ga) 100 oC8 Cmca All Ga

Binary Alloy Phase Diagrams, 2nd ed., T.B. Massalski, H. Okamoto, P.R.

Subramanian, and L. Kacprzak, ed., ASM International, Materials Park, OH,
738-739 (1990)



6.1.32 Bi-Hg

Weight Percent Mercury
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Bi Atomic Percent Mercury Hg
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Bi-Hg

Bi-Hg
Struktur-
Composition, Pearson Space bericht
Phase at.% Hg symbol Broup designation _ Prolotype
(Bi) 0 hR2 R3m A7 aAs
(Hg) 100 hR1 R3m A10 oHg

L. Zabdyr and C. Guminski, J. Phase Equilibria, 17(3), 230-236 (1996)



6.1.33 Bi-In

Weight Percent [ndium Bi'Ill
! 1w 20 » £ il N R o L
Eia d i T L] T T L} L] L i T "
71442°C
2504 :
Bi-In
L ] Struktur-
2004 3 Composition, Pearson Space bericht
U Phase at.% In symbol group . designation  Prototype
. (Bi) a hR2 R3m A7 aAs
_5 o] Biln S0 P4 Pdjnmm B0 PbO
Bi;Ins 62.5 1132 14fmcm DB, Cr,B,
%- Biln, 66.81067.7  hP6 P6ymme BS, Ni,In
& 109.7°C E BBto 92 12
1007 (Im) 92.5 10 100 2 Hfmmm A6 In
H. Okamoto, Phase Diagrams of Indium Alloys and Their Engineering
s0deg— (Bi) Applications, C.E.T. White and H. Okamoto, ed., ASM International, Materials
] Park, OH, 46-54 (1992)
TRk ® @
Bi Atomic Percent Indium In

6-33



6.1.34 Bi-Li
Weight Percent Lithium Bl—Ll

(11 30 S0 MW
Y N T

L2040 T T T T T T T T
1145°C

" Bi-L\] . - S I -
e i
L Composition,  Pearson Space bericht
N - Phase at% Li  symbol  group  designation Prototype
g (Bi) 0 hR2 R3im A7 aAs
g BBiLi 50 .
E " 3 aBiLi 50 tP4 Pdimmm L1, AuCu
% BiLi, 73810752 cFle Fn:?m D, BiF,
& a15°c (BLi) 100 cf2 Im3m A2 W e

i T

1. Sangster and A.D. Pelton, J. Phase Equilibria, 12(4), 447-450 (1991}

3
h
=
o
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14 -
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— (Bi) ]
=}
1] T T T T T T T T
0 i 0 1] a0 50 - m Bl a0 10
Bi Atomic Percent Lithium Li
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6.1.35 Bi-Na

Weight Percent Sodium

Ny
S00- T T T T T T

z ']
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1003g— (Bi) SERLS 1.8°C
(BNg)—P»
o 10 P Y 0 50 P 70 80 % 100
Bi Atomic Percent Sodium Na
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Bi-Na
Bi-Na
Struktur-
Composition, Pearson Space bericht
Phase at.% Na symbol group designation _ Prototype
(Bi) 0 hR2 R3m A7 aAs
BiNa 50 P4 Pdafmmm L1, AuCu
BiNa, 73510775 hPB P6yimme DO, Na,As
(BNa) 100 o2 im3m A2 W
(ceNa) 100 hP2 P6,/mmc A3 Mg

J. Sangster and A.D. Pelton, J. Phase Equilibria, 12(4), 451-456 (1991)



6.1.36 Bi-Pb

Weight Percent Lead Bi-Pb
I3 H] il i) 40 50 50 T0 B0 “ 100
350 # + 1 + + t f + }
327.802°C
300+ L
271442'C L Bi-Pb
0 3 Struktur-
Compaosition, Pearson Space bericht
200 3 Phase at.% Fb symbal group designation _ Prototype
g (Bi) 0 R2 R3m AT aAs
5 150 - (Pb) 3 3 56910 73.8 hP2 Pby/mme A3 Mg
] e {Pb) 75 10 100 cF4 Fm3m Al Cu
E. 100 -
[ 0. H. Okamoto, J. Phase Equilibria, 15(3), 361-362 (1994)
€ @) ]
0= -
-45.15°C
-503001 738 sn\ 3
-100 T T T T T T T T T
[} 10 10 30 40 50 60 m BD Lt 100
Bi Atomic Percent Lead Pb
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6.1.37 Bi-Sn

Weight Percent Tin BI-SI]
Il i o] o Al S0 i Ta L] a0 (Y1)
MAK T - T |I T - T 4 T . T A ll L T i
Py RTas
Bi-5n
20 L S S : ~
. Struktur-
Himere Composition,  Pearson Space bericht
Phase _ at%Sn  symbol  group _designation Prototype
B 3 {Bi) o2 hR2 Rim A7 aAs
F,,J_ {FSn) 86.9 1o 1(H} g} 14, Jamd A3 fisn
g (aSm) 100 _cF8  Fd3m A4 C (diamond)
10 31
E- ies (PVSn) )
£ Rinary Alloy Phase Diagrams, 2nd ed T B. Massalski, H. Okamoto, PR,
= Subramanian, and L. Kacprzak, ed., ASM International, Materials Park, OH,
b [ TO4, 796 (1991)
— (Bi)
504 L
N {resin) e
|.|i| 2'{} ) :.|“] 4!" 5'“ F.:ﬂ' -lﬂ !;ﬂ \:D ki)
i Atomic Percent Tin Sn
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6.1.38 Bi-Sr

Weight Percent Strontium

= o p_®
SO0
800 L
o - kI -
9 600 582°C k.
Fsarc
500- E
400+ E
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3004 : 3
S L a4 & e
A 2 &3 (eS0—pt
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i T _
r 10 M 10 a0 0 A E B0 % 100
Bi Atomic Percent Strontium Sr
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Bi-Sr

Bi-Sr
Struktur-

Composition, Pearson Space bericht
Phase al.% Sr symbol group designation _ Protolype
(Bi) 0 hR2 R3m A7 aAs
Bi,Sl' 25 cP4 Pmﬁm L12 Al.lCl.l,
BiSr 50 e - -
Bi,Sr, 60
BiSr, 66.7 t12 14/mmm e La,Sb
(BSr) 100 cl2 im3m A2 w
(0Sr) 100 cFd4 Fm3m A2 Cu

