T

000

ESA PSS-03-108 Issue 1
November 1989

Spacecraft thermal control
design data

Volume 1 QCADDP‘/‘ g)f‘

Prepared by:

Thermal Control & Life Support Division

European Space Research and Technology Centre
Noordwijk, The Netherlands

Approved by:
The Inspector General, ESA

european space agency / agence spatiale européen
8-10, rue Mario-Nikis, 75738 PARIS 15, France



ii ESA PSS-03-108 Issue 1 (November 1989)

Published by ESA Publications Division,
ESTEC, Noordwijk, The Netherlands

Printed in The Netherlands
ESA price code: E4

ISSN 0379 - 4059

Copyright © 1989 by European Space Agency



ESA PSS-03-108 Issue 1 (November 1989) iii

ABSTRACT

The aim of the present handbook is to assist the thermal design engineer by presenting him
in a single document with all the information relevant to spacecraft thermal-control design.

This handbook has been compiled by the School of Aeronautics of the Polytechnic University
of Madrid (ETSI-A) under several ESA contracts.
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REVISION PROCEDURE

It is intended to issue revisions and additions to this handbook as they become available. It
is hoped that in this way it will remain up-to-date as regards state-of-the-art information and
recent developments in the field of spacecraft thermal control.
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DISCLAIMER

The description in this handbook of thermal-control components and systems is intended to
be purely illustrative, and the use of tradenames of specific products, which is essential to a
proper understanding of the data presented herein, in no way implies any approval,
endorsement or recommendation of these products by the European Space Agency.
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LIST OF SYMBOLS

G 0-3

B Magnetic Induction. [T].
E Modulus of Elasticity. [Pa].
H Magnetic Field Strength. [A.m-lj.
R Reflectance Factor,
c Specific Heat. [J.kg-l.K—lj.
k Thermal Conductivity, [w.m—l.K_lj.
AL/L Thermal Expansion.
a Thermal Diffusivity, [mg.s-lj. a=k/pc.
o] Temperature Coefficient of Electrical Resistivity,
(k™ 1].
o Hemispharical Total Absorptance.
a'(B,0) Directional Total Absorptance.
as Noermal 3olar Absorptance.
aA(A) Hemispherical Spectral Absorptance.
ai(A,B,B) Directional Spectral Absorptance.
g8 Mean Coefficient of Linearp Thermal Expansion. [K_lj.
g , Angle between Surface Normal and Direction of Incident
Flux, [Angular Degrees].
g, Angle between Surface Normal and Direction of Emitted,
Reflect:d or Tfansmitted Flux. [Angular Degrees].
€ , Hemisph rical Total Emittance.
e'(B',6') , Directi .nal Totail Emittance.

Hemisph«rical Spectral Emittance.

eA(A) s
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ei(k,B',G') s Directional Spectral Emittance.
g , Azimuthal Angle of Incident Flux. [Angular De-
grees].
o' Azimuthal Angle of Emitted, Reflected or Trans-
mitted Flux. [Angular Degrees].
A, Wavelength. [m].
u/uo s Relative Magnetic Permeability.
o, Density. [kg.m_sj.
o, Hemispherical Total Reflectance.

DA(X) s Hemispherical Spectral Reflectance.

p'(B,0) , Directional-Hemispherical Total Reflectance.
pr(pr',6") , Hemispherical-Directional Total Reflectance.
p; s Normal-Hemispherical Solar Reflectance.

Oi(A,B,G) s Directional-Hemispherical Spectral Reflectance.
pi(A,B',B') s Hemispherical-Directional Spectral Reflectance.
p"(B,6,8',0"') , Bidirectional Total Reflectance.
QK(A,B,G,B',S’) . Bidirectional Spectral Reflectance.
02(8,8,8',6') . Bidirectional Solar Reflectance.
g , Electrica.. Conductivity. [Q_l.m]. 0_1, Electrical
Resistivity. [Q.m].
L1t ° Ultimate Tensile Strength. [Pa].
Ti(A,B,B,B',G’) . Bidirectional Spectral Transmittance.

w o, Solid Angle of Incident Radiation Beam.

[Steradians].
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w' Solid Angle of Emitted, Reflected or Transmitted

Radiation Beam. [Steradians].

The sketches below show the angles used to characterize

the radiative fluxes arriving at or leaving a surface element.

Angles used to define Angles used to define

directional emittance. bidirectional reflec-

tance.
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General

1. METALLIC MATERIALS

1.1. GENERAL

Data for each alloy are arranged as indicated below. When

no data on some property are available the heading is omitted.

1. TYPICAL COMPOSITION, PERCENT

2. OFFICIAL DESIGNATIONS

3. PHYSICAL PROPERTIES
3.1. Densitz

3.2, Thermal properties

3.2.1. Specific heat

3.2.2. Thermal conductivity
3.2.3. Thermal diffusivity
3.2.4. Thermal expansion
3.2.5. Melting range

3.3. Thermal radiation properties

3.3.1.

m
Directional spectral emittance

1. Normal spectral emittance
.2, Angular spectral emittance
. Directional total emittance
.1. Normal total emittance
Hemispherical spectral emittance
Hemispherical total emittance
ance
Directional spectral absorptance
.1. Normal spectral absorptance
Directional total absorptance
Normal total absorptance
. Hemispherical spectral absorptance
Hemispherical total absorptance
Solar absorptance
.1. Normal solar absorptance
.2. Angular solar absorptance
Absorptance to emittance ratio
ance
Bidirectional spectral reflectance
.1. Normal-normal spectral reflectance

2., Angular (non-normal) spectral reflectance
Directional-hemispherical spectral reflec-
tance
.1. Normal-hemispherical spectral reflectance

. Angular-hemispherical spectral reflectance
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.3. Hemispherical-directional spectral reflectance
.3.1. Hemispherical-normal spectral reflectance
4. Hemispherical spectral reflectance

5. Bidirectional total reflectance

.5.1. Normal-normal total reflectance

+5.2. Angular (non-normal) total reflectance
.6. Directional-hemispherical total reflectance
.6.1. Normal-hemispherical total reflectance
.7. Hemispherical-directional total reflectance
.7

8.

. 8.

.9.

. 9.

i

1.

.1

.1. Hemispherical-normal total reflectance
Bidirectional solar reflectance

1. Normal-normal solar reflectance
Directional-hemispherical solar reflectance

1. Normal-hemispherical solar reflectance
mittance
Bidirectional spectral transmittance
.1. Normal-normal spectral transmittance
3.3.4.1.2. Angular (non-normal) spectral transmittance

H . . . . . .
wwm wwmwwmuwwwwwwm

jo]
c#mwwwwwwwmwwwwwm

ww»—]wmwwwwwwmmmwww

Other physical properties

3.4.1,
3. 4.2,

Electrical resistivity
Magnetic properties

ENVIRONMENTAL BEHAVIOR

4,1, Prelaunch
4.2. Postlaunch

CHEMICAL PROPERTIES

5.1, Solution potential

5.2. Corrosion resistance

FABRICATION

6.1. Casting
6.2. Forming

Welding

Heat treatment

(2B o ) B ¢ AN ¢ 2]

3

4. Machining
5
6

Anodizing

AVAILABLE FORMS AND CONDITIONS

USEFUL TEMPERATURE RANGE

APPLICATIONS
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1.1.1. MODIFIERS OF THERMAL RADIATIVE PROPERTIES

AVERAGING OVER ALL AVERAGING OVER ALL
ﬁ
WAYELENGTHS DIRECTIONS w
:
EMITTANCE Y
Diractional Spectrat Directional Total
Emittance Emittance
q
€y (2, p.8) e'(p.e)

Y

- - --

Hemispherical Hemispherical
SpectralEmittance - Total Emittance

€,(N) €
ABSORPTANCE
Directional Spectral Directional Total
Absorptance ‘ » Absorptance.
Gi(k,P,e) a'(P,e)

- -1
‘-n-

Hemispherical Hemispherical

Spectral Absorptance ———— Total Absorptance

ax(k) a

G 1-3
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r—

_ Bidirectional

Spectral Reflectance

pr(A,0,8,p:0")

General

AVERACGING OVER ALL
REFLECTED DIRECTIONS

REFLECTANCE

- AVERAGING OVER ALL
INCIDENT DIRECTIONS

-,

*—-—-

'

Bidirectional Total

Reflectance

p"(P.8,1,0)

‘----—-‘

<—-----

Directional-Hemispheticol
Spectral Reflectance

pi(k,p,e)

Hemispherical-Directional
Spectral Reflectance

p; (N, [8)

Directional-Hemispherical

Total Reflectance

p(p,e)

Hemispherical-Directional
Total Reflectance

prlpre)

Hemispherical Spectral

Reflectance

&(A)

L

P !
' I
' I
1
' |
]
H I
; . |
H Hemispherical Total '
Reflectance
P
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1.1.2. CLADDING DEFINITIONS

Clad.

Alclad.

Nonclad.

A composite metallic material containing two or three
layers that have been bonded together. Bonding may be
achieved by co-rolling, welding, casting, heavy chemical
deposition or heavy electroplating. :

Clad produced by bonding either a corrosion-resistant
aluminium alloy or high purity aluminium to a base of
a structurally stronger aluminium alloy.

Metallic material to which no other alloy has been
bonded by cladding.
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General

,1.3. TEMPER DESIGNATIONS FOR HEAT TREATABLE ALUMINIUM ALLOYS

Condition:
As fabricated.

