1.2 Low Temperature Properties of Materials

= Materials properties affect the performance of cryogenic
systems.
= Properties of materials vary considerably with temperature

= Thermal Properties: Heat Capacity (internal energy), Thermal
Expansion

= Transport Properties: Thermal conductivity, Electrical conductivity

= Mechanical Properties: Strength, modulus or compressibility,
ductility, toughness

= Superconductivity
= Many of the materials properties have been recorded and models
exist to understand and characterize their behavior
= Physical models
= Property data bases (Cryocomp®)
= NIST: www.cryogenics.nist.gov/MPropsMAY/material %20properties.htm

What are the cryogenic engineering problems that involve materials?
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Cooldown of a solid component

Cryogenics involves cooling things to low temperature.
Therefore one needs to understand the process.

= If the mass and type of the object
and its material are known, then the
T, =300 K heat content at the designated
temperatures can be calculated by
integrating 15t Law.

~0
dQ =Tds = dE + pev

—
—
S = The heat removed from the
component is equal to its change of
m Tr=80K internal energy,

Ti

— 3 AE =m deT
Tf

Liquid nitrogen @ 77 K | . ‘
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Heat Capacity of Solids

s General characteristics: c(T)

= The heat capacity is defined as the change in
the heat content with temperature. The heat
capacity at constant volume is, >
0 T(K) 300

_OE 0s

C,=— C,=T—
ST and at constant pressure,C, T

v p

rd - > —-»>
= These two forms of the heat capacity are kawi €= 0es T0

related through the following thermodynamic

relation, ) L | A
2 \/ \V
oT ) oV J; K Vop ), v p
. , Isothermal VOIU"T‘?
Note: C, - C, is small except for compressibility ~ expansivity

gases, where ~ R = 8.31 J/mole K.
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Heat Capacity of Solids (Lattice Contribution)

= Lattice vibration (Phonon) excitations are the main contribution
to the heat capacity of solids at all except the lowest
temperatures.

L h
= Internal energy of a phonon gas is given by E = Y j aod oD (o (o)
T
= D(w) is the density of states and depends on the choice of model
= n(w) is the statistical distribution function

n((()) - 1 h = Planck’s constant = 6.63 x 1034 J.s
h%ﬂk T kB = Boltzmann’s constant = 1.38 x 10-23 J/K
e /el ]

= Debye Model for density of states
= Constant phonon velocity

= Maximum frequency = oy

Density of States, relative scale

= Debye temperature: @y = hoy/27k o 5
USPAS Cryogenics Short Course Boston, MA 6/14 to 6/18/2010 wy



Debye Internal Energy & Heat Capacity

= In Debye model the internal energy and heat capacity have
simple forms

3xp
E, —9RT( jjdx

™
(&)]

n
ZO

o

= where x = ho/27nk, T and xy = Oy/T
= Limits:
= T>0,, Cph ~ 3R (Dulong-Petit value)

3
= T« 0y, C. ~ 234R£Tj

D

R= NokB — 8.31 J/mole K (gas constant) Example .‘ U
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Values of Debye Temperature (K)

Metals! 0, Non-metals & Compounds? 0,
Ag 225 C (graphite) 2700
Al 428 C (diamond) 2028
Au 165 H, (solid) 105-115
cd 209 He (solid) 30
Cr 630 N, (solid) 70
Cu 343 0, (solid) 90
Fe 470 Si 630
Ga 320 SiO, (quartz) 255
Hf 252 TiO, 450
Hg 71.9
L LS The Debye temperature is normally determined
Nb 275 by measurements of the specific heat at low
Ni 450 temperature. For T << @,
Pb 105 TV
C,, =234R| —
Sn 200 P 6,
Ti 420 _ _ _ _
380 1 Kittel, Introduction to Solid State Physics
v 2 Timmerhaus and Flynn, Cryogenic Process
Zn 327 Engineering
Zr 291 M




Electronic Heat Capacity (Metals)

T=0
f
= The free electron model treats electrons (€)
as a gas of particles obeying Fermi-Dirac oo
. >
statistics .
E, = Ieng(g)f (&) -
= Where ) ’
Table 2.2. Coefficient of the Electronic
f ( ) — 1 h2 o) N A Specific Heat for ‘;['arious l
E)= 8—6‘/ gf = 8 5 37[ _ .'\-_Irctalllif: l-;l:’mcntﬁ ?r
k T 7Z- m - echmca [l[l_‘l‘{_'.!-{l
e ° + 1 Element vimd/mol - K=
3 Ag 0,645
2 A Al 135
u Gnd D(g) — V 872- m 8% .::'.ll 0_".);2'\;
72 n o Lo
W e
= At low femperatures, T <« g./ky ~ 10% K G 3%
Hg 1.79
1 5 5 [_f_} 169
C.r—rx D(gf )kBT =T N T
€ 3 Pb 298
Sn 1.78
. . . Ti 3.35
The electronic and phonon contributions to the heat v 926
capacity of copper are approximately equal at 4 K - o
USPAS Cryogenics Short Course Boston, MA 6/14 to 6/18/201
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Summary: Specific Heat of Materials