Binary Alloy Phase Diagrams, 2nd ed., T.B. Massalski, H. Okamoto, P.R.
Subramanian, and L. Kacprzak, ed., ASM International, Materials Park, OH,
794, 797 (1990)



6.1.39 Bi-Ti

Weight Percent Titanium Bi'Tl
y 10 2 30 4 50 6070 BO9NLN
1800 T T T T T T T T 1
1870°C
1600 -
L Bi-Ti
"3 3 Struktur-
] Composition, Pearson Space bericht
3 /'— Phase at.% Ti symbol group designation _ Prototype
U 103 @m F (Bi) 0 hR2 R3m A7 aAs
o BiTi, 66.7 tP12 Pdy/mme e
g Tt 3 BiTj, 75 t**
(BT 90 to 100 cf2 Im3m A2 w
ﬁ‘ / e (aTi) 99 to 100 hP2 P6ymmc A3 Mg
= 500 rd - 3
Bl E
@ @ £ J.L. Murray, Bull. Alloy Phase Diagrams, 5(6), 610-613 (1994)
6003 -
{aTi)—P»
400 -
£ 271°¢
e — G
10 20 30 4 s0 0 70 80 % 100
Bi Atomic Percent Titanium Ti
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6.1.40 Bi-Zn

Bi

Weight Percent Zinc

o (1]
600 T brrey
I"].
500 i
&)
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g 419.58°C
g0
E
[_.
{Zn)—»
300 - i
17L.4M41°C 284.5°C
1.6 Bl 99.99)
g—(Bi)
200 T T T T T
] 10 0 a0 50 [ %0 100
Bi Atomic Percent Zinc Zn
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D.V. Malakhov, Calphad, 24(1), 1-14 (2000)

Bi-Zn
Bi-Zn
Struktur-
Composition, Pearson Space bericht
_Phase at.% Zn symbol group designation  Prototype
(Bi) Ot 1.6 hR2 R3m AT aAs
(Zn) 99.9310 100 hP2 Péy/mme A3 Mg



6.1.41 Cd-Li

Weight Percent Lithium Cd—Li

0 in 20 3040 50 70 100
600 T 1 T . - T 1 r } I - Wt
550
Cd-Li
500 Lo I
Struktur-
. Composition, Pearson Space bericht
Phase  at% Li symbol  group  designation Prototype
G (Cd) 01030 hpP2 P6 /mmc A3 Mg
s Cd,Li 2010 29 hP2 P6.Jnumc A3 Mg
g as0d CdLi 81078 cF16 Fd3m B32 NaTl
@ 321108 CdLi, 6510 78 cF4 Fm3m Al Cu
£ (BLi) 820100  cl2  Im3m_ A2 W
EE') 250

A.D. Pelton, Bull. Alloy Phase Diagrams, 9(1), 36-41 (1988)

2004
180.6°C
150
100 B
50 T T T T T T T T T
[ 10 20 3an 40 50 60 T0 BO i L]
Cd Atomic Percent Lithium Li
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6.1.42 Cd-Sn
Cd Weight Percent Tin
0 llﬂ 2|(l ]Ill JIIJ ."\‘0 6I(] '?;0 R:l] 9‘1:1 106 Cd—sn
BLAOKC
300 -
L Cd-Sn _
roo] g Struktur-
) » Composition, Pearson Space bericht
5 23ce BLMBIC phase at.% Sn symbol group  designation  Prototype
S o 3 (Cd) 010 0.24 WP2 PoJmme A3 Mg
] — p 9411099 kP2 P6ymmc A3 Mg
B oEx 655 w (BSm) 98.8 to 100 14 14 jamd A5 BSn
%— 1504 e ol F (aSn) 710 100 cF8  Fd3m A4 C (diamond)
E 3: , o)
[ [X]
J. Dutkiewicz, L. Zabdyr, Z. Moser, and J. Salawa, Bull. Alloy Phase Diagrams,
1004 3 10(3), 223-229 (1989)
€ (Cd) ((Sm)
504 L
) S C
0 10 20 3 a 50 a0 70 i %0 100
Cd Atomic Percent Tin Sn

6-42



6.1.43 Cu-Ga

Weight Percent Gallium
I

Temperature, °C

100 %

T T T
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.. {Ga)
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b 1 T T T T T T L L
10 30 a0 50 60 70 8 %0 100
Cu Atomic Percent Gallium Ga
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Cu-Ga

Cu-Ga
Struktur-
Composition,  Pearson Space berichi
Phase at.% Ga symbol group designation _ Prototype
(Cu) 010 20.6 cF4 Fm3m Al Cu
B 19.31027.45 cl2 Im3m A2 w
€ 2050223 hP2 P63y/mme A3 Mg
3 21.0t0 224 hp* e
Y 29.5t0 347 cP52 P43m D8y AlyCuy
i 29810376 cP52 P43m
Y2 33810377 cP* Pd43m
s 37510426 cP* P3d3m
a 64.6 to 66.7 tP3 P4/mmm vae
(Ga)y 100 oC8 Cmca A1l Ga

P.R. Subramanian and D.E. Laughlin, Phase Diagrams of Binary Copper Alloys,
P.R. Subramanian, D.J. Chakrabarti, and D.E. Laughlin, ed., ASM International,
OH, 174-184 (1994)



6.1.44 Cu-Hg

Weight Percent Mercury

D » 2 .
T T T L T T
108 47°C
7 L
m
O §60°C
a L]
g
=2
g
5
=
128°C
: CusHeg
1 BHC 38.8290°C
o ! (He)—pf
=200 T T T T T T T T T
o 10 0 30 Al 50 60 n BO 50 140
Cu Atomic Percent Mercury Hg
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Cu-Hg

Cu-Hg
Struktur-
Composition, Pearson Space bericht
Phase al.% Hg symbol proup designation _ Protolype
(Cw) Oto5 cF4 Fm3m Al Cu
Cu,Hg, 46 hR52 R3m
(Hg) 100 IR R3m A10 aHg

D.J. Chakrabarti and D.E. Laughlin, Bull. Alloy Phase Diagrams, 6(6), 522-527

(1985)