Condition:
Annealed (wrought products only).

Condition:
golution heat treated.

Condition:
Naturally aged to a stable condition.

Condition:
Annealed (cast products only).

Condition:
Solution heat treated, cold worked, and naturally aged to
a substantially stable condition.

Condition:
Solution heat treated and naturally aged to a substantial-
1y stable condition.

Condition:
Artificially aged only.

Condition:
Solution heat treated and artificially aged.

Condition:
Solution heat treated and overaged.

Condition:
Solution heat treated, cold worked, and artificially aged.
Different amounts of cold working are denoted by a second
digit.

Condition: .
Solution heat treated, artificially aged, and cold worked.

0 Condition:
Artificially aged and cold worked.

ESA PSS-03-108 Issue 1 (November 1989)
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1.2, ALUMINIUM ALLOYS
ALLOYS Al - 99.99,
Al - 99.5

Al - 99.9,

Al- 99.3.

METALLIC MATERIALS

Aluminium Alloys

Al - 99.8.

Al - 99,

G 1.7

Al - 99.7.

This data item concerns all aluminium alloys whose alumin-

ium content is above 99%.

1. TYPICAL COMPOSITION, PERCENT. Maximum values are given except for
Aluminium.
Al Cu | Fe Mn | si Zn Eacgth;ﬁgial
Al -99.99(>99.99 - - - - - - .01
Al - 99.9 |>389.9 .02 .07 .01 .07 .03 .01 -~
Al - 899.8 {>99.8 .03 .15 .03 .15 .06 .02 -
Al -99.7 [>99.7 .03 .25 .03 .20 .07 .03 -
Al -89.5 |>99,5 .05 40 .05 .30 .10 .03 -
Al - 99.3 [(>99.3 .10 .60 .05 .30 .10 .05 -
Al-89.0 |>99.0 .20 .80 .05 .50 .10 .05 -




G 18 ESA PSS-03-108 Issue 1 (November 1989)

METALLIC MATERIALS

Aluminium Alloys

2. OFFICIAL DESIGNATIONS

AECMA ISO AFNOR| AMS BS DIN
Al - 99,99 1 Al 99.98R
S- Al 99.98R
3.0385
Al -99.9 Al 99.9
3.0305
Al - 99.8 Al 99.8 A8 1A |Al 99.8
S- Al 99.38
3.0285
Al - 99,7 Al 99.7 A7 |v4000 Al 99.7
3.0275
Al -99.5 |A1 P99.5] Al 99.5 A5 |v4000}) 1B ]Al 99.5
VIE S - Al 99.5
3.0255
VE - Al
~3.0257
Al -99.3 VARS | LO4O “vE - Al 99.5T1
Lou1 n~v3.0805
4ou?2
Al -99.0 Al 99.0 A4 Inv1100f 1C (Al 99
VAl 99.0Cu 4001 3.0205
4003
4062
4102
4180
7220

v Can be approximately included with those alloys having the
indicated aluminium content.

3. PHYSICAL PROPERTIES

3.1. Density. Al1-99.99 P =2 699 kg.m-3. (Pennington (1961)).



ESA PSS-03-108 Issue 1 (November 1989) G 19

METALLIC MATERIALS

Aluminium Alloys

Al -99.5 p=2 700 kg.m 9 (Kappelt (1961)).

i

Al -99.0 p=2 710 kg.m™ 3 (Kuppelt (1961)).

3.2. Thermal properties

3.2.1. Specific heat.
Effect of temperature on specific heat: Fig 1-1.
3.2.2. Thermal conductivity.
Effect of temperature on thermal conductivity: Fig 1-2.
Thermal conductivity integrals: Fig 1-3,.
3.2.3. Thermal diffusivity.
Effect of temperature on thermal diffusivity: Fig 1-4.
3.2.4. Thermal expansion.
Effect of temperature on thermal expansion: Fig 1-5.
Mean coefficient of linear thermal expansion, B.
The available information concerning thermal expansion co-
efficients of these alloys seems to indicate that there is
no noticeabl: influence of the aluminium content on B. Vai-

ues given below correspond to Al - 99.99

T,Dd | 73-1123-1173-[223-1293-{293-{293-{293-[293-
-293)-293|-293|-293|-373|{-473}-573|-673(-773

Bx10® [x-1]118.0(19.9/21.0]21.8]23.6|24.5]25.5|26.4]27.5

From Pennington (1961).

3.2.5. Melting range.
Al - 99.99 : 933 K. (Pennington (1961)).
Al - 99.5 : 919 K - 930 K. (Kappelt (1961)).
Al - 99.0 : 916 K -~ 930 K. (Kappelt (1961)).
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Aluminium Alloys

14

12

10 : =
[J(.:k;g.i(z“] /55@4

6

4 /
./
o/

0 100 200 300 400 500 600 700 800 900 1000
TIKI

Fig 1-1. Specific heat, ¢, of Aluminium as a function of tempera-

ture, T.

Explanation

Key Description Comments References

O {Al-99.0 Kappelt (1961).
0O |Al - 99.99 Pennington (1961).

Al - 99.99 Reported error

Average of 2 samples

1) Water quenched from

A 873 K; annealed 100
h at 403 K.

2) Cooled from 873 K at
5 K.min~1

Al- 99.9

Single crystal.
Melted and cooled 2 4
§ in vacuum.

IA
[OEN
o°

Touloukian (1967)a.

D |Al-99.9 leported error

1+
o
oe

8,
o®

q Reported error

— Coston (1967).
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Aluminium Alloys

3
kx10-3
[W.m-1.K"1] \_

2

SIS UV

'\

b B

ot 3 tn:
A

ety
Do

O 0O i

0

|
0 00 200 300 400 SO0 600 700 800 SO0 1000
TLK]

Fig 1-2. Thermal conductivity, k, of Aluminium as a function of

temperature, T,
Explanation

Key Description Comments References
Al - 99.9 Losses evaluated by |Touloukian
measuring unsteady [(1967)a.
o | state cooling of

rod initially at u-
niform temperature.
.04 Si - .03 Fe - .006 Cu - .005 |Reported error *3%.
Ti, and traces of Mn and Mg.
a Annealed 1 h at 723 K and
cooled slowly.

Al -99.5

Cast at 973 K irto molds at

A 473 K; rolled ard drawn, then
turn into rods.
v Al - 99.9
Same treatment as above.
Al -99.99
> Same treatment as above.
< 1Al - 99.99 Reported error 1%.
Commercially pure. Reported error *3%.
O |Sample 2x107¢ m in diameter i
and 1.8%x1072 m length. ’
Coston ]
a—

(1967).
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Aluminium Alloys

I T
] | _-
3 o 0 T ,4/’
\//
~”
”~
"4"’ {
P \
2 P
v I ‘
T
/k(T)x‘lO""dT
//
4 -~
(W.m™'] P
///
P
1 =T
pad
P
///
0
0 100 200 300 400 500 600 700
T K]

rig 1-3. Thermal conductivity integrals of Aluminium as a func-

tion of temperature, T.

Explanation

mmmmmes A1 - 39.99, From Coston (1967).
Al -99.0 From Coston (1967).

o we ww Straight line whose slope has been calculated by the com-
piler by fitting the experimental data points [ and d
of Fig 1-2 with the least-squares method.

wme——m=— Calculated by the compiler from data points O of Fig 1-2.
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1 -
B - I A
O
g L
/A
8 > \\\\\\*l\ o 0
' @)
ax10* O \O\_‘ o, g
[mz.S"1] TA I 4?
N A
0 o a\ A
.6
200 300 400 500T (K] 600 700 800 800

Fig 1-4. Thermal diffusivity, o, of Aluminium as a function of

temperature,

Explanation

T.

cross-section and

3.52x1073 length,

Pure.

Key Description Comments References
O fAl -99.9 Reported error 11%. |Touloukian (1967)a.
Same as above. Second run of the
(] above specimen,
Reported error 11%.
Same as above. Third run of the
A above specimen.
Reported error 11%.
Pure. Reported error *5%.
v 1.9x1073 p?2 square
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Aluminium Alloys

2 - T 3

5

1
185 e e “WﬁﬁﬁwN__ 7%

1

1
AL ~

——— 2 i
5 :

0 /‘,Q/I/‘!
' B

_'5 .
0 100 200 300 400 500 600 700 800 SO
TIK]

Fig 1-5. Linear thermal expansion, AL/L, of Aluminium as a

function of temperature, T.

Explanation

iKey Description Comments References

O Touloukian (1867)a.
Al - 99.99

Q Annealed above 873 K.
Al - 99.99
Al - 99.9

A |Annealed 2 h at 893 K
and cooled slowly.

99.952 Al - .019 Cu -
¥ | -.015 Fe - .014 Si.
Cast in graphite mold.

Chemically pure. X-ray diffraction
>
method.

98.989 Al - .004 each Si,
4 Cu - .003 Fe.

Pure. Pressed rod made
p jof sintered aluminium
powder.