101. I B B 28 T T &S & LT 3
General characteristics: sisslee
= Specific heat decreases by 10°}
~ 10x between 300 K and § Polyviny| chloide / /
LN, temperature (77 K) ol Epowy~._

= Decreases by factor of ~
1000x between RT and 4 K
= Temperature dependence
= C ~ constant near RT
s C~Tn n~3for T<100 K
= C~Tformetalsat T<1K

~Be
| Glass/resin \

10 3 Wy
F Pyrex / N

Stainless steel 3105
(SS) 3

Specific heat, Cp [J/(g K)]

N I100
Temperature (K)
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Thermal Contraction

All materials change dimension with femperature. The expansion

coefficient is a measure of this effect. For most materials, the

expansion coefficient >0 |

Linear expansion coefficient
_laoby 1 For isotropic
= 3 o
p

a=— .
L oT materials
Bulk expansivity (volume change):
_lﬂ) 1op
vol ), podl )

nternal energy
—
M""ﬂ

Maolecular i

,_.1
-

Upl-—— ==~ -

— —— ———Zero-paint energy
P

!

0

Intermelecular spacing

Expansivity caused by anharmonic terms in the lattice potential

USPAS Cryogenics Short Course
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Temperature dependence to o and f3

= Most materials contract when Jfme E
cooled 0

= The magnitude of the effect Y S i
depends on materials I

Temperature (K)

= Plastics > metals > glasses
Fig.6.6 Thermallinear expansion AL/L = (L;— L,q,)/ Ly, of common metals. (Compiled by Clark 1983 from

[ ] Co eff i C i enT (a) dec r‘eas es W i 1- h d_ata by COrruccdl:ni and C-iniewek 1961, and Hahl.‘l- 19?(!} Tabulated values f<;r limsc and othér materials are
given in Appendix A6.4.
temperature

, From Ekin (2006)
= Thermodynamics:

2 G - I | L | | R LR | | |l | | I Ld b4 1 L= |

TV ﬂ _ B X Fe-36Ni (In\rar) 2

— - £ o1 i

C p CV — 0 5 N AISI 633 Dh'\ - 2|

K T-0 S F 72 ]

= X e ]

ol L posteaae . -

5 |- Inconel 718 o 8

a a 2 S is Monel ! ]
@ !

V S ¢ 03 ; L ]

—_ _— % 0 o ! E Stainless steel Btp/ s 7]

- T.50 E [Brass 7030~ - Al 2024-T86 -

oT 0 - P ]

-0.4 = et =

D p T 2 —— Al 6061 AN -

5 P T I T Y 0 VS0 P OO o T o e W

0 50 100 150 200 250 300

. Temperature (K)
(Third law: s — 0) A | | | ,

Fig.6.7 Thermal linear expansion AL/L = (L~ Lyy;)/Lyg; of common alloys. (Compiled by Clark 1983 from
data by Clark 1968 and Arp et al, 1962.) Tabulated values for these and other materials are given in Appendix
Ab.4.
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Expansion coefficient for materials