6.1.45 Cu-In

Weight Percent Indium Cu_In
P& 0w m 2 1%
1200 i T T T T T
1 1
1000 Cu-In
Struktur-
B L Composition,  Pearson Space bericht
i Phase at.% In symbol group designation  Prototype
0 (Cu) 010109 cf4 Fm3m Al Cu
°. m B 1R.05 o 24.5 e Im3m A2 w
5 = ¥ 27.710313 cP52 Png InMn,
o 29.05 10 30.6 aP40 P1
E $00 n 32810378 hP4 P6Jmme B8, NiAs
= . hPe P6/mmc B8, Ni,In
n 351t0 37 o** e
300 Cu,,In, 43 mC20 C2/m
{In) 100 2 14immm A6 In
e 156.634°C
ot - H. Okamoto, J. Phase Equilibria, 15(2), 226-227 (1994)
5 10 20 30 0 50 60 0 80 % 100
Cu Atomic Percent Indium In
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6.1.46 Cu-Li

Cu-Li

Weight Percent Lithium

IIIJ 0 3 40 50 700 100

T L] L] T

1200 T T T T T

10B487°C
3 Cu-Li
Struktur-
Composition,  Pearson Space bericht
Phase al.% Li symibol _group designation _ Prolotype
{Cu) 010235 cFé4 Fm3m Al Cu
(BLi) 100 ci2 Im3m A2 w

A.D. Pelton, Bull. Alley Phase Diagrams, 7(2), 142-144 (1986)

Temperture, °C

\ BL)—
) 100
Li

10 20 30 40 50 60
Cu Alomic Percent Lithium

3-
2
&
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6.1.47 Cu-Na

Cu Weight Percent Copper

03 Cﬂ‘Na

Na-Cu
Struktur-
Composition,  Pearson Space bericht
v Phase al.% Cu symbol group desipnation __ Pratotype
9 (BNa) 0 ci2 Im3m A2 W
g (Cu) 100 cF4 Fm3m Al Cu
E‘ A.D. Pelton, Bull. Alloy Phase Diagrams, 7(1), 25-27 (1986)
U
[_.

100
5L (pNn) (BNa) + (Cu)
Tt o om oms  0be  Wbs | obe ooy ops @8 ol 01l
Na Atomic Percent Capper
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6.1.48 Cu-Pb

Weight Percent Lead Cu_Pb
A L I R o i & ¥» 10
1200 T T T 7 7 ; v : r
0B4LET"C L
1000 \ 9‘;55 L Cu-Pb
2 155§ 65 Slrl.lkll.lr-
L+ Composition,  Pearson Space bericht
1+l Phase at.% Pb symbol group designation _ Protatype
£ oo - (Cu) 0 cF4 Fm3m Al Cu
8 (Pb) 100 cF4 Fm3m Al Cu
B
2 D.J. Chakrabarti and D.E. Laughlin, Bull. Alloy Phase Diagrams, 5(5), 503-510
s - (1983)
& — (Cu)
Sec aiso
H. Okamoto, J. Phase Equilibria, 14(5), 649-630 (1993)
100 [
] 326°C 1
o} 17s02°C
(Pb)
m L] ¥ L] T T T T 1 L] T
I 10 20 30 40 50 60 7 ) 90 100
Cu Alomic Percent Lead Pb
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6.1.49 Cu-Sn

Weight Percent Tin

1200

lm%

Tempemture, °C

i _le 3681°C
(BSn)—»
0 10 P 30 5 50 6 0 80 [ 100
Cu Atomic Percent Tin Sn
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Cu-Sn

Cu-Sn
Struktur-
Composition, Pearson Space bericht
Phase at.% Sn symbol group designation  Protatype
(Cu) 010 9.1 cFd Fm3m Al Cu
B 13.110 15.7 ef2? Im3m A2 W
¥ 15.4 10 27.9 cF16 Fm3m DO, BiF,
b 20310208  cF416 F43Im
< 20.9 10 22.5 hP26 P6,
E 24.31025.9 oCB0 Cmcm o
n 43510455 hP4 P6,fmmc B8, NiAs
n 44810 45.5 hp*
(BSn) 100 14 14 famd A5 fiSn
(aSn) 100 cF8 Fdim Ad C (ginmond)

N. Saunders and A.P. Miodownik, Bull. Alloy Phase Diagrams, 11(3), 278-287

(1990)



6.1.50 Cu-Sr

Temperature, °C

Weight Percent Strontium

0 50 &0 70

L L
769°C
- psn)—pt
J4—(Cu} sarC
] 506°C_
500 3 754 3
400 3 o © {asSr)—P»t
m L) L) 13 ‘ W) L T
Lo 30 40 50 60 Ta 90 100
Cu Atomic Percent Strontium Sr
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Cu-Sr

Cu-Sr
Struktur-

Composition, Pearson Space bericht
Phase at.% Sr symbol group designation  Prototype
{Cu) 0 cF4 Fm3m Al Cu
Cu,Sr 16.7 hP6 P6/mmm D2, CaCu;
CuSr 50 hP8 P6ymmm .
(BST) 100 cl2 Im3m A2 w
{aSr) 100 cF4 Fm3m Al Cu

D. Risold, B. Hallstedt, L.J. Gauckler, H.L. Lukas, and S. Fries, Calphad, 20(2),
151-160 (1996)



6.1.51 Cu-Ti

Cu . . )
Weight Percent Titanium CU“TI
Cu-Ti
Struktur-ben
Composition, Pearson Space cht

Phase at.% Ti symbol group  designation Prototype
(Cu) Oto8 cF4 Fm3m Al Cu
BCuw,Ti 19.1 to 22 P20 Pnma AugZr
aCusTi* 1911022 t/10 1afm D1, MoNiy
Cu;Ti 333 oC12 Amm?2 . AuV
CusTiz 40 tP10 Pdfnmm . o
CuyTi3 42,9 t14 I4/mmm e e
CuTi 48 lo 52 tP4 Pd/nmm 811 yCuTi
CuTiy 66.7 116 I4/mmm Cl1, MoSi:
(BTY) 86.5 10 100 ci2 Im3m A2 w
(oTi) 98.4 to 100 hP2 P6y/mme A3 Mg
* Not shown.
1.L. Murray, Phase Diagrams of Binary Titanium Alloys, J.L. Murray, ed., ASM
International, Metals Park, OH, 80-95 (1987)

Scc also
H. Okamoto, J. Phase Equilibria, 15(5), 566-567 (1994)

Cu Atomic Percent Tilanium Ti
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6.1.52 Cu-Zn