O Al - 99.5
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Aluminium Alloys

3.3. Thermul radiation propertics
3.3.1. Cmittance.
Data concerning emittance have been arranged as indicated 1im
the following Table.
3.3.1.1. Directional spectral emittance.
Paragraph Heading Data presented Fig.{ Table
3.3.1.1.1jNormal Al - 99.7. 1-6
B':O i
Aluminium conversion coatings.|1-7 |
3.3.1.1.2|Angular (non-|Al- 99.0. 1-8
-normal) I
B'#0 i
3.3.1.2. Directional total emittance.
3.3.1.2.1|Normal Aluminium. 1-1
]
B'= . i
Aluminium. i
Effect of temperature. 1-9
i
Aluminium contact coatings. 1-2 °
Aluminium conversion coatings. 1-3 a;
Aluminium conversion coatings. i
Effect of anodizing thickness.j1-10 |
-
3.3.1.4. Hemispherical total emittance.
w'=27 Aluminium. |
Effect of temperature. 1-11
Aluminium contact coatings. T
Aluminium conversion coatings.
Effect of temperature. 1-12
Solar absorptance, a., has been also included in this Table in
order to save space.
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luminium Alloys

L . l I !

0 2 4 6 8 10 12 14 16
Ax106 [m]
I'1g 1-6. Normal spectral emittance, Ei, of Aluminium as a function

of wavelength, A.
Explanation

Key Description Comments References
99.7 Al - .11 Fe - .11 Si -|Sample temperature: Touloukian &
- .01 Cu- .01 Mg - T =589 XK. DeWitt (1970).
<.01 Mn, Ni, Zn. Cylin- |Data from smooth curve.

o drical tube. Heated at Reported error *20%

467 K for 15 h. Polished|(in the wavelength
Surface roughness: 7.62x|range 2x10°% to 1079
x10"8 m (center line av- m).

erage ).
Same as O except heated [Same as O except T =
o at 697 K for 20 h. = 697 K,
© Same as O except heated |[Same as O except
at 805 K for 15 h. T=805 K.
Same specimen as O ex- T=Uu62 K.
cept heated at 462 K for|Data from smooth curve.
25 h. Roughened and Reported error #10%
- knurled with grade 180 (in the wavelength
T |silicon carbide paper. range 2x10-6 to 10-5
Surface roughness: 2.92x|m).
x107% m (center line av-
erage ).
Same as 0O except heated |[Same as 0O except
a at 598 K for 22 h. T =599 K.

0 Same as O except heated [Same as O except
| ¥ lat 715 K for 27 n. T=715 K.
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Aluminium Alloys

6
€y f
, ]
(p=0) op..
A -
. o
2 -
0
0 B i
0 5 10 15 20
Ax10% [m]

Fig 1-7. Normal spectral emittance, €., of Aluminium conversion
coatings as a function of wavelength, A.
Explanation

Key Description Comments References]

Alodine 401-45, Reaction of an |Sample temperature: |Touloukian

aluminium surface with an aque- |T=285 K. DeWitt & |
O |ous solution of chromic, phos- |[Data from smooth Hernicz 1
phoric, and hydrofluoric acid. |curve. Converted (1972). !

Substrate: Al - 99.8 (Echo II). from R(27,0).
Same as O except reacted for 20
ols in a 1 N sodium hydroxide so-
lution at 298 K, then washed in
water and dried in aijir.

B |Same as 0. Reacted for 40 s.
Black anodized. T=323 K.

A Data from smooth
curve. Converted ;
from R(27,0). {
Al - 99.7. Anodized 30 min at T=461 K.

102 A.m~2 in 4 N analar sulphu-|Data from smooth
v ric acid at 293K, sealed for 30 |curve.

min in boiling distilled water. |Reported error *10%,

Anodizing thickness 2.54x10-6 .
Heated at 456 K for 15 h.




G 1-18 ESA PSS-03-108 Issue 1 (November 1989)

METALLIC MATERIALS

Aluminium Alloys

6 4 - e i ST D

' JA

& O
(f=25°) fia)

L SN - N I IR R B

0

0 3 6 g 12 15 18 21 24
Ax10% [m]

Fig 1-8. Angular spectral emittance, Ei, of Aluminium as a func-

tion of wavelength, AX.
Explanation :

Key Description Comments References
Al -99.0. Nominal composition. Sample tempera- |Touloukian
O [Sandblasted with 120 mesh alumina ture: T=306 K. & DeWitt
(mesh opening 1.25x10~% n), Authors assumed {(1970).
aze=1-p.

Same as O except sandblasted with
0 [320 mesh alumina (mesh opening 4.6x
X107 m). '

p(25°,21),

Same as O except sandblasted with
& (600 mesh alumina (mesh opening 2.u4x
Xx10°% m).

Same as O except sandblasted with
¥V |1000 mesh alumina (mesh opening
1.4%10~5 m).

Same as O except sanded with 280
b o X
mesh silicon carbide paper.
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Table 1-1

Normal Total Emitrance of Aluminium

T £’ )
Alloy [K] (B'=0) Comments References
a1- 99.99| 298 | .03 Pennington (1961).
Al - 949.0 .05 Polished. Zerlaut, Carrol &
Gates (1966).
Al - .21 Foil, vapor blasted, wet.
Al - 99.0 .33 Sandblasted.
Al - 311 .065 |{Bright foil roughened with abrasive cloth. Touloukian (1967)a.
Al - 373 .18 Sheet, rough polished.
Al - 99.99 .02 Foil (1.27x10-% m thick) GMC Bright dip for 10 Bevans (1969).
min at 350 K.
Al - 296 .04 Polished. TRW (1970).
Al - 298 .055 JRough plate.
to
.070
Al - .04 Bare metal. Scollon & Carpite-
1la (1970).
Al - 99.0 370 022 |Polished with Mg0 and water, measured in vacuum Touloukian & DeWitt
(2.1%x10°2 Pa). (1970).

Al-99.99[u25.4| .037 |Rolled, polished.
Al- 99.99| 647 .0u45 (Same as above.

Al - 99.99] 780 .0497|Same as above.

Al - 99.99| 414 .0486]Highly polished.

Al - 99.99| 610 .0576(Same as above.

Al - 99.99| 733 ,065 |Same as above.

Al - 366 .028 |Foil.

Al - 311 .045 |Foil, embossed (Pattern No. 1).
41 - 311 .056 |Foil, embossed (Pattern No. 2).
Al - 311 .ou7 |Foil, embossed (Pattern No. 3).
Al - 311 .056 |Foil, embossed (Pattern No. ).
Al - 311 .061 |Foil, embossed (Pattern No. S).
Al - 99.9 311 . 045 .002 Si, .0001 Fe, .001 Cu, .0003 Na, .0003 Ca,

L0003 Mg. Electrolytically brightened, density
2 698 kg.m'3 at 298 k. aluminium toil reference

(€=.05).
Al - 311 .035 |Foil, bright; etched in hot sodium hydroxide so-
to lution .5 to 2 min, and dipped in nitric acid.
.050
Al - 311 .044 |Foil, bright; roughened with abrasive cloth (No.
120 Aloxite cloth).
ALl - 311 .063 |Foil, bright; roughened with abrasive clcth {No.
120 Aloxite cloth).
Al - 311 .066 | Foil, bright; roughened with abrasive cloth (No.
120 Aloxite cloth).
Al - 311 .04 Foil; surface film formed by means of exposure to

corrosive attack; foil-covered cardboard taken
from foil-insulated dry-ice cabinet exposed to
weather on beach during 8 months.

(Continued onto next page)
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Table 1-1 (Continued)

Normal Total Emittance of Aluminium

ssue 1 (November 1989)

T e!
N s f
Alloy [K] (B'=0) Comment:s References
Rl £ DewWitt
Al - 311 .05 Foil, suspended vertically in the taboratory for IT;ig;hlan el
3 years and measured with the accumulated dust ’
and fume.
Al - 311 .09 Foil; chemically oxidized by treating with hot
solution of sodium carbonate and chromate.
Al - 311 .10 Foil; lacquer coated; heated to partially decom-
Pose lacquer and color it brown.
Al - 311 .10 Foil after 2 years eXposure to salt spray and
moisture at seashore.
Al -~ 373 .09 Commercial sheet.
Al - 373 <095 | Sheet, polished.

Table 1-2

Normal Total Emittance and Normal Solar Absorptance of Aluminium Contact Coatings

T c! g
2 References
Alloy [K] (8':0)|(B=0) Comments e enc
Al - .03 -10 fVacuum deposited (opaque thickness) on alumin- Bevans (1969),
ium sheet with resin undercoat,
Al - .03 -09 [Vacuum deposited (opaque thickness) on alumin-
ium foil, Reynolds Wrapp.
Al - 0u -21 |Vacuum deposited (opaque thickness) on Berylli-
um foil.
Al - .03 -09 [Vacuum deposited (opaque thickness) on Mylar
film 2.5%10°5 0 thick.
Al -~ .01y .08 1107 to 2x10-7 m thick aluminium vapor depos- Scollon & Carpite-
ited on unspecified surface. Polished surface. |[lla (1970).
Measured in vacuum.
Al - .051 -15 |Same as above. Measured in air,.
Al - .024 -13 |Vapor deposited aluminium on Mylar..
Al - <.05 €.13 [Vapor deposited aluminium on 1.2%x107°% m thick
Kapton. Data for metallijc side. Silicone pres-
sure sensitive adhesjive. Schijeldahl.
Al - £.06 -10 Vapor deposited aluminium on Xapton. Data for
to [metallic side. Silicone pressure sensitive
-14 Jtape. Schjeldah) G - 103500 tape.
Al - .13 -12 [Vapor deposited aluminium on 1.2 10°% m thick
to to jKapton plus nylon tulle. Data for metallic sur-
.17 -16 [face. Acrylic pressure sensitive adhesive. Sec-
ond surface reflector. Schjeldahl G- 102000
tape.
Al - 025 <11 1.5 107 m thick evaporated aluminium on McCargo, Spradley,
Quartz. Greenberg ¢
McDonald (1971).
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Table 1-3

G 1-21

Normal Total Emittance and Normal Solar Absorptance of Aluminium Conversion Coatings

flloy

£

(B'=0)

G5

(B=0)

Comments

References

Al

Al

Al

Al

Al

Al

Al

Al

Al

99,

99.