Table 2.5. Linear Thermal Contractions Relative to 293 K“

Substance T(K): 0 20 40 60 80 100 150 200 250
Aluminum 41.4 41.4 41,2 40.5 39.0 36.9 29.4 20.1 9.6
Copper 32,6 32,6 323 31.6 30.2 28.3 22.1 14.9 7.1
Germanium 9.3 9.3 9.3 9.4 9.3 8.9 73 5.0 24
Iron 20.4 204 203 19.9 19,5 (8.4 149 10.2 49
lead 70.8 70,0 66.7 624 517 52.8 399 26.3 12.4
Nickel 23.1 23.0 229 22.6 21.8 20.8 16.5 114 54
Silicon 2.16 2.16 2.17 2.23 232 240 2.38 1.90 1.01
Silver 41.0 41.0 40.3 38.7 36.5 33.7 25.9 17.2 8.2
Titanium 15.1 15.1 15.0 14.8 14,2 134 10.7 7.3 35
Tungsten 8.6 8.6 8.5 8.4 8.1 7.6 5.9 4.0 1.9
Brass (65% Cu, 35% Zn) 384 38.3 38.0 368 350 32.6 253 16.9 8.0
Cu+2 Be 324 324 319 316 30,0 283 22.0 16.0 7.0
Constantan — — 264 25.8 24.7 23.2 18.3 12.4 5.85
Invar® 4.5 4.6 4.8 4,9 4.8 4.5 3.0 2.0 1.0
304, 316 Stainless steel - 29.7 29.6 29.0 27.8 26.0 20.3 13.8 6.6
Pyrex 5.6 5.6 57 5.6 5.4 5.0 2395 2.7 0.8
Silica (1000° C)¢ - 0.1 —0.05 0.05 0.2 0.3 0.4 0.5 0.4 0.2
Silica (1400° C)* —0.7 —0.65 —0.5 —-03 —-0.2 —-0.05 0.2 0.2 0.1
Araldite 106 105 102 98 94 88 71 50 25
Nylon 139 138 135 131 125 117 95 67 34
Polystyrene 155 152 147 139 131 121 93 63 30
Teflon 214 211 206 200 193 185 160 124 75

* Units are 10* % (L,95 — L)/ Ly,,. Sources of data include Thermophysical Properties of Maiter (1977), Corruccini and Gniewek (1961), and Aimerican Institute
of Physics Handboak (1972). Compiled by White.?

* The expansion of Invar NiFe alloys containing ~36% Ni is very sensitive to composition and heat treatment.

* These silicas were aged at 1000° C and 14007 C.



Thermal contraction of supports

= The change in length of a
support is determined by the
temperature distribution
along the support

= Tabulated AL/L values are for

AL (greatly exaggerated) ~ Uniform temperature of
support

= For non-uniform temperature

LTy
Actual T(x) AL = ! dXTZ[x )Ol(T xT

Where T(x) is defined according to,

TTj:k(T T = Gﬁkﬁ T

USPAS Cryogenics Short Course Boston, MA 6/14 to 6/18/2010 12




Thermal stress in a composite

A2
< L >
= Assumptions: Force balance
= Composite is stress free at T, F=0A=F =0,A
= Materials remain elastic: 0 = E ¢ . AL| AL
= No slippage at boundary 1 L 1 L ‘composite
= Ends are free AL AL
&, =— ——
B L composite L 2

A%I_A%Z

yl
1+ EylA/
USPAS Cryogenics Short Course Boston, MA 6/14 to 6/18/2010 13
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Electrical conductivity of materia

= The electrical conductivity or resistivity of a material is
defined in terms of Ohm's Law: V = IR

d »
< »

I—C G\
A

v

V a

s

R = dVv/dlI

= Heat generation by electrical conduction Q = IR

= Conductivity (o) or resistivity (p) are material properties that
depend on extrinsic variables: T, p, B (magnetic field)

R o B _ L
A OA
USPAS Cryogenics Short Course Boston, MA 6/14 to 6/18/2010
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Instrumentation lead

USPAS Cryogenics Short Course

Instrumentation leads

An instrumentation lead usually carries
current between room temperature
and low temperature

= Material selection (pure metals vs.
alloys)

= Lead length determined by application
= Optimizing the design
Leads are an important component and
should be carefully designed

= Often one of the main heat loads to
the system

= Poor design can also affect one's ability

to make a measurement.

Boston, MA 6/14 to 6/18/2010 15




Cryogenic temperature sensors

= A temperature sensor is a device that has a measurable property
that is sensitive to temperature.

= Measurement and control of temperature is an important
component of cryogenic systems.

= Resistive sensors are frequently used for cryogenic temperature
measurement

R =

A

v
_|

= Knowing what temperature is being measured is often a challenge
in cryogenics (more later)

USPAS Cryogenics Short Course Boston, MA 6/14 to 6/18/2010 16
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Electrical Conductivity in Metals

= Resistivity in metals develops from two electron scattering
mechanisms (Matthiessen's rule)

= Electron-phonon scattering, T > O,

Scattering probability ~ mean square displacement due to thermal
motion of the lattice: <x2>~k,Tandp ~ T

= Electron-defect scattering (temperature independent), T « @,
Scattering depends on concentration of defects
p ~ po ~ constant; Residual Resistivity Ratio (RRR = p(273 K)/p,)
indication of the purity of a metal

= Intermediate region, T ~ ©,/3
p ~ (phonon density) x (scattering probability) ~ T°

= Scattering process:

‘“is the mean free path
— 1 is the mean scattering
time = b

USPAS Cryogenics Short Course Boston, MA 6/14 to 6/18/2010 17
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Resistivity of Pure Metals (e.g. Copper)

I Illlll I

RRR= p(273K)/ p(4K) |

T
Ll

 RRR=10

E
dR/dT ~ constant

‘IIIIII|

|

Residual

Resistivity 10°'=" 200

p(n&-m)

Lo

R ~ constant

\ 10" 2ERRR=2000

|
~
L

o107 31 1 11 1] l L 1
4 10 100 300




Kohler plot for Magneto-resistance

iy

MAGNETORESISTANCE, AR/R,

00 ==

The resistance of pure metals increases in a magnetic field due
to more complex electron path and scattering (Why?)