Weight Percent Zinc CU'ZD
1084 87°C
1000 5 Cu-Zn
Struktur-
00 Composition,  Pearson Space bericht
Phase at.% Zn symbaol group designation  Prototype
8 (Cu) 010 38.27 cF4 Fm3m Al Cu
O o B 36.1t0 358 ci2 Im3m A2 w
G B’ 44.810 50 cP2 Pm3m B2 CsCl
R Y 57010700  «i52 133m D8;  CusZng
g 5 724510760  hP3 PG
E 5003 E 78.010 88.0 hP2 P6y/nimc A3 Mg
= (Zn) 97.17 10 100 hP2 Pbynumnc A3 Mg
400
A.P. Miodownik, Phase Diagrams of Binary Copper Alloys, P.R. Subramanian
100+ and D.E. Laughlin, ed., ASM Intemational, Materials Park, OH, 487-496 (1994)
200~
A A A A A R S S S
Cu Atomic Percent Zinc Zn
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6.1.53 Ga-Hg

Weight Percent Mercury
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Ga-Hg

Ga-Hg
Struktur-
Composition,  Pearson Space bericht
Phase al.% Hg symbol group designation  Prototype
(Ga) 0 oCH Cmca All Ga
(Hg) 0 ARl R3m AlD “aHg

C. Guminski and L. Zabdyr, J. Phase Equilibria, 14(6), 719-725 (1993)



6.1.54 Ga-In

20

Weight Percent Indium
I S

204 T

1560

1004

4
1

Tempemature, “C

e

LIIC ;\\

T T T

T
30

T T

T
40 50 60

Atomic Percent Indium

156.634°C

Ga-In

Ga-In
Struktur-
Composition, Pearson Space bericht
_Phase at.% In symbol group designation Prototype
(Ga) 0 oC8 Cmca All Ga
(In) 96.9 10 100 H2 14/mmm A6 In
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T.J. Anderson and [. Ansara, J. Phase Equilibria, 12(1), 64-72 (1991)



6.1.55 Ga-Li

Weight Percent Lithium Ga_Li \
0o o R0 0 s mim | e
8004~ . . S = p S - -y ¥l \ )
7004 Ga‘Ll_ ............ i —
Struktur-
Composition, Pearson Space bericht
600 Phase at.% Li symbol group designation  Prototype
(Ga) 0 oC8 Cmca All Ga

O 5] GayLis 17.6 hR20 R3m

o GasLiy 222 0C304 Cmem

5 GaaLig 27.3

g 00 GaglLis 35.7

g GaLi 5010 57 cF16 Fd3m B32 NaTl

)2 3004 GayLis 55.6 hP9 P3ml
' Gaslis 59.510 60.5 hRS R3m .
200 Gali, 6610 67 oCl12 Cm::m 49 Z1Siy
BL) 100 cl2 Im3m A2 W

100+ e ¥ 3 H. Okamoto, J. Phase Equilibria, 20(1), 92 (1999)

zs,mr’;: q:m——”':')' | A ‘ | ( ! {["L}) >

10 20 a0 40 30 L] 70 80 90 1040
Ga Atomic Percent Lithium Li
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6.1.56 Ga-Na

Weight Percent Sodium

[ 1] il ki) 40 0 1] 0 11} L 100
600 b } 1 { } f 1 t +-
L la
L s19°C /’—EITE’:\\
500 495" A9H°C L _G_a—_l}_ia
Struktur-
Composition, Pearson Space bericht
00 P Phase at.% Na symbol  group  designation Prot
U (Ga) 0 oC8 Cmica All Ga
& Ga,Na 20 10 14/mmm 1, Al,Ba
E GayNa,, 36.1 o244 Prma T v
g 100 ) ] (PFNa) 100 e Im3m A2 W
2 =
E 1 §. tss A, Pelton and S. Larose, Bull. Allay Phase Diagrams, 11(4), 347-353 {1990)
200 L
100-] R
] Ma) —Jp}
poR NI T ()
2T (Ga) . - .
B 10 0 30 40 50 N 0 H0 %0 L0
Ga Atomic Percent Sodium Na

6-56




6.1.57 Ga-Pb

Weight Percent Lead

. Ga-Pb

0 0 20 30 40 50 il 0 &0 o
T L e o - ‘anas T + T e T - T T
——— 9lAns | |
L 606.1°C i
3 Ga-Pb
P Struktur-
| \' 5004 4 Compaosition, Pearson Space bericht
@ Phase at%Pb  symbol group designation  Prototype
8] (Ga) 0 oC8 Cmca All Ga
o =
o 400d E (Pb) ? to 100 cl4 Fm3m Al Cu
2
g 327.502°C H. Okamoto, J. Phase Equilibria, 19(2), 184 (1998)
E 3] 283 NG 'Jﬁ.!liﬂf
= 99.55
200 8
I (Pb) —
101 o
IR LS 999
0 I T T T ¥ T T T T
o 1] 20 0 40 50 L m BO w 1000
Ga Atomic Percent Lead Pb
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6.1.58 Ga-Sn

40

Weight Percent Tin

50 60 70
1 Fi 1

te
g
g

250

200

231.9681°C

L 1504 -
g
=
g 1007 3
£
& a0 E
I .
8.4 936 — ~f 13°C
[ -
50 34— (Ga) (aSn) b
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0 10 20 30 40 50 60 70 80 9 100
Ga Atomic Percent Tin Sn
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Ga-Sn

Ga-Sn
Struktur-
Composition, Pearson Space bericht
_Phase at.% Sn __ symbol _group designation  Prototype
(Ga) 0 oC8 Cmca All Ga
(BSn) 93.6 to 100 ti4 14/amd A5 BSn
(aSn) ? to 100 cF8 Fd3m A4 C (diamond)

T.J. Anderson and I. Ansara, J. Phase Equilibria, 13(2), 181-189 (1992)