99,

99,

99.

99.

99.

39.

99,

99

93

99

99

39

17

.79

.82

LTy

.08

.86

.39

.77

.03

.20

Jdh

.24

.40

.27

.31

.33

.64

.27

Hard anodizeu, 8x10°% m thick, with sulphuric
acid electrolyte 11% by weight, at 270 K.

Soft anodized, 1.3x10°° w thich, with sulphu-
ric acid electrolyte 15% by weight, at 270 X.

Soft anodized, 1.3%x10°°% m thick, with sulphu-
ric acid electrolyte 16% by weight, at 294 K.

Anodized, 8x10-6 n thick, with chromic acid
electrolyte 5% by weight, at 308 K, anodizing
voltage 40V DC, 120 min.

Anodized, citric acid electrolyte 1 kg.m'3 am-
monium citrate, at 295 K, anodizing voltage:
306V DC, 60 min.

Anodized, 2x1075 nm thick, oxalic acid solution
3% by weight, at 311 K, anodizing voltage: 30V
DC, 60 min,

Anodized, sulphamic acid electrolyte 100 kg.
.m‘3, at 294 K, anodizing voltage: 45v DC, 30
min.

Anodized, sulphamic acid electrolyte 100 kg.
.m'3, at 294 K, anodizing voltage: 15V DC, 30
min.

Anodized, sulphamic acid electrolyte 100 kg.

.m’a, at 294 K, anodizing voltage: 5.5V DC, 15
min.

Bevans (1969).

Al

Al

.73

.90

.70

Chromic acid anodized. Chemical surface finish.
Degradation caused by deposition of outside
contaminants (73 h in low earth orbit on board
Apollo 9).

Carbon black impregnated anodized coating.
Chemical surface finish.

Scollon & Carpite-
lia (1970).
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Fig 1-9. Normal total emittance, €', of Aluminium as a function
of temperature, T.
Explanation
Key Description Comments References
o Cleaned, polished, and ox- Touloukian &
idized. ' DeWitt (1970).
0O |Pure. Highly polished. Reportcd error 2%
Pure. Rolled, as received.
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Fig 1-10. Normal total emittance, g', of Aluminium anodized

as a function of anodizing thickness, t;.

Explanation

anodized in aqueous am-
monium tartrate solu-
tion, then immersed in
a phosphoric acid solu-
tion.

Foil oxidized electro-
lytically in 15% sulph-
uric acid.

T=311 XK.
Measured relative
to Aluminium.

Key Description Comments References
Barrier-layer anodic Sample temperature Touloukian, DeWitt
coating on a high puri-|Tv298 K. & Hernicz (1972).
ty aluminium substrate. Measured in vacuum
Substrate cleaned, (vi1.33x10°% Pa).
electropolished in a

fo) fluoboric acid solution,
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Fig 1-11. Summary of data concerning the hemispherical total
emittance, €, of Aluminium as a function of tempera-

ture, T. From Touloukian & DeWitt (1970).
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Table 1-4
Hemispherical Total Emittance of Aluminium Contact Coatings

T € Comments

(x]

76 .o Aluminium; plastic Mylar (1.27><10'5 m thick) and aluminium substrates;
produced by vaporizing aluminium on both sides of Mylar. Measured in
vacuum (1.3x10"% to 1.3%x10-5 Pa). Authors assumed aze for 300 X black-
body incident radiation. Reported error 5%.

76 .07 Aluminium; stainless steel substrate; Al sprayed on substrate. Meas -
ured in vacuum {(1.3x107% to 1.3x10-5% Pa). Authors assumed a=g for 300
K blackbody incident radiation. Reported error 5%.

76 .06 Aluminium; stainless steel substrate; Al sprayed on substrate; wire
brushed. Measured in vacuum (1.3%x10"4 to 4.3x10-5 Pa). Authors assumed
a=¢ for 300 K blackbody incident radiation. Reported error 5%.

76 .0u Aluminium; plastic Mylar (1.27%10-5 m thick) and aluminium substrate;
Al vapor deposited on both sides of Mylar. Measured in vacuum (1.3%x10°%
Pa). Authors assumed a=e€ for 294 K blackbody radiation.

76 .0u43 Similar to above specimen and conditions.

773-1273 .69-.78 Aluminium; iron substrate; substrate sandblasted and degreased; coated
to a surface density of 75 kg.m=2 with aluminium powder suspension;
sintered at 1 223 K in vacuum. Measured in vacuum (6.7x10~% Pa). Data
extracted from smooth curve. Reported error 2.5%.

378-486 .33-.27 Aluminium (1.27x10-% to 2.03x10-% m thick); Al substrate; sprayed.
Measured in vacuum (.13 Pa). Reported error 3%.

333 .ou7 Aluminium; Mylar substrate. Measured in vacuum (6.7x10-% Pa). Reported
error <3.5%.

300-u415 .06 Aluminium (10-6 m thick); Mylar (1.2x10-5 m thick) and stainless steel
(2.5)(10'u m thick) substrates; Mylar cemented to stainless steel; Al
vapor deposited. Measured in vacuum (1.3x10-°% Pa). Reported error 5%.

258-348 [.0u28-.0454 {Aluminium (2x10-7 m thick); stainless steel substrate; Al vapor depos-
ited on hand-polished.substrate; property measured by steady-state
calorimetric method. Mentioned below as specimen 1.

2u8-348 |.0293-.0311|Same specimen and conditions as 1 except property measured by transient
calorimetric method; property of second side of sample assumed.

303 .02y Same specimen and conditions as 1 except property calculated from
p(10°, 10°) measured by specular method relative to a front surface
aluminized mirror.

300 .o482 Same specimen and conditions as 1 except property calculated from
p(7.5°, 21) measured by ellipsoid method.

200-400 {.0224-.0237}Same specimen and conditions as 1 except property calculated from
R(2W-75°, 15°). Specimen placed at the center of a heated cavity, sothat
the angle of viewing can be varied from 159to 75%(Millard € Streed (1969)

295 .0279 Same specimen and conditions as 1 except property measured by a porta-
ble Quick Emittance Device.

295 . oLl Same specimen and conditions as 1 except property measured by a porta-
ble emissometer.

298 L0334 Polyester film (6.35x10-6 m thick) double-aluminized.
Coating thickness of emitting surface tc1=U.SSX1O'8 m.
Coating thickness of second surface t02=3.78X10'8 m.

298 .0335 Similar to above except opposite side measured.

298 .0335 Similar to above except tc1=4.53X10‘8 m. tc2=3.95x10‘8 m.

298 .0378 Similar to above except opposite side measured.

~298 .0300 similar to above except tc1=u.5x1o-8 m. tc2=3.95X10‘8 m.

298 .0331 Similar to above except opposite side measured.

(Continued onto next page)
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Table 1-4 (Continued)

Hemispherical Total Emittance of Aluminium Contact Coatings

T
[ Comments
[K] mmen
298 .0369 Similar to above - xcept tc1=u.5><10'8 m. tc2=ux10'8 m.
n298 .0358 Similar to above ~+xcept opposite side measured.
298 .0335 Similar to above «xcept tc1=u.56x10‘8 m. tc2=3.95><10‘8 m.
~298 .0243 Similar to above except opposite side measured.
307 .02u6 Aluminium; quartz substrate. Measured in vacuum (1.3x10"% Pa) main-
tained by diffusicn pump.
307 .01u3 Polyester film (6.35x10°86 m thick) single-aluminized; vacuum deposited
Measured in vacuum as above.
307 .05u43 Polyester film (6.35%x10°% m thick) double-aluminized; vacuum deposited.
Measured in vacuum as above.
307 .0543 Similar to above except opposite side measured.
307 .0613 Polyester film (6.35x10°6 m thick) single-aluminized; vacuum deposited.
Measured in vacuum as above.
307 .0609 Similar to above specimen and conditions.
307 .0450 Polyester film (6.35%x10~6 m thick) single-aluminized. tc1=2.35><10'8 m.
Vacuum deposited. Measured in vacuum as above.
307 .0532 Polyester film (6.35%x10-% m thick) double-aluminized; vapor deposited.
Measured in vacuum as above.
307 L0773 Polyester film (6.35x107% m thick) double-aluminized. tc1=3.3uX10‘8 m.
tC2=2.u8x10’8 m. Vapor deposited. Measured in vacuum as above.
307 .0513 Polyester film (6.35x10°5 m thick) double-aluminized. t.3=2.48x1078 m.
tc2=3.3uX10‘8 m. /apor deposited. Measured in vacuum as above.
307 .0466 Polyester film (6 35%x10~6 m thick) single-aluminized; vacuum deposited.
Measured in vacuut as above.
307 L0377 Aluminium; Mylar ind aluminium substrates; aluminium vacuum deposited
on both sides of “ylar. Measured in vacuum as above.
307 472 Aluminium; reinfo ced polyester film substrate (aluminized scrim).
Measured in vacuu: as above.
307 .02u8 Aluminium; quartz substrate. Measured in vacuum as above.
307 .0176 Polyester film (6.35x10"% m thick) double-aluminized. Measured in vac-
uum as above.
307 L0481 Polyester film (6.35%x10~% m thick) double-aluminized. Measured in vac-
uum as above.
307 . 0416 Polyester film (6.35%1076 m thick) double-aluminized; vapor deposited.
Measured in vacuum as above.
307 .0u22 Similar to above specimen and conditions.
307 .0398 Similar to above specimen and conditions.
307 .0333 Polyester film (6.35x10-6 m thick) double-aluminized. toy=4.55x10"8 m,
tc2=3.78X10'8 m. Vapor deposited. Measured in vacuum as above.
307 .0334 Polyester film (6.35%10"% m thick) double-aluminized. tc1=u.53x10'8 m.
t82=3.95><10‘8 m. Vapor deposited. Measured in vacuum as above.
307 .0228 Polyester film (6.35x107® m thick) double-aluminized. tc1=h.SX10'8 m.
tc2=3.8xlo'8 m. Vacuum deposited. Measured in vacuum as above.
307 .03869 Polyester film (6.35x10°® m thick) double-aluminized. tc1=u.SX10‘8 m.
tc2=MX10'8 m. Vacuum deposited. Measured in vacuum as above.
307 .0334 Polyester film (6.35%x10°5 m thick) double-aluminized. tc1=u.56xlo‘8 m.
te2=3.95%X107° m. Vapor deposited. Measured in vacuum as above.