Copper |- N
|F|)FJ)||| .i/

I(EUHLER PLOT |

107
/'LUH

S=

Li. ..!, i

Transverse Orientation
1 I

- R(273 K) / R(T), Tesla

A

t ‘ Re
| |

d

How to use a Kohler
1.
2.
3.

iR
:|i§
‘ 1
EEN 4
RRE .
|

plot?
Determine RRR of metal
Compute product: RRR X B
Use graph to estimate
incremental increase in R
(or p).

Add to base value

Example:

RRR = 100} () = 1000
B=10T

AR/R =3

R(I0 T)/R(0OT)=4
RRR (equival.) = 25

19



Electrical conductivity of alloys

Electrical resistivity of various alloys (x 10-° Q-m) (from Cryocomp)

Alloy 10K 20K 50 K 100 K 200 K 300 K RRR
AL 5083 30.3 30.3 31.3 35.5 47.9 59.2 1.95
AL 6061-T6 13.8 13.9 14.8 18.8 30.9 41.9 3

304 SUS 495 494 500 533 638 723 1.46
BeCu 56.2 57 58.9 63 72 83 1.48
Manganin 419 425 437 451 469 476 1.13
Constantan 461 461 461 467 480 491 1.07
Ti-6%Al- 1470 1470 1480 1520 1620 1690 1.15

4%V
PbSn (56-44) 4.0 5.2 16.8 43.1 95.5 148 37

USPAS Cryogenics Short Course Boston, MA 6/14 to 6/18/2010



Carrier concentration
Energy gap

Impurity concentration

p ~ 104 t0 107 O-m

Basis for low temperature
thermometry

Log R

A

v

T(K)

USPAS Cryogenics Short Course

Electrical conductivity of semiconductors

Conduction
band

Fermi level
) Su— = - - = - T

Conductivity depends on the number
of carriers in the conduction band.

N, = e_E%BT

Boston, MA 6/14 to 6/18/2010 21



Steady heat leak of a support

s The cross section and length of the
support is determined by the
requirements of the application

= Gravitational loading, vibration, etc.
= Strength of material used for
support

= Heat leak is determined by the
temperature dependent thermal
conductivity of the material, k(T) and
physical dimensions (A, L)

Q= (éj:j k(T )T

B

USPAS Cryogenics Short Course Boston, MA 6/14 to 6/18/2010 29




Thermal Conductivity of Materials

The thermal conductivity is defined in terms of the relationship

between the temperature gradient and heat flux (Fourier's Law):

» X

Note that in general k(T) T /dT/dx
and may vary significantly \
range of interest
Two contributions to the thermal conductivity
= Lattice (Phonon) contribution mostly in insulating materials
Kinetic theory
v = characteristic velocity
| = mean free path

Q=—k(T )A‘jj_l - <A>
over the temperature
= Electronic contribution dominates in pure metals
k = lpCVI pC = volumetric heat capacity
3

USPAS Cryogenics Short Course Boston, MA 6/14 to 6/18/2010
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Electronic Thermal Conductivity

= Free electron model:
_7'nkiTr
3m

e

K

Recall: t is scattering time = ¢/v

~ constant at high temperature
~ T at low temperature

s Weidemann-Franz law (for free electron model)

21,2
K — f(T): 4 sz T=LT L, = Lorentz number = 2.443 x 10-8 WQ/K?
o 3e

= Note that no real material obeys the W-F law, although it is a
good approximation at low T and near and above RT.
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Thermal Conductivity of Pure Metals

k ~ constant

3x104 T TTIT] N | T T T T117T] l
- QDG \6 ' |
aaB25350 \e
1099
4 —
[ 10TE SH6 Copper :
» 200 i
s i 00
x e ]
E 40
= 103L -
o ,2_0 =)
: ,_‘._\0 \"‘-‘-
e & -
oo 1111 ! [ E g il !
4 10 100

USPAS Cryoc

T(K)
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i Lorentz Number for Pure Metals

2.0

| 7
4
/
0.8 — 7 -
D;fearfree //
rysta
0.4 — \j>/ —
g
//’
ob=—"T1 1 | | 1111l el |
0.0l 0.l 1.0
T/ 68p

'

L 04435108 1 1 1T1H] T T I

Increasing
Electrical Purity

40
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Thermal Conductivity (continued)

= Thermal conduction by lattice vibrations (phonons) is a significant
contributor to overall heat conduction particularly in non-metals
and alloys.