6.1.59 Ga-Sr

Weight Percent Strontium G 3‘5 r
] i 20 W an 0 &0 0 B w0 100
200 I T ! T h T A T 4 T - T b T + T A | RARA AL A AR
HMSC Ga-5r B
Sy - Struktur-
L Composition,  Pearson Space bericht
Phase a.% Sr symbol _group designation  Prototype
800 3 {Ga) 0 o8 Cmea All Ga
S - - 8 Ga,Sr 20 H1o 14/ mmm m, Al Ba
Gia,Sr o 333 hP3 Pojmmm €32 AlB,
(BSr) Ga,Sr, 53.3 P60 P23 ALSr,
i) =] e
7 (BS1) 100 cl? I 3m A2 w
s laS) W00 cF4_ Fm3m Al Cu _
I—
k| - V.P. likin and C.B. Alcock, f. Phase Equilibria, 13(2), 190-192 (1992)
2 J ¢ (oSr)—Jpet
(Ga)
RS
o in 0 0 0 50 &0 0 a0 a0 10
Gia Atomic Percent Strontium Sr
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6.1.60 Ga-Ti

pY Weight Percent Titanium .
d -
’ @ w = lm Ga-Ti
;1'3‘:,-*‘!“' T T T L) 1 T

'}’ﬂ
1670°C
Ga-Ti
L Struktur- o
s Composition, Pearson Space bericht
15003 b Phase ar% Ti symbol group designation  Prototype
= m — b (Ga) 0 oCB Cmca All Ga
e b GayTi 25 8 f4{mmm Do, AlTI
o Ga,Ti 333 124 4 famd Ga,Hf
U o] 3 Ga.Ti, 375 (P32 Pdimbm ALTi,
¥ HTi) Ga,Ti, 40 tP10 Pd/m
-g GaTi 50 P4 Pdfmmm L1, AuCu
£ Ga,Ti, 55.6 hP’18 Po Jmem
E uw - Ga,Ti, 62.5 132 T4/mem D8,  WSi,
F g 1030°C GaTi, 66.7 hP6 P jmme B8, Ni,In
i *“\ GaTi, 751077 hP8 P6 jmmc Do, Ni.,Sn
) e — (FTi) 76 to 100 cl2 Im3m A2 w
00 5 __-"""‘-—--._______-mpc {oTi) 86 to 100 hP? Phyjmme A3 Mg
(aTi} I.L. Murray, Bull. Alloy Phase Diagrams, 6(4), 327-330 (1985)
™ B 7 80 # a0 9% 100
Atomic Percent Titanium Ti

6-60



6.1.61 Ga-Zn

Weight Percent Zinc Ga_zn
1] 11 il k] an 50 L] kL Blk 90 L0k
S " r ™ ! -t = s e T
AT Ga-Zn
400 F Struktur-
B Composition, Pearson Space bericht
. Phase  at%Zn symbol  proup  designation Prototype
(Ga) D08 oCB Cmea All Ga
¥ ] 9 (Zn) 97.64 1o 100 hP2 P6Jmmc A3 Mg
g . J. Dutkiewicz, Z. Moser, L. Zabdyr, D.D. Gohil, T.G. Chart, I. Ansara, and C.
E" b Girard, Bull. Alloy Phase Diagrams, 11{1), 77-82 (1990)
8 200 L
[ILLE -
II.]"."-(I"I:" 3487 2670
| - =T S —
i [ii 2 My 1‘{] 50 i) ki L] o 1y
Gz Atomic Percent Zinc In
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6.1.62 Hg-

Li

Weight Percent Lithium
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700 T T T T T T T by b ALY
6003 595°C b
5004 L -
U 4004 E
° SIERS 370°C
r 339°C E
g
2 00
g
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£ 2004 183 Hgli 1
7} 180.6°C
l61°C
100 = - 4 o e £
3| 3 3 !
— land " .
= = = poo] ) (Li) —m
0 3
-38.8200°C =Fi®
€ (Hg)
-100 T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
Hg Atomic Percent Lithium Li
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Hg-Li

Hg-Li
Struktur-
Composition,  Pearson Space bericht
Phase  at%Li symbol group  designation  Prototype
(Hg) 0 hR1 R3m A10 aHg
Hg;Li 25 hP8 P6./mmc DO, Ni,Sn
Hg,Li 333
HglLi 381063 cP2 Pm3m B2 CsCl
HglLi, 66.7
HgLi, 75 cF16 Fm3m DO, BiF,
HgLi, 85.7
(Liy Tl 2 m3m A2 W

Binary Alloy Phase Diagrams, 2nd ed., T.B. Massalski, H. Okamoto, P.R.
Subramanian, and L. Kacprzak, ed., ASM International. Materials Park, OH,

2138-2139 (1990)



6.1.63 Hg-Sn

Hg Weight Percent Tin H -
1 10 il 3o ) 50 i) T L] M L g Sn
20 1 v y o e e T ¥ hrvprert
22470 231.926°C
Struktur- R
150 Composition,  Pearson Space bericht
Phase at.% Sn symbol group designation  Prototype
¢ (Hg) 0 hR1 R3m A0 allg
S 0] HgSn, 80 .
3 8 8510 87.5 o**
g Y 89 10 94 hPL POmonm
E s ] p 95.510 98.5
= ) (BSn) 100 (4 14, Jamd A5 pSn
R e \ /" wsmo 0o P8 Fd3m A4 Ciamond).
N 35°C (c15n) P L.A. Zabdyr and C. Guminski, J. Phase Equilibria, 14(6), 743-752 (1993)
R 8.9°C 2
i} =V
€ (Hg) )
- 1K T T T T T T T T
i} 10 20 30 40 50 6 0 80 B 100
Hg Atomic Percent Tin Sn
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6.1.64 In-Li
Weight Percent Lithium
0 10 20 3040 60 100
'vw T T T T T T 1 ll 1 T I
632°C
600 o
L
5004 InLi =
8] 460°C
o
5 SO0\ g
2
4H L
g
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- 1003 295°C 2
2004 ” L
I o = 1C 180.6°C
. 159°C ) sy = 3
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-yt g2l E] 2| £ o] (piy—»
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In Atomic Percent Lithium Li
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InyLis
In;Lis
]I']Lig
InLiy
InsLi;,
0

(BLi)

Composition,

_at% Li

Oto1
4510 77
55.6
60
65.6 10 67.5
75
81.3
87
100
__100

Pearson
symbol

2
cF16
hP9
hRS
oC12

cF128

cl2

Space
group
14/mmm
Fd3m
P3ml
R3m
Cmem
Fd3m

im3m

 Struktur-
bericht
___designation _Prototype

A6 In
B32 NaTl

“ru 084 Li 5
C33 BigTC 1

Gali 2
A2 W
A3 M

1. Sangster and A.D. Pelton, J. Phase Equilibria, 12(1), 37-41 (1991)



6.1.65 In-Sn

Weight Percent Tin

i 10 20 30 a0 50 60 70 BO 90 100
250 . h bt T g o by h l| -
224°C, .
957 231.9661°C
20K+ 3
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156.634°C
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B 120°C
44 483