(Continued onto next page)
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Table 1-4 (Continued)

Hemispherical Total Emittance of Aluminium Contact Coatings

T

[K] € Comments

307 .0335 Polyester film (6.35x1078 m thick) double-aluminized. te1=3.78%x10"8 m.
tcz=h.55X10’3 m. Vapor deposited. Measured in vacuum as above,

307 .03u7 Polyester film (6.35x10-6 m thick) double-aluminized. tc1=3.QSX10'8 m.
tc2=u.53X10‘5 m. Vapor deposited. Measured in vacuum as above.

307 .0381 Polyester film (6.35%x10-85 m thick) double-aluminized. tc1=3.8x10'8 m.
tc2=u.5X10‘8 m. Vacuum deposited. Measured in vacuum as above.

307 L0224 Polyester film (6.35%10°5 m thick) double-aluminized. te1=3.95x1078 m.
tc2=4.56X10‘8 m. Vapor deposited. Measured in vacuum as above.

307 .03u49 Polyester film (6.35%x10°% m thick) double-aluminized; vapor deposited.
Measured in vacuum as above.

307 . 0337 Similar to above specimen and conditions.

307 .035 Similar to above specimen and conditions.

307 .0835 gimilar to above specimen and conditions.

307 .0306 Similar to above specimen and conditions.

307 .0284 Similar to above specimen and conditions.

307 .0369 Similar to above specimen and conditions.

307 .0369 Similar to above specimen and conditionms.

307 .0270 Similar to above specimen and conditions.

307 .0289 Similar to above specimen and conditions.

307 .0326 Polyester film (6.35x10-% m thick) single-aluminized; vacuum depos-
ited. Measured in vacuum as above.

307 .03 Similar to above specimen and conditions.

307 .0337 Similar to above specimen and conditions.

307 L0231 Polyester film single-aluminized. tc1=2.18><10‘8 m. Measured in vacuum
as above.

307 .0722 Polyester film single-aluminized. tc1=3><10'g m. Measured in vacuum as
above.

307 .0399 Polyester film single-aluminized. tc1=1.08X10'8 m. Measured in vacuum
as above.

333 .038 Polyester film single-aluminized. Measured in vacuum (6.7x10-% Pa).

77 .0u3 Aluminium household type foil wrapped loosely; cleaned with acetone.
Measured in vacuum (vi.3x10°3 Pa).

From Touloukian, DeWitt & Hernicz (1972).
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Fig 1-12. Summary of data concerning hemispherical total emit-

Explanati

tance, £, of Aluminium conversion coatings vs. tem-

perature, T.

on

From louloukian, DeWitt & Hernicz (1972).

Key

Description

Comments

|

Anodized. Layer of cirbon deposited in-
to pores of the surf.ice.

Measured in vacuum
(1.33x107° Pa).

Al - 99.99, anodized .n sulphuric acid.
Polished substrate. 'oating thickness:
2.54x1076 - 2.54x107° m.

€ increases when
coating thickness
increases.

1

Al - 99.99. Electropolished in fluoboric
acid solution, then inodized in ammoni-
um tartrate solution.

— wo—— Anodized. Dull surface. Measured in vacuum
Reported error *5%

Vapor blasted after anodization. Measured in vacuum
Reported error #3%

Blasting decreases

€ less than 6%.

Al - 99.99. Substrate alkaline electro-
polished (sodium phosphate and sodium
carbonate) 15 min at 353 K and 12 V DC,
then anodized 15 min at 18 V DC in 10%
sulphuric acid.

Measured in vacuum
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3.3.2. Absorptance.
Data concerning absorptance have been arranged as indicated
in the following Table.
3.3.2.1. Directional spectral absorptance.
Paragraph Headiny Data Presented Fig.]| Table
Aluminium.
3.3.2.1.1. .. .
2.1.1 Normal A limited amount of informa-
B=0 tion corresponding to B =25° 1-13
is also presented
3.3.2.2 Directional total absorptance.
3.3.2.2.1 Normal Aluminium.
8=0 A single value 1is included
- in the same Table as the 1-5
hemispherical total absorp-
tance
3.3.2.4 Hemispherical total absorptance.
w = 27 Aluminium. 1-5
3.3.2.5 Solar absorptance.
3.3.2.5.1 Normal Aluminium. 1-6
Bg=0 Aluminium contact coatings. 1-2 '
Aluminium conversion coatings. 1-3,1—ﬂ
—
3.3.2.5.2 Angular Aluminium conversion coatings. 1-8 |
(non-normil) :
B#0
3.3.2.6 Absorptance to emittance ratio.
Aluminium conversion coatings.
1-14
Degradation effects. :
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Fig 1-13. Directional spectral absorptance, ai, of Aluminium as a func-

tion of wavelength, A. Data points ¥ correspond to B=25°¢,
Explanation :

Key Description Comments References
Evaporated film; evaporation|Bv10° Touloukian &
rate 3x10°8 p.s-1 ¢ 2.66< Sample temperature: {DeWitt (1970).

O |x10-3 pa,. T=298 K.

Aged 8 d before Measurement. (Measured in vacuum.
Reported error +1.4%

D Tv298 K.
Data from smooth
& |Polished., curve .,
Foil. . B=25°
T=306 K.

Measured in dry ni-
trogen. Heated cav-
v ity at approximate-
' ly 1056 K with plat-
inum reference.
Authors assumed
a=1-R,
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Table 1-5

Hemispherical total Absorptance of Aluminium

T Ty
[K:] [-_E] (w=2m) Comments
2 298 L0111 Normal total absorptance (B%0) of specimen electropolished. Reported

error 1%.

76 300 .018 Kaiser foil (2.54x10-5 m thick), unannealed. Measured in vacuum
(1.33%x10~" to 1.33x10-5 Pa). Reported error 5%.

76 300 .018 Cockron home foil (3.81x10°5 m thick). Same vacuum and error as above.

76 300 .021 Hurwich home foil (3.81x10-5 m thick). Same vacuum and error as above.

76 300 .022 Same as above except measured on bright side.

76 300 .028 Sheet (5.08x10-% m thick). Cold acid cleaned. Same vacuum and error
as above.

76 300 .026 Alcoa No.2 reflector plate (5.08x10-% m thick). Same vacuum and error
as above.

76 300 .032 Same as avove except sanded with fine emery.

76 300 . 035 Same as above except cleaned with alkali.

76 300 . 045 Sheet (5.18x10-% m thick). Cleaned with wire brush, emery paper, steel
wool and old acid. Same vacuum and error as above.

76 300 .060 Same as above except wire brush cleaned.

76 300 .140 Same as alove except liquid honed.

76 300 .029 Same as alove except hot acid cleaned (Alcoa process).

76 294 L0204 Cockron f il (3.81x10-5 m thick). Measured in vacuum (<1.33x10-% Pa).

76 294 .0200 Same as above.

76 294 .0615 Sheet (5.08x10-% m thick). Cleaned with wire brush.Same vacuum as above.

76 294 .0615 Same as above except cleaned with wire brush, emery paper, and steel
wool.

76 294 .0u52 Same as above except cleaned with wire brush, emery paper, steel wool
and cold acid.

76 294 .0356 Same as above except alkali cleaned.

76 294 .0327 Alcoa No.2 reflector plate (5.08x10-% m thick, €=.3 for visible light
at 298 K). Same vacuum as above.

76 294 . 0317 Sheet (5.08x10-% m thick). Cold acid cleaned. Same vacuum as above.

76 294 .0283 Same as above.

76 294 .0217 Hurwich home foil (3.81x10~5 m thick). Measured on bright side in
vacuum (<..33x10"% Pa).

76 234 .0212 Same as ajove except measured on mat side.

76 294 . 0204 Cockron home foil (3.81x10-5 m thick). Same vacuum as above.