= Metals (Alloys): Ky = Kelectrons + Kohonons (TYP- 1 o 3 orders less
than that of pure metals)

= Insulating crystals only have lattice contribution, which can be
large for single crystals (e.g. Al,O5, Sapphire)

= Insulating polymers have very low thermal conductivity (Nylon,
Teflon, Mylar, Kapton)

= Insulating composites have complex behavior depending on
components

USPAS Cryogenics Short Course Boston, MA 6/14 to 6/18/2010 27



10,000 3

Examples

1,000 -

= Low temp. range,
k~Trwithl<n<3

Pure metals and
crystalline insulators

K [W/m

ctivity, -

=
o
Alloys| & .
] ]
= ]
8
:
I
Non-crystalline
Non-metallics
0.01 5
0.001 . e — ~ .
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Ther'mal 1,000,000 i
Conductivity '
Integrals

100,000

10,000 -

JKdT [W/m]

k T19T fk(T)dT , [W/m]

To use ’rhe graph
lz(Tla-l-z) — lz(Oa-l-z) o lz(Oa-l-l)

Heat conduction along a rod

thermal conductivity integral, 0

T, _o_

Many materials can be
approximated by k ~ T"

B . km)

1 10 100
. temperature, T [K]
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Contact Resistance (conductance)

ina

derable resistance

Joints or contacts can lead to cons

thermal (electrical) circu
= Contact resistance can vary cons

ing on a number

iderably depend

of factors

metals)

= Surface condition (pressure, bonding agents)

= Bulk material properties (insulators,

t
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Heat transfer coeff
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h (W/ cm®K)

Thermal contact conductance (conductive)

Contact point between two materials can produce significant thermal resistance

100 Table II. Thermal Conductance of Metallic Contacts
Material Contact Pregssure (MPa) h(w/cw2 K) Temp. Range (K) Ref ’
1. Al-Al (alloy) machined torque=20 Nm 0.075 T 1.8-4.2 Wanner /13/
2. Al-al alfoy electropolished torque=20 Nm 3.6x10~3 T2-3 1.8-4.2
10 3. Al-Al alloy Au plated torque-20 NMm 1.9x10”3 Tl-4 1.8-4.2
4. Cu-Cu machined 2.8 4x10~4 T2 1.8-4.2 Berman /8/
5. Cu-Cu machined 14 1.67x1073 12 1.8-4.2
6. Au-Au - 5.6 0.05 Tl-3 2-4 Berman
i & Mate /7/
7. SS-SS (302) polished 21 0.014 Tl:5+* 15-300 Lyon &
Parrish /14/
8. .SS-SS (302) polished 390 0.10 Ti-5+ 15-300
|
‘o 9. Cu~Cu machined 7 0.13 T 5-25 Nilles &
Van Sciver /15
10. Cu-Cu in solder - 7.5 T* 2-150 Radebaugh /16/
11. Cu-Cu Pb solder - 0.64 T2:8 1.5-4 Challis &
lo.a . Cheeke /17/
12. Cu-Cu woods metal - 0.018 125 2-4
13. Cu~Cu PbSn solder - 0.13 '1'1'6 2.5-4 Foster /18/
.3 14. Al-Al SnPb foil 26 0.02 0.8+ 10-300 Friedman &
10 ‘ Gasser /19/
15. Cu-Al snPb foil 9 0.04 T* 10-300
16. Cu-Cu SnPb Poil 7 0.17 T* 10-300
104 ot L Ll :

1 10 100

T(K) Example: . U

USPAS Cryogenics Short Course Boston, MA 6/14 to 6/18/2010
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Contact conductance (Insulating)

ot

1072}

g 9
ES ol
N\

3
™

h(W/cm2K)

1078

07 k-

108

1079

"
! llll/ Pl

10.

11.

12,
13.