L 1007 F
o
g
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] 50 ¥ F
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- 100 a3
-133°C
. |
- T T T T T T T T T
1] 10 20 30 40 50 L] 0 L] w0 ]
In Atomic Percent Tin Sn
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In->Sn

In-Sn
...................... T o T Stru ktur-
Composition, Pearson Space bericht

Phase  at%Sn  symbol  group  designation Prototype
(In) Oto 12 2 14/ mmm Ab In

] 121044 t?2 14/mmm Ab In

Y 7110 97 hP5 P6/mmm

(BSn) 7 to 100 4 14 Jamd A5 BSn
(aSn) 710100 cF§  Fd3m A4 C (diamond)

H. Okamoto, Phase Diagrams of Indium Alloys and Their Engincering
Applications, C.E'T. White and H. Okamoto, ed., ASM International, Materials
Park, OH, 255-257 (1992)



6.1.66 Li-Na

S~
7
Weight Percent Sodium | 1
010 20 30 40 S0 60 70 80 %0 100 Ll Na,
50t et 1 s e T et T T Y /
Li-Na
300 r Struktur- B
L, Composition, Pearson Space bericht
_Phase at.% Na _ symbol _group designation __ Prototype
Lol Lo} (BLI) 0 o2 Im3m 2w
&) 11 e z
5 (BNa) 100 cl2 Im3m A2 w
L
=
*g 200 - C.W. Bale, Bull. Alloy Phase Diagrams, 10(3), 265-268 (1989)
B 180.6°C 5
E 170.7°C
&
1504 a
<€— (BLi)
1009 92.15°C \,—w.s"c
(BNa) —J
50 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
Li Atomic Percent Sodium Na
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6.1.67 Li-Pb

Ll Weight Percent Lead R )
( -PhH
406070 80 % 100 \,__]_—,JLPb
80D 151 0 -] T 1 o, L T . ; 7 T . T
7007 3 .
Li-Pb
Struktur- B
600 L 3 Composition, Pearson Space bericht
Phase at.% Pb symbol group designation _Prototype
S L (BLi) 0 cl? Im3m A2 W -
s Li,Pb 20 B
E 100 i LiPb; 22510235 cP52 P43m D8, AlCu,
g Li,Pb 25 cF16  Fm3m DO, BiF,
E srsec LD 28.6 e = . .
& 0] 2 BLiPb 47 to 50 cP2 Pm3m B2 CsCl
235°C 3 97 aLiPb 47 10 50 hR2 R3m
200 T —\ | (Pb) 9710100  cF4 _ Fm3m Al Cu
180.6°CT -
5 2 (Pb) H. Okamoto, J. Phase Equilibria, 14(6), 770 (1993)
00dg—(BL) 2 3 3
3 E
: 10 20 30 40 50 60 70 80 90 100
Li Atomic Percent Lead Pb
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6.1.68 Li-Sb

Temperature, °C

Weight Percent Antimany

D 30 5060 70 80 90 100
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e E
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0 700°C 3
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600 £ 3
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2 520°C
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4005 3
~4
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d 3 ]
m- -
LGS -
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100 T T T T T T T
0 a0 30 40 50 50 70 80 90 100
Li Atomic Percent Antimony Sb
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Li-Sb

Li-Sb
Struktur-

Composition, Pearson Space bericht
Phase at.% Sb symbol group designation  Prototype
(BL) 0 el2 Im3m A2 w
BLi,Sb 25 hP8 P& jmmc DO, Na,As
ali,Sb 23 cFl6 Fm3m DO, BiF,
Li.Sb 333 hP16 Pelc
BLi,Sb, 40
cLi,Sb. 40
LiSb, 62 to 70 ..
(Sb) 96 to 100 hR2 R3m A7 aAS

H. Okamoto, J. Phase Equilibria, 17(3), 271 (1996)



6.1.69 Li-Sn

30 50 60 '.‘:D 80

Weight Percent Tin

(T

T

T T T

800-] 783°C
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TO0 =
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6004 3
500 487°C -
400+ -
320°C
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A AN
Ra] I | 214°C A 231.9681°C
" 200 S1al S 1A &0 s B
180.6°C & 4,
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100 . 3
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Li Atomic Percent Tin Sn
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o
Li-Sn o
Struktur-
Composition, Pearson Space bericht
Phase at.% Sn symbol group designation _ Prototype
(BLi) 0 cl? Im3m A2 W
Li,Sn; 18.5 cF432 F23 Li»Pbs
Li,Sn, 222 0C36 Cmmm
Li,Sng 27.8 hP18 P3ml
LisSn, 28.6 hR7 R3m DS, Mo.B:
Li,Sn, 30 mP20 P2/m .-
LiSn 50 mP6 P2/m
Li,Sn, 71.4 (P14 Pdmbm .
(pSn) 100 114 14 Jamd AS fpsn
(aSn) 100 cF8 Fd3m A4 C(diamond),

1. Sangster and C.W. Bale, J. Phase Equilibria, 19(1), 70-75 (1998)



6.1.70 Li-Sr
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Weight Percent Strontium
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Li-Sr

Li-Sr
Struktur-
Composition, Pearson Space bericht
Phase at.% Sr symbol group designation _ Prototype
(BLi) 0 2 Im3m A2 w
Liy,Sr, 20.7 cF116 Fm3m Ds, Mn,,Th,
Li,Sr, 60 tP20 Pd./mnm Al Zr,
LiSr, 88.9 e
hP* . . -
(BSr) 100 cl2 Im3m A2 w
(aSr) 100 cF4 Fm3m Al Cu

C.W. Bale and A D. Pelton, Bull. Alloy Phase Diagrams, 1 0(3), 278-280 (1989)



6.1.71 Li-Ti

r :
1 Weight Percent Titanium
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1670°C
1600+ 3
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Li-Ti

Li-Ti
Struktur-
Composition, Pearson Space bericht )
Phase symbol _grclup designation Protntyﬂg_
(BLi) el2 Im3m A2 W )
(BTi) cf2 Im3m A2 W
(aTi) hP2 Péyimmc A3 Mg

C.W. Bale, Bull. Alloy Phase Diagrams, 10(2), 135-138 (1989)