76 294 | .0186 Same as anove. ’

76 294 .0213 Kaiser fcil (2.54x10-3 m thick). Unannealed. Same vacuum as above.

76 294 .0184 Same as above.

76 29y .0186 Kaiser hcme foil (1.91x10-3 m thick). Same vacuum as above.

76 294 .0294 Foil (5.068x10-% m thick). Hot acid cleaned (Alcoa process). Same

vacuum as above.

Tb is the temperature of th= emitting blackbody.

From Touloukian & DeWitt (1970).
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Table 1-6

Normal Solar Absorptance of Aluminium

T a
A 3
lloy [K] (8=0) Comments References
Al - 99.0 .30 {Polished. Zerlaut} Carrol §
Al-99.0 .48 |sandblasted. Gates (1965).
Al - .42 [Foil; vapor blasted, wet.
Al - 99.99 .08 |Foil (1.27x10"% m thick) GMC Bright dip for 10 min |Bevans (1969).
at 350 K.
Al - .15 jBare metal. Scollon & Carpitella

(1970).

Al-98.991298] .096{Electropolished. Computed from spectral reflectance |Touloukian £ DeWitt

qQ
Al -99.99(298] ,104]Same as above except hydrogen ion bombarded (.25x (1e70).

x102% jons.m~?).

Al -99.991298| .123|Same as above except hydrogen ion bombarded (.8ux
x102% jons.m~2),
Al - 99.99|298( .133(|Same as above except hydrogen ion bombarded (1.67x
x102% jons.m~2),
Al-99.991298| .151(Same as above except hydrogen ion bombarded (3.20x
x1024 jons.m-2),
Al - 99.99}298 -170|Same as above except hydrogen ion bombarded (u4.92x
x102% jons.m"2).

Al - 99.991298| .204|Same as above except hydrogen ion bombarded (7.45x
x102% jons.m-2).

Al -99.99]298( .236Same as above except hydrogen ion bombarded (9.86x
x102% jons.m"2).

Table 1-7

Normal Solar Absorptan e of Aluminium Conversion Coatings

)
. a
T Basic Conditions Variables Investigated N
(k] (8=0)
“298{Barrier-layer anodic coating on a h gh- Anodizing voltage. Coating thickness
-purity aluminium substrate. Coatin ap- v 6. 7%10-7 g
plied as follows: substrate thoroug:. ly 361 ) m 12
cleaned, electropolished in a fluobuoric 1 089 Vv 1.43%x10°6 .122
a?ld.solutlon, anqd%zed in aqueous .ammo- 1 208 v 1.58x10-6 m 142
nium tartrate solution diluted with eth-
yl alcohol, then immersed in a phosphor- 1 360 V 1.78x10-6 n .129-.136
ic acid solution.
Measured in vacuum (1.33x10"% Pa). Com-
puted from spectral reflectance data.
~298 11199 aluminium anodized in sulphuric ac- Anodizing time. Coating thickness
ld: Sub§trate polished.in phosphoric/ni- 10 min 8.36X10°° m 12
tric acid bath for 2 min at 364 X. 6
Computed from spectral reflectance data. 15 min 9.38%107° m .14
20 min 10.36%x10°6 .16
25 min 13.21%x1076 .17

(Continued onto next page)
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Table 1-7 (Continued)
Normal Solar Absorptance of Aluminium Conversion Coatings
T Basic Conditions Variables Investigated s
[x] & (B=0)
nv298 (AL - 99.99 anodized in sulphuric acid. Anodizing time. Coating thickness.
Substrate polished by Alzak process. Heat treatment
Computed from spectral reflectance data. 15 min 9.38%x10-6 m 16
Same as above except heat treated 96
h at 589 K in vacuum (6.65x10°3 Pa). .18
25 min 9.38x10"6 m .18
Same as above except heat treated 96
h at 589 K in vacuum (6.65x10"3 Pa). .22
Barrier anodized Al - 99.99 (12.54x10”"% m{Simulated flight time of UV radia-
thick). tion exposure.
Data from smooth curve. Albsorptance com- 10 h 109
puted from spectral reflectance measured )
in situ. 74.6 h .116
596 h .126
281 |Alzak anodized aluminium (3.81x10°6 m Effect of electron exposure.
thick).
U d = . .13
Absorptance computed from normal spec- nexpose sample (T=298 K)
tral reflectance. Propertv measured in 20 keV electrons (10l%_5x1015 e.m™2.
air. sty 3x1038 e.m"?, in dark in vac-
uwum (1.33x10-6 Pa), maintained by
ion pump. S
1019 e.m-2 .14
1020 e.m"2 .16
Unexposed sample (T=298 K). Sl
80 keV electrons (101%-5x1015 e.m-2,
.s~1)y; 1019 e.m~2, in dark in vacuum
(1.33x10-% Pa), maintained by ion
pump . .15
1020 e.m-2 .16
77 {Barrier anodized Al - 99.99 (2.54x10"% m |Effect of UV radiation and electron
thick). Exgosed to vacuum (6.65%x107° - exposure.
- 2.66x10”> Pa), maintained with diffu-
. Unexposed sample. .17
sion pump. Absorptance computed from
R(271,0°). Property measured in situ. 6 sun intensity UV radiation; 350 ESH
Electron radiation (8.6x101%-1,6x
x1016 e.m-2.s-1); s5.8x1019 e.m"? .16
Simultaneous exposure:
Electron radiation (3.5%x101" e.m™2,
s~y 5.8x1019 e.m-2
8 sun intensity UV radiation; 350 ESH .20
77 |a1 - 99.99; sulphuric acid-anodized. Ex~ |Effect of UV radiation and electron
posed to vacuum (6.65x1077 - 2.66x107° Unexposed sample 20
Pa), maintained with diffusion pump. Ab- P pie. '
sorptance computed from R(27,0°). Prop- [6 sun intensity UV radiation; 350 ESH .28
erty measured in situ. Electron radiation (8.6x103%-1 . 6x
x1016 e.m~2.s-1); s.ex1019 e.m"2 .20
Simultaneous exposure:
Electron radiation (3.5x101% e.m~2.
.s™1); 5.8x1019 e.m™
8 sun intensity UV radiation; 350 ESH .27

From Touloukian,

DeWitt & Hernicz (1972).
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Fig 1-14. Absorptance to emittance ratio, ag/€, of Aluminium con-
version coatings as a function of the exposure time, t.
Explanation
Key Description Comments References
Alodine Aluminium. |Deducec from in-flight |Schafer & Bannister
data concerning the (1967).
timpiraturg Ode;b_ Touloukian, DeWitt,
ilra e on boar egasus | Lo oo (1972).
o .

Initial value, Qag/€=.85,
estimated from Fig. 12
of Schifer & Bannister
which leals with Pegasus
I flig 1t data.
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Table 1-8

Angular Solar Absovrptance of Aluminium

B° 15 30 45 60

og .190 .208 . 243 . 254

A1-99.99. Foil (5.1x10-° m thick) bright dipped,
anodized on both sides (7.6x10-6 m thick) in dilute
sulphuric acid. Computed from spectral reflectance
data for above atm. conditions.

From Touloukian, DeWitt & Hernicez (1972).

3.3.3. Reflectance.

Data concerning reflectance have been arranged as indicated

in the following Table.

3.3.3.1. Bidirectional spectral reflectance.

Paragraph Heading Data Presented Fig. Table
3.3.3.1.1. Normal-normal Aluminium. 1-15
B=B'=0 .. .
Aluminium contact coatings. 1-16

Aluminium conversion coatings. 1-17

Effect of thickness.

3.3.3.1.2. Angular (non-normal) | Aluminium contact coatings

B=B'#0 (B18°).

Aluminium conversion coatings.

(any B, given A).

(Continued onto next page)
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3.3.3.2. Directional-hemispherical spectral reflectance.
Paragraph Heading Data Presented Fig. | Table
3.3.3.2.1., Normal—hemispherical‘ Aluminium. 1-20
B=0 w'=2m Aluminium conversion coatings. 1-21
Effect of thickness.
Aluminium conversion coatings. 1-929
UV exposure effect.
Aluminium conversion coatings. 1-23
Electron exposure effect.
Aluminium conversion coatings.
Simultaneous UV-electron ex- 1-24
posure effect.
Aluminium conversion coatings. 1-25
Proton exposure effect.
3.3.3.2.2. Angular-hemispherical | Aluminium conversion coatings. | 1-26
B#0 w'=2m
3.3.3.3. Hemispherical-directional spectral reflectance.
3.3.3.3.1, Hemispherical-normal | Aluminium contact coatings. 1-27
w=2T B'=0
3.3.3.5. Bidirectional total reflectance.
3.3.3.5.2. Angular (non-normal) | Aluminium. 1-28
3.3.3.8. Bidirectional solar reflectance.
3.3.3.8.1. Normal-normal Aluminium conversion coatings. 1-9
B=8'=0
3.3.3.9. Directional-hemispherical solar reflectance.
5.3.3.9.1, Normal-hemispherical |Aluminium, both bulk and 1-10
B=0 w'=2m contact coatings.
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Fig 1-15. Normal-normal spectral reflectance, DX’ of Aluminium as
a function of wavelength, X.