Material

In-sapphire

sapphire~sapphire

Cu—-diamond

Cu-Teflon-Cu

Cu-epoxy-Cu

Al-epoxy-Al

Pb-epoxy-Pb

Be-epoxy-Be

Cu-LiF

Cu-sapphire-Cu

Cu-sapphire-Cu

Cu-epoxy-Cu

Cu-epoxy-Cu

Contact Pressure (MPA) h(w/cm2 K) Temp range (K) Ref.
bonded - 0.03 T3 1.4-2.1 Neeper &
Dillinger /6/
dry 4 9 x 1076 13 2-20 Berman &
Mate /7/
dry 4 2 x 1075 13 1.5-20
12 mil foil 4 1.8 x 1074 12 2-5 Berman /8/
bonded - 0.09 T3 0.05-0.25 Peterson &
Anderson /2/
bonded - 0.13 13 0.05-0.25
bonded - 0.40 T3 0.05-0.25
bonded - 0.013 T3 0.05-0.25
Ge-7031 - 0.05 T3 0.4-1.3 Ackerman &
Anderson /9/
dry 0.1 1 x 1076 13 1.5-4 Yoo &
Anderson /10/
A1,04 0.1 2 x 1079 13 0.8-3
bonded - 0.16 TO-53 2-8 Matsumoto etal./11
bonded - 0.089 Tl-9 1-4 Schmidt /12/

ol

| 10
T(K)

USPAS Cryogenics Short Course
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Mechanical Properties
G

Definitions

F
Stress: O-:K IN] ;o0,&0,

B o v . dx
dx —=— * Strain:  &=—-

s %)
&
X

1'rue Truae
B - =y
Ay 2 2
4 3 e oy Lfd -
& Us-¥ g bs il - ™
) o \ l . 7 .‘,{) \U] /
&l / ‘ e
= / J“g].
L1y
By
. V.
Slrain Strain Slrain Slrain
(W F (h) (¢) (el

Stress-strain diagrams.  (a) Nonductile material with no plastic deformation
(example: cast iron). (b) Ductile material with yield point (example: low-carbon steel).
(¢) Ductile material without marked yield point (example: aluminum). (d) True sbress-

strain curve versus engineering stress-strain curve. BS = breaking strength, TS =
tensile strength, YS = yield strength, Elong, = clongation, > = rupture, YP = yicld

USPA! point.
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Fig. 2.2. Yield strength for several engineering materials: (1) 2024-T4 aluminum; (2) beryl-
lium copper; (3) K Monel; (4) titanium; (5) 304 stainless steel; (6) C1020 carbon steel; (7) 9
percent Ni steel; (8) Teflon; (9) Invar-36 (Durham et al. 1962).

Fig. 2.6. Young’s modulus at low temperatures: (1) 2024-T4 aluminum; (2) beryllium cop-
per; (3) K Monel; (4) titanium,; (5) 304 stainless steel; (6) C1020 carbon steel; (7) 9 percent

Ni steel (Durham et al. 1962).
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o, and Elongation at Low Temp
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Fig. 2.5. Percent elongation for various materials: (1) 2024-T4 aluminum; (2) beryllium
Fig. 2.1. Ultimate strength for several engineering materials: (1) 2024-T4 aluminum; (2 ©0PPer; (3) K Monel; (4) titanium; (5) 304 stainless steel; (6) C1020 carbon steel; (7) 9 per-

beryllium copper; (3) K Monel; (4) titanium; (5) 304 stainless steel; (6) C1020 carbon steel, cent Ni steel (Durham et al. 1962).
(7) 9 percent Ni steel: (8) Teflon: (9) Invar-36 (Durham et al. 1962).
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Figure of Merit (FOM) for structural support materials

Simple structural supports in cryogenic systems should be
designed to minimize conductive heat leak, Q.

= Note that Q = -kAAT/L and A = F/c, force/allowable stress in
the material.

= Thus, for a constant load, the best material for supports has a
minimum value of k/o.

Material kic (4 K), W/Pa*m*K | k/s (80 K) W/Pa*m*K k/s (300 K) W/Pa*m*K
304 ss 0.042 1.8 3.7
6061 T6 AL 2.8 36 57
G-10 0.008 0.057 0.19
brass 1.3 21 46
copper 345 566 523

Note all values x 10"-8

Note that for a simple structural support, the cross
sectional area is determined by the room temperature
properties.
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Superconducting Materials

Superconductors are special materials that have (near)
zero electrical resistance at low temperature

Main application for superconductors is magnet technology

LTS (low temperature superconductors) are used in most
magnets and consist of niobium alloys (NbTi & Nb;Sn) co-
processed with copper or copper alloys

HTS are ceramics and have seen some use in magnet
systems. Main materials are BSCCO and YBCO

Both LTS and HTS are fabricated with normal metal
(copper or silver) to provide strength and electrical
protection

Additional normal materials (copper stabilizer or structural
support) to optimize conductor for final application.