6.1.72 Li-Zn

:. Weight Percent Zinc if'f / Iy
1 020 4050 60 70 80 90 100 LI-ZII
600ttt t ¥ T +r T T T T \‘\_“‘_ “'__,./’
Li-Zn T
520°C Struktur-
500 481°C 3 Composition, Pearson Space bericht
Phase at.% Zn symbol group designation  Prototype
(BLi) Oto1.5 cl2 Im3m A2 W
964+ 419.58°C ) e
4004 arrcr—(| LiZn 50 to 54 cF16 Fd3m B32 NaTl
0 ’ BLi;Zn; 5010 67
i ALiZny aLiZn; 5810 61 Ea
§ 300-] L LiZn; 66.7
i BLizZns 71 t0 74.5
E 245°C aliZns 701073 h**
- (Zn)—Pit. BLiZn4 7510 90 hP2 P63/mmc
180.6°CRa: 1 C174e aLiZny 77 to 85 h** -
L5 (Zn) 99 to 100 hP2 P63/mmc A3 Mg
100 = e b A.D. Pelton, J. Phase Equilibria, 12(1), 42-45 (1991)
N
=
)
o T T
1] 10 20 30 40 80 90 100
Li Atomic Percent Zinc Zn
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6.1.73 Na-Pb

Weight Percent Lead
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Na-Pb
Na-Pb
Struktur-
Composition, Pearson Space bericht
Phase at.% Pb symbol group designation _Prototype
(BNa) 0 iy Im3m A2 W
(aNa) 0 hP2 P6y/mme A3 Mg
Na,sPb, 201021 cris 133d D8, Cu,,Si,
Na,Pb, 28.6 hR7 R3m
BNa,Pb, 308 .
alNa,Pb, 308 hP26 Pé6,/mmc
NaPb 50 164 14 facd . Ve
B 655107235 cP4 Pm3m Ly, AuCu,
(Pb) 87.3 to 100 cFd Fm3m Al Cu

Binary Alloy Phase Diagrams, 2nd ed., T.B. Massalski, H. Okamoto, P.R.
Subramanian, and L. Kacprzak, ed., ASM International, Maierials Park, OH,
2722-2723 (1990)



6.1.74 Na-Sb

Weight Percent Antimony Na_ Sb
9.0 100
] Na-Sb
Struktur-
L 3 Composition, Pearson Space bericht
sorssec _Phase aL.% Sb symbol group  designation  Prototype

] (BNa) 0 ch2 Im3m A2 w

¥ (aNa) 0 hP2 P6y/mme A3 Mg

. - NasSb 231025.2 hP8 Pés/mme DOy NasAs
465°C
hP24 Pbyem DOy Cu;P

g 00T NaSb 50 mP16 P2ic LiAs

5 s (Sb) 100 hR2 R3m A7 aAs
i 1. Sangster and A.D. Pelton, J. Phase Equilibria, 14(2), 250-255 (1993)
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6.1.75 Na-Sn

Na

Temperature, °C

Weight Percent Tin
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Na-Sn

Na-Sn

~ Struktur- T

Composition, Pearson Space bericht
Phase at.%Sn__ symbol  group  designation Protolype
(PNa) 0 cl? Im3m A2 w :
(aNa) 0 hP2 P6Jmmc A3 Mg
Na,Sn, 21.1 oP40 Pnma
cl76 143d D8, Cu,,Si,

Na,Sn 25 .
Na,Sn, 30.8 oC52 Cmem
Na,Sn, 42.9
fNaSn 50
aNaSn 50 164 14 /acd
NaSn, 66.7 .
NaSn, 75
NaSn, 80
NaSn, 85.7
(BSm) 100 14 14 Jamd A5 fSn
(aSw) 100 cF8  Fd3m A4 C(diamond)

1. Sangster and A.D. Pelton, J. Phase Equilibria, 19(1), 76-81 (1998)



6.1.76 Na-Sr

Tempenature, °C
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Na-Sr

Na-Sr
Struktur-

Composition, Pearson Space bericht
Phase a1.% Sr symbol group designation _Prototype
(BNz) 0 cl2 Im3m A2 w
(aNa) 0 hP2 P6yjmmc A3 Mg
(BSr) 90 to 100 c2 m3m A2 w
(aSr) 87.6 to 100 cF4 Fm3m Al Cu

A.D. Pelton, Bull. Alloy Phase Diagrams, 6(1), 43-45 (19853)



6.1.77 Na-Ti

Weight Percent Titanium
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Na-Ti

Na-Ti
Strukiur-

Compaosition, Pearson Space bericht
Phase al.% Ti symbal group designation Prototype
(BNa) 0 cf? Im3m A2 w
(aNa) 0 hP2 P6y/mmc A3 Mg
(BTi) 100 2 im3m A2 w
(aTi) 100 hP2 Pb,/mmc A3 Mg

C.W. Bale, Phase Diagrams of Birary Tianium Alloys, J.L. Murray, ed., ASM
International, Metals Park, OH, 187 (1987)



6.1.78 Na-Zn

Weight Percent Zinc Na_Zn
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= H. Cetin and R.G. Ross, J. Phase Equilibria, 12(1), 6-9 (1991)
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6.1.79 PDb-Sn

Weight Percent Tin
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Pb-Sn
Struktur-
Composition, Pearson Space bericht
Phase ~at.% Sn symbol group designation  Prototype
(Pb) 0t028.1 cF4 Fm3m Al Cu
(BSn) 98.7 to 100 tl4 14, /amd A5 BSn
(aSn) 100  cF8 Fd3m A4 C (diamond)

[. Karakaya and W.T. Thompson, Bull. Alloy Phase Diagrams, 9(2), 144-152
(1988)



6.1.80 Pb-Sr

Weight Percent Strontium
1200 IIlJ 210 ]lll 8:] ')Iﬂ 100 Pb Sr
T T T T T T
11004 Pb-Sr
ot Struktur-
Composition, Pearson Space bericht
00 L Phase  at.% Sr symbol group designation _ Prototype
. (Pb) 0 cl4 Fin3m Al Cu
5 B0 y 85°C e Pb,Sr 25 tP4 Pdfmmm L6, Pb,Sr
L s ure | PbSt, 37.5 r* .
g 5 -] : Pb,Sr, a0 e+
g o ot (BS)—P PbSr 50 oC8 Crmem B, CrB
4 HTC Pb,Sr, 55.6 of36 Pnma .. ...
E ooy Pb,Sr, 62.5 132 14/mem DS, Cr,B,
| - PbSr, 66.7 oP12 Prma C23 Co,Si
2rsepec are C'ﬂ:,: LA "":’: 5&2 &= (BSr) 100 cl2 Im3m A2 W
o6 gl |€ 2| £] £ (aS)—gp} aSr) 00 cF4__ Fm3m Al Cu
3“‘"*_[% é| Binary Alloy Phase Diagrams, 2nd ed., T.B. Massalski, H. Okamoto, P.R.
o} ) £ Subramanian, and L. Kacprzak, ed., ASM International, Materials Park, OH,
3017-3018 (1990)
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# 10 0 0 40 50 60 70 80 "0 100
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6.1.81 Pb-Ti