Explanation

Key Description Comments References
Disc. Cold worked, annealed, |Sample temperature: |Touloukian §
o etch tested, polished, stored|{T=298 K. DeWitt (1970).
in a solution of NaOH+Nat, Reported error 2%.
washed and dried.
B=g =70
0 T=298 K.
Measured in air.
Reported error <,16%
A |Polished. T=298 K.
Same as & . Cratered. Avg. cra- '
Y |ter diameter: 1.25x10°% m.
Depth: 2.89x10~% .
Same as & . Cratered. Avg. cra-
D |ter diameter: 5.4x107° m.
Depth: 1.83x10°% m.
Aluminized dense flint. B=BTn5°
Flint ground with M 303.5 , T=298 K.
! grinding powder with average |Al mirror refer-
particle size of 1.1%x10"° m. |ence, w'=.03 sr.
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Fig 1-16. Normal-normal spectral reflectance, px, of Aluminium
contact coatings as a function of wavelength, A.

Explanation

Key Description Comments References
Al - 99.99 (6x10-8 - 7x10-8 p Sample temperature:|Touloukian,
o thick). Glass substrate. De-|T = 298 K. DeWitt &
posited in_vacuum (1.33x10-3 |Data from smooth Hernicz
- 2.66x10"3 Pa) for tg= 7 s.|curve. (1972).

Reported error 3%.
tyq is the deposi-
Same as O except tj= 145 s. [tion time,

Al - 99,99 (~7x10-8 m thick).
Glass substrate. Deposited
in vacuum (1.33x10-3 - 2.66x
V [x10-3 Pa) at 1079 - 1.5x10-9
m.s” " with substrate temper-
ature 473 K.

Al - 99,99 (v6x10-8 m thick).
Glass substrate. Deposited
D |in vacuum (1.33x10-3 Pa) at
3x10°8 m.s-1 with 60° angle
of vapor incidence.

O |Same as O except ty= 180 s.

e
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Fig 1-17. Effect of coating thickness on normal-normal spectral re=-
flectance, p;, of Aluminium conversion coatings as a funz-

tion of wavelength, A.

Explanation

Key Description Comments References %
i

Al - 99,99, anodized in sulphuric Tv298 K. Touloukian, !

O |acid. Polished substrate. DeWitt & Hernicz

Coating thickness, to=8.4x1070 m, (1972).

O |[Same as O except tg = 9.4x10°5 m.
11.4x10°6 m.

O |Same as O except tg

13.2%x10-% m.

1"

v |Same as O except tg
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Fig 1-18. Bidirectional reflectaice, p;. of Aluminium contact coatings as a

function of wavelength, A.
Explanation

Keyl Description Comments References
Evaporated film (8x10-8 m thick). sjub- Sample temperature: Tv298 K.j}Touloukian, DeWitt
o strate cleaned by a high-voltage D' glow ¢ Hernicz (1972).

discharge. Evaporated at 1.33%x10-3 Pa for
2 s. Exposed to air for 24 h.

® |Same as O except evaporation time 55 s.
© |5ame as O except evaporation time 130 s.
Evaporated film (9%x10-8 m thick). Sub-
strate cleaned as O. Evaporated at 1.33x
O ix10-3 Pa for 2 s using Al- 99.99. Film 24
h old when measurement was made.
@ [Same as LJ.Al- 99.5 used for evaporation.
=~ Tfvaporated film (8x10-9 m thick). sub- T~298 K.
A |strate cleaned as O . Substrate temoera-
ture at deposition 308 K. Film 2-3 h old.
Same as O except substrate at 323 7 at
a time of deposition.
Same as & except substrate at 373 K at
& time of deposition.
v Evaporated film. Substrate cleanec as 0. [Tv298 K. Data from smooth
Aged 10 h before measurement, curve,
¥ i5ame as Q except aged 100 h.
¥ |Same as & except aged 1000 h.
Evaporated film, Substrate cleaned asQO .
D {Stored in dry air for 63 d before naeas-
urement.
Same as [ except stored 1n normal air
B |(30-50% humidity) for 63 d before meas-

urement.

Evaporated film. Substrate cleaned as [<JR}
prepared under optimum conditions. Placed

9 .2 m from a 435-W quartz mercury burner

and irradiated for 20 h in dry air,.

Same as Q except lrradiated for 20 h 1in

normal air (30% humidity).

Same as < except irradlated for 20 h 1n

4 moist air (>90% humidity).
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Fig 1-19. Bidirectional spectral reflectance, Py, of Aluminium

conversion coatings as a function of zenith angles, B
and B', of incident and reflected radiations.

Explanation

Key

Description

Comments

References

Aluminium evaporated on Pyrex
glass substrate at about
4x10"8 m.s"1 at pressures
1.33x10-3 - 2.66x1073 Pa.
Coating thickness 3x10-7 m.
Anodized in a bath of freshly
prepared 3% ammonium tartrate
solution with a pure Al cath-
ode. Rinsed in distilled
water and dried.

T=298 K.
A=5.07x10"8

m.

Same as above.

T=298 K.
A=7.62x10"8

m.

Same as above.

T=298 K.
A=1.032x10"7

7 m.

Touloukian,
DeWitt & Hernicz
(1972).
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Fig 1-20. Summary of data concerning normal-hemispherical spec-
tral reflectance, pi, of Aluminium vs. wavelength, A.

From Touloukian & DewWitt (1970).
Explanation

Key Description Comments
ZZZZZ Al -99.0. Vacuum deposited on glass. B=10°.
Freshly prepared. T=298 K.
- -
[“”[]“ Foil.
:ZZZZ Mechanically polished, electropoliéhed. T=298 K.
e . .. ‘ . Measured 1n vacuum
Souss IMill finished, electropolished. (1.33x10_4 Pa).
——— |Mechanically polished only.
XX\ |Polished. T=298
#M¥¥ |Evaporated on Mylar (2x10-7 m thick). T=298
<< [1lm vacuum depositec on glass. ' B=7°.
T=298 K.
———. |Acid etched. Bn50 .
T=298 K.
w4+ |Sandblasted. T=298 K.
oe-oee |[Polished, roughened (roughness ~vi.27x B=5°.
x1078 m). T=300 K.
—-—e—|Foil. Diffuse reflectance. T=298 K.




ESA PSS-03-108 Issue 1 (November 1989)

METALLIC MATERIALS

Aluminium Alloys

G 1-43

1 | | ! (o1l (@] py ]
| U U -0 |
ol ° 5
|
9 |— oo |
' o a 0
o | e o O = |
! 0 ‘
D ]
A 8 B D\ o
(p=5°) ol o\
(w'=21t) EB !
7 o 0
aio
o
.6
0 A 8 1.2 1.6 2 2.4 28
A x10% [m]

Fig 1-21. Normal-hemispherical spectral reflectance, pi, of Alumi-

nium conversion coatings as a function of wavelength, AL

Explanation

Key Description

Comments

References

Bavriér—layer anod ‘¢ coated|Tv298 K.

Touloukian,

Al - 99,99, Measured in vacuum|{DeWitt &
O |Coating thickness 3.9% (1.33x10°"% Pa). Hernicz (1972).
+,015) 10°7 m. Data from smoota
curve.,
Same as QO except coating Same as O except
0O {thickness 1.6x1076 - 1.7x measured relative

x10~6 m. to MgO.
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Fig 1-22. Effect of UV €xposure on normal-hemispherical spectral

reflectance, pi

» of Alumini

function of wavelength, A.

Explanation

um conversion coatings as a

References

Key Description Comments
Al -99.99 (2.54x10-%[T=77 K.
m thick), barrier Exposed to vacuum (6.65x
O |anodized. x10~7 - 2.66x10-5 Pa). From
R(2m,0) measured in situ.
Data from smooth curve.
Same as Q . Same as O 350 ESH expo-
o ure at 6 sun, in vacuum.
Alodine 401-45. Re- | =300 K.
action of Aluminium |)ata from smooth curve.
surface with aqueous
0 solution of chromic,
phosphoric, and hy-
drofluoric acid.
Similar to 0O . T=300 K.
353 h exposure at 3-4 suns.
o Substrate temperature dur-
ing exposure: Ts=278 K.
Similar to O Same as [ except 358 h ex-
o posure. Ts=z=248 K.

Touloukian,
DeWitt §
Hernicz (1972).
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Fig 1-23. Effect of el:ctron exposure on normal-hemispherical

spectral ref.ectance of Aluminium conversion coatings

as a function of wavelength, A.

Explanation

Key Description Comments References

Al - 99.99 anodized |T=77 K. Touloukian,

in sulphuric acid.|Exposed to vacuum (6.65%x10"7|DeWitt &

- 2.66%x10-% Pa), maintained |Hernicz (1372).

o by diffusion pump.

Calculated from R(2m,0)

measured in situ.

Data from smooth curve.

Same as O . Same as O except exposed to
electron radiation (8.6x1014

O - 1.6x10%6 e.m-2.5-1) inp

vacuum 5.8x1019 e.m-2,

Same as O . Same as {0 except total dose

1.2x1020 e.m-2,




G 1-46

ESA PSS-03-108 Issue 1 (November 1989)

METALLIC MATERIALS

Aluminium Alloys

.8 - T
8 — I—
C vy
| V) —
g s : =
(p=0) & |
(w':ZJt)
4 ,
-5 _
.2
4 -
0
0 A .8 1.2 1.6 2 2.4 2.8
A x10° [m]
Fig 1-24. Effect of simultaneous UV-electron exposure on normal-

hemispherical spectral reflectance,

pi, of Aluminium

conversion coatings as a function of wavelength, A.