Other applications (Electronics, sensors)

USPAS Cryogenics Short Course Boston, MA 6/14 to 6/18/2010
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Superconducting vs. Resistive Materials

s Resistive Material
= V=IR P=1I2R
= Copper and copper alloys Vv R
= Aluminum and Al alloys
= Stainless steel

v

= Superconducting Materials
= V=0belowI, t
= V~InaboveT,
= Transport properties depend on Vv
= Temperature
= Magnetic field
= Metallurgical processes
= Strain in conductor I

(I/I, )"
n £ 10-40

v
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Elemental superconductors

N 1/ 3 elemenTS are Type I Critical Temperature and Critical Field of Type I Superconductors
superco nductors Material Te(K)  poH, (mT)
= Noft suitable for high field, Aluminum 12 9.9
current applications Cadmium 0.52 3.0
= T, (transition from Gallium 1 51
superconductor to normal state) i‘;“‘ Z‘l'l T:
ridium : :
= 7.2KforPb Lead 7.2 80.3
= 1.2 K for Al Mercury a 42 413
= poH. (critical field) Mercury B 0 30
= 80mT for Pb Osmium e
Rhenium 1.7 20.1
= 10 mT for Al Rhodium 0.0003 4.9
Ruthenium 0.5 6.6
Tantalum 4.5 83.0
Thalium 2.4 17.1
Thorium 14 16.2
Tin 3.7 30.6
Tungsten 0.016 0.12
Zinc 0.9 53
Zirconium 0.8 4.7
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Practical LTS Superconductors

",y (A/mm2)

“Critical Surface":

Niobium-titanium
alloy

Nb5Sn

« J.is defined by flux pinning

* H., determined by alloy composition
(e/a, crystal structure)

- T.by alloy composition

40

20

T(K)
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Processing NbTi
into Wire Form:

* Billet diameter = 10"

* Extrusion ratio & (20)?

* Draw ratio # (15)2
Final diameter & 1 mm

* Heat Treatment @ 375 C
anneal copper
create grain structure

* Final product (1 mm wire)
Cu:SC ratio (1:1-4:1)
I.*500A@5T

* Final processing:

Cabling, insulation, etc.
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NbTi/Cu Wire:

= Final wire is a composite of |
copper and = 1000 NbTi Copper NbTi
filaments.

= Filament diameter is # 10 um.

= Good metallurgical properties
allow the wire to be processed to
optimum properties, insulated and
then wound into coil.

= Fine filaments are required for
stability of the SC strand and to
reduce AC loss

= Copper "stabilizer” provides
alternate current path if
superconductor becomes “"normal”
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Nb.Sn/Cu wire

Nb,Sn  Sn core Diffusion barrier Copper

= Nb;5Sn is a metallurgical compound
produced by solid state reaction

at # 700 C for 100 hours

= Grown from pure Nb + Sn or from
Nb + bronze (15% Sn in copper)

= Diffusion barrier (Ta) prevents Sn
from mixing with Cu stabilizer

= Final wire (after reaction) is
brittle

= In coil applications, Nb;Sn
conductor is often wound first
then reacted. This requires a high
temperature insulation system
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Comparison of J. between Nb;Sn & NbTi

J.=I /A, A, may include material that is not superconducting, but not low resistivity

Nb-46.5 WT =(%) Ti WIRE NbySn MULTIFILAMENTARY WIRE
e I A O O A L '
90 — ° —— o g
| e 0
80— o e |
s ' a2
~ 70 b~ - v 3~
E v 4
4 % \ . e $ 5
: A
b 50|= . o 7
> o 87
40 |— \\ -
-
Gl e &3
20 |— - sl
o \:\\.\ 2
(o) (a)l \_*\\ alhs
2 9 10 4 6 B 10 12 14 6 18 20

T uq T (K)
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Oxide superconductors (BSCCO & YBCO)

oQ

= Ag/BSCCO PIT available from industry butis A
difficult to process & handle (high cost)

= poor mechanical properties, anisotropic
superconducting properties BSCCO

= Requires "wind and react" approach

= Useful for T >4 K operation at low to
moderate field

= Useful for T # 4 K atf high fields (B>20 T)

Conductor cross section:
~4 mm x 0.5 mm
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Examples of High Temperature Superconductors
(HTS)

------------------------ . (B) Cross-section, 5 by 0.2 m

, BiZSr'ZCalCusz/AgMé‘; [ ——— = ___—~ =
tape
Bi,Sr,Ca,Cu,0,/AgMg round wire (D)
Cross-sections are roughly to scale
Bi,Sr,Ca,Cu;0,/Ag (A)