Weight Percent Titanium Pb'_Ti
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1800 + T an T . T + =+ bt 4
1700 7
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Lk Pb-Th B
1500 Struktur-
Composition, Pearson Space bericht
1400 Phase at.% Ti symbol group designation _ Prototype
o ] (Pb) 0 cF4 Fm3m Al Cu
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2 ool ] PbTi, 80 hP8 P6fmmc Do, Ni,5n
g (BTi) 84 to 100 e Im3m A2 W
\’_E e (o) 95810100  hP2  Péyjmmc A3 Mg
| e J.L.Murray, Bull. Alloy Phase Diagrams, 5(6), 613-615 (1984)
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6.1.82 Pb-Zn

Weight Percent Zinc
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°E. (Zn) 100 __hP2 P6Jmme A3 Mg
=]
B Binary Alloy Phase Diagrams, 2nd ed., T.B. Massalski, H. Okamoto, P.R.
E— Subramanian, and L. Kacprzak, ed., ASM International, Materials Park, OH,
5 ] 3029, 3031 (1990) _
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6.1.83

Sn-Sr
Weight Percent Strontium
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Sn-Sr

Sn-Sr

- Struktur-

Composition, Pearson Space bericht

Phase at.% Sr symbol group designation  Prototype
(BSn) 0 ta 14 Jamd A5 BSn
(aSn) 0 cF8 Fd3m A4 C (diamond)
Sn,Sr 20
Sn,Sr 25
BSnSr 50
aSnSr 50 oC8 Cmem B, CrB
Sn,Sr; 62.5 1132 14/mcm D8, Cr,;B,
BSnSr, 66.7
aSnSr, 66.7 oP12 Pnma C23 Co,Si
(BSn) 100 cl2 Im3m A2 w
(aSr) 100 cF4 Fm3m A1 Cu

Binary Alloy Phase Diagrams, 2nd ed., T.B. Massalski, H. Okamoto, P.R.
Subramanian, and L. Kacprzak, ed., ASM International, Materials Park, OH,
3398, 3400-3401 (1990)



6.1.84 Sn-Ti

Weight Percent Titanium
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Sn-Ti

Sn-Ti
et — S
Composition, Pearson Space bericht
Phase at.%Ti  symbol group designation _ Prototype
(BSn) 010 0,02 tr4 14, Jamd A5 BSn
{cSn) 0 cF8 Fd3m A4 C (diamond)
BSn;Ti, 54.5 hP22 PG /mmc .
aSn,Ti; 54.5 ol44 Immm NbgSn
Sn,Tig 62.5 hP16 Po/mem DB, Mn,Si,
SnTi, 64.11067.3 hP6 Po,/mmc B3, Ni,In
SnTi, 751077 hP8 P6/mme DO, Ni,Sn
(BTY) 82.510 100 cl2 im3m A2 w
AoTi) 87510100 kP2 P6ymme A3 Mg

J.L. Murray, Phase Diagrams of Binary Titanium Alloys, 1.1, Murray, ed., ASM
International, Metals Park, OH, 294-299 (1987)



6.1.85 Sn-Zn

A Weight Percent Zinc
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Sn-Zn
Struktur- B
Composition, Pearson Space bericht
Phase at.% Zn symbol group designation Prolow
(BSn) 0to0.6 ti4 14, /amd A5 BSn
(cSn) 0 cF8 Fd3m A4 C (diamong;
(Zn) 100 2 Im3m A2 W

Z. Moser, J. Dutkiewicz, W. Gasior, and J. Salawa, Bull. Alloy Phuse Diagrams,
6(4), 330-334 (1985)



6.1.86 Sr-Ti

SI‘ Weight Percent Titanium .
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i Phase at.% Ti symbol group designation _Prototype
P o] - (BST) 0 c2 Im3m A2 w
g garc (aSr) 0 cF4 Fm3m Al Cu
B (BTV) 99.994110 100 €2 Im3m A2 w
% wd— L (oTi)—p g (oTi) 9598110100 kP2 P6yjmmc A3 Mg
o
& e J.L. Murray, Phase Diagrams of Binary Titanium Alloys, I.L. Murray, ed., ASM
] International, Metals Park, OH, 300-301 (1987)
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6.1.87

Temperature, °C

Sr-Zn

Weight Percent Zinc
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Sr-Zn

Sr-Zn
Siruktur-

Composition, Pearson Space bericht
Phase at.% Zn symbol group designation _ Prototype
(BS) 0 2 Im3m A2 w
(aSr) 0 cF4 Fm3m Al Cu
SrZn 50 oP8 Pnma B27 FeB
SrZn, 66.7 ol12 Imma . CeCuy,
BSrZng 833 hP6 P&/mmm D2, CaCu,
aSrZng 833 oP24 Pnma . by,
SrZn,, 92.9 cF112 Fm3c Dz, NaZn,,
{Zn) 100 hP2 Pb,/mmc A3 Mg

Binary Alloy Phase Diagrams, 2nd ed., T.B. Massalski, H. Okamoto, P.R.
Subramanian, and L. Kacprzak, ed., ASM International, Materials Park, OH,
3425, 3427 (1990)



6.1.88 Ti-Zn

Weight Percent Zinc
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Ti-Zn

Ti-Zn
Struktur-

Composition, Pearson Space bericht
Phase at.% Zn symbol group designation _Prototype
(BTY) 0 cl? Im3m A2 w
(«Ti) 0 hP2 Péyfmme A3 Mg
Ti;Zn 333 16 Tdfmmm Clly MoSi;
TiZn 50 cP2 Pm3m B2 CsCl
TiZn; 66.7 hP12 P63y/mmc Cl4 MgZn;
TiZns 75 cP4 Pm3m L1, AuCu;
TiZns 83.3
TiZnyg 90.9 -
TiZns 93.7 oC68 Cmem .
{Zn) 100 hP2 P6y/mme A3 Mg

1.L. Murray, Phase Diagrams of Binary Titanium Alloys, J.L. Murray, ed., ASM
International, Metals Park, OH, 340-345 (1987)