Explanation

Key

Description

Comments

References

Al - 99.99 anodized
in sulphuric acid.

T=177 XK.

Exposed to vacuum (6.65x10~7
- 2.66%x107° Pa), maintained
by diffusion pump.
Calculated from R(27,0)
measured in situ.

Data from smooth curve.

Same

as O .

Same as O except:

UV 8 sun intensity in vacuum
66 ESH

electron 3.5x1014 e.m”Q.S‘l;
1.2x1019 e.m~2,

Same

as O .

Same as O except total dose:
UV 130 ESH '
electron 2.3x1019 ¢, -2,

Same

as O .

Same as O except total dose:
UV 310 ESH
electron 5.8x1019 e.m"2,

Touloukian,
DeWitt §
Hernicz (1972).
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Effect of proton exposure on normal-hemispherical spec-

1 . . . .
tral reflectance, Py of Aluminium conversion coatings

as a function of wavelength, A.

Explanation

!Key Description Comments References
Al - 99.99, barrier-|[Tn298 K, Touloukian,
-layer anodic Measured in vacuum (1.33x DeWitt &

O |coated. x10"% Pa). Hernicz (1972).

Coating thickness Data from smooth curve.
(3.9%,015)x10°7 m.
Same as O . Same as O except irradiated

in vacuum at 300 K with 8.7

i keV protons to a total dose
of 9.25%x1020 p.m~-2,

Same as O except Same as O, Measured rela-
o coating thickness tive to MgO,

1.6x10-6 - 1,7x10-5

m.

Same as O Same as [ except irradiated
- in vacuum at 300 K with 8.7

keV protons to a total dose

of 1020 p.m“2
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Fig 1-26. Dipectional-hemispherical Spectral reflectance, pi, of
Aluminium conversion coatings as a function of wave-
length, A.
Explanation
Key Description Comments References
Al -199.99., Foil 5,1x10-5 thick. [B=150, Touloukian,

o Bright dipped and anodized on both|T=298 k. DeWitt & Hernicz
sides (7.6x10-6 m thick) ip dilute (1972).
Sulphuric acid,

0 Same as Q . B=300°

T=298 K,

A Same as Q B=y50

T=298 K.
¢ [Same as O B=60°,

T=298 K.
> Similar to O . B=1509,

T=238 K.
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Fig 1-27. Hemispherical-normal spectral reflectance, pi, of Aluminium

contact coatings as a function of wavelength, A.

Explanation

Key Description Comments References

Evaporated film on mechanically pol-|T =298 K. |Touloukian &

O |ished and electropolished stainless DeWitt (1970).
steel,
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Bidirectional total reflectance, P", of Aluminium

as a function of the viewing zenith dangle, f'.

Explanation

Key Description Comments References
T=298 K. Touloukian
O Angle o viewing within 2.5° of & DeWitt
angle o' specular reflection. (1970).
Sandblasted. T=298 K. B=45°, g=gr=9g.
o .
Tungsten filament lamp source.
@ [Same as O Same as O except §'=180°,
A Different sample, |Same as 0
same as [
A (Same as A . Same as 0O except §'=180°,
YV |Same as A Same as O except green filter.
V¥ [Same as V Same as V except §'=180°,
D |same as A Same as O except amber filter,
P [same as D . Same as D except §'=180°,
< |Same as A Same as A except blue filter,
4 (Same as Same as < except B'=180°,
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Table 1-9

Normal-Normal Solar Reflectance of Aluminium Conversion Coatings

p IIS

(B=B'=0)

Comments

298

n298

298

V298

nv2398
298
298

V298

298
298

298

.84

.82

.81

.82

.82

.78

.77

.78

.88

.86

.84

.83

Al1-99.99 anodized 15 min in sulphuric acid; coating
thickness 9.38x10-6 m; substrate polished by Alzak
process (electrolytic fluoboric acid bath); calcu-
lated from spectral reflectance data.

Similar to above specimen and conditions except
heat treated (24 h at 589 K) in vacuum (6.65x10-3
Pa).

Similar to above specimen and conditions except
heat treated (48 h at 589 K) in vacuum (6.65x10-3
Pa).

Similar to above specimen and conditions except
heat treated (96 h at 589 K) in vacuum (6.65x10-3
Pa).

Similar to above specimen and conditions except an-
odized 25 min; coating thickness 1.32x10-5 m. Men-
tioned below as specimen 1.

Similar to specimen 1 excegt heat treated (24 h at
589 K) in vacuum (6.65x10-3 Pa),.

Similar to specimen 1 except h:at treated (48 h at
589 K) in vacuum (6.65x10-3 Pa).

Similar to specimen 1 excegt heat treated (96 h at
589 K) in vacuum (6.65%x10~3 Pa).

Al1-99.99 anodized 10 min in sulphuric acid; coating
thickness 8.36x10-% n; substrate polished in phos-
Phoric/nitric acid bath for 2 min at 364 K; calcu-
lated from spectral reflectance data.

Similar to above specimen and conditions except an-
odizing time 15 min; coating thickness 9.38x10-6 p,

Similar to above specimen and conditions eXxcept an-
odized 20 min; coating thickness 1.09x10-° m.

Similar to above specimen and conditions except an-
odized 25 min; coating thickness 1.32x10-5 m.

From Touloukian, DeWitt & Hernicz (1972).
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Table 1-10
Normal-Hemispherical Solar Reflectance of Both Bulk Aluminium

and Contact Coatings

T 'S
(B=0, Comments

[K] (w'=27)

298 .90 Pure aluminium on optical flat (2x10-7 m thick); meas-
ured in adir.

298 .88 Aluminium foil Reynolds Wrap-heavy duty: measured in
air.

298 .88 Reynolds Wrap-heavy duty foil; measured in air.

298 -390 1 Pure Al; .3x10-5 m thick opaque layer on glass; fresh-
ly prepared; Mg0 reference; computed from spectral
data. Mentioned below as specimen 1.

298 .01 Above specimen and conditions; diffuse component only.

298 .91 Different sample, same as 1 specimen and conditions.

298 .01 Above specimen and conditions; diffuse component only.

29¢g .89 Aluminium film on 6.35x10-% m thick Mylar; measured in
air.

298] .88 Aluminium film on 6.35x10-% m thick Mylar; measured in

i air.

From Touloukian & DeWitt (1970).

3.3.4. Transmittance.
3.3.4.1. Directional spectral transmittance.

3.3.4.1.1. Normal-normal spectral transmittance of Aluminium
(B=B'=0): Fig 1-29.

3.3.4.1.2. Angular spectral transmittance (B#0).
Effect of angle B on angular spectral transmittance of

Aluminium: Fig 1-30.
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Fig 1-29. Normal-normal spectral transmittance, T;, of Aluminium as a function of wave -
length, X.
Explanation
Key Description Comments References
Evaporated film (6%.5)x10-8 m thick. Sample temperature: T=298 X. Touloukian ¢
o Glass slide substrate at room temper-iReported error A10% at A>3.5x10-8 p DeWitt (1970).
ature at evaporation. ILvaporated at <25% at A<3.s5x1078 g4
2.67x10"3 Pa in 10-15 s,
g [Same as O except film thickness (1t
t.1)x10°7 m, .
Evaporated film 4.7x10°8% m thick. T=298 K.
A |Unsupported. Exposed to air at atmos-
pheric pressure.
¢ |Same_as & except film thickness 1.38x
-7
x10 m.
> |Unbacked film (A8x10-8 m thick), T=298 X,
Slight oxide laver. Measured in vacuum (<1.,33x10-3 Pa).
Unbacked foil (3%10-8 m thick). Evap-|T=298 K.
orated in vacuum (4x10-Y4 pa), Exposed|Condensed spark discharge in argon
to air, ' light source.
q p-polarization dominant.
Data uncorrected for partial polar-
ization effects.
o Same as 4 . Same as 9 except s-polarization
dominant.
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Fig 1-30. Angular spectral transmittance, ‘r'):, of Aluminium as a functiorn of wavelength, A.
Explanation
Xey Description Comments References
-
Unbacked foil (3x10-8 m thick).[B=8'=0. Touloukian §
Evaporated in vacuum (ux10-4 Sample temperature: T=298 K. DeWitt (1970).
Pa). Exposed to air. Condensed spark discharge in argon light
0 source.
p-polarization dominant.
Data uncorrected for partial polarization
effects.
® [Same as O . Same as O except s-polarization dominant.
O {Same as O . Same as O except B=p'=20°.
M [Same as O . Same as O except s-polarization dominant.
A {Same as O . Same as O except B=B'=30°,
A |Same as O . Same as O except s-polarization dominant.
VU |Same as O . Same as O except B=f'=45°,
¥ [Same as O . Same as V except s-polarization dominant.
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Other physical properties

Electrical resistivity.

Effect of temperature on electrical resistivity: Fig 1-31.

ENVIRONMENTAL BEHAVIOR

Prelaunch

Aluminium surface is very susceptible to increases in o and €
caused by contamination. The surface must be protected from

physical abuse, ttmospheric exposure and caustic contaminants;
cleanliness must be assured.

From Breuch (196 ').

Postlaunch

No known restric ions other than structural.

Adhesive backed Hright aluminium foils should not be used ex-
ternally during iscent nor in areas where the peak ascent tem-
perature is expe:ted to exceed 460 K.

Pressure-sensitive aluminium tapes, if placed