— =

BSCCO: Structure of ceramic filaments in silver-alloy

Can be partially or fully substituted with
Rare Earth metals: ¥Y,6d, Sm, Eu, Dy, Nd

Y,B,C;0,: "Coated Conductor”  <0.1mm =
/‘ ______ 5: \-‘, ” -l" {s
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J. of High Temperature Superconductors

42K

10000
YBCO Bl Tape Plane
A
N YBCO B|| Tape Plane
N
L A SuperPower
\A\ Nb-Ti RRP Nb3Sn W fape used in
A " ety Complied from = ﬁ;%%bgizl;/:g
1000 % Aoc 02 and coil 2007
T i M papers (J.
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B Mg 82 T. Boutboul 07, Nb.Sn o
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i "‘:t from Boutboul et _ _
L E-“..‘ ,. al. MT-19, TEEE- —a— NbTi LHC Production 38%SC (4.2 K)
I f TASC06
Mini mum = 1 4543 filament High ——— Nb,Sn RRP Internal Sn (OI-ST)
r,ac.‘. ' CGI r18+1 Sn Bronze-16wt. %5n- 3
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Engineering critical current density in HTS and LTS conductors. Image courtesy of Peter Lee,

http://magnet.fsu.edu/~lee/plot/plot.ntm (October 2008)




Stress effects in SC?

I

/

€>0;e=0

/.

In NbTi, the stress effects are largely reversible up to # 2% until
filament breakage

300 B= 4T =

E, (NbT1) =~ 82 GPa

oy (e=2%) = 2200 MPa

E, (NbT1) =~ 82 GPa

oy (e=2%) = 130 MPa
Composite 1s average between

CRITICAL CURREN

NbTi:Cu(1:1.8)

Copper and NbTi Gl pEEn,

10 e 2 -200 400 600 800 1000
g ; _ STRESS, MNm 2
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Stress Effects in Nb;Sn

* For Nb3Sn, I. can increase r T T
+ with strain- reversible s ' 1
effect 14 = T -
+ Icincrease depends on 13 //' \. .
ratio N SR 6 \-\ -
+ NbsSn to Bronze (Cu) L s |
* Bronze content in1-4is Rupp ~ae
- greater than in 5-7 Ie T osion's Senwciin
*irreversible degradation ~ °°/~ =
+ >0.5% past peak 08 - —
07— —
06— |
05— _.'
OZ’O O[2 6{4 O[6 OIB l!O I12 514 It6 IIS

Strain,€,%
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i Precompression of Nb;Sn

Bronze
| c—) ...
= Composite of bronze and Nb;Sn is processed at

high tfemperature # 700 C (1000 K) then cooled
to near O K for operation

s Integrated thermal contraction:
AL/L (1000 K to O K) # 0.8% for Nb3;Sn & 1.8% for Br

[AL ]( E E
ONb,Sn = L N +EABr

Nb,Sn
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HTS 3-Ply Conductor, Tension RT and 77 K
Strain (%)

0.2 0.4 0.6

1.2 ! ! |
— 10 o 66 o o e \.
e \ ®
S 0.8 ¢
9 Irreversible strain limit
N 0.6 -
© ¢ R
€ 04 |
2 ¢ Normalized Ic @ RT *

027, Normalized Ic @ 77 K ¢ .

0
0.0 60.0 120.0 180.0 240.0 300.0 360.0

Stress [MPa]
Critical stresses/strains ~ 200 MPa/0.4% (RT), 300 MPa/0.6% (77 K)
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Superconducting Materials Summary

NbTi/Cu conductor technology is well developed, with good
mechanical and electromagnetic properties up to moderate
magnetic fields 12 T

Nb,;Sn/Cu conductor is also readily available although is less

reliable, costs more and is more challenging to incorporate in
magnets. Significant strain degradation.

BSCCO (2212 & 2223)/Ag and YBCO are the most advanced
HTS conductors and are available in long lengths. Strain
degradation is an issue.

Other superconductors have been and are being applied in
special cases, but reliable conductor technology is not
available.
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Low Temperature Materials- Summary

= Selection of proper material is important to proper design of
cryogenic systems
= Extensive data base of materials properties

= Cryocomp™ (thermal and transport properties) - available for
download from Blackboard

= NIST documentation
= Others??

= New materials are being developed and introduced into cryogenic

systems

= Composites (Zylon, etc.)
« Alloys

= Other issues
= Contact resistance
= Mechanical properties of bonds, welds, etc.. |

\

Knowledge base
is incomplete
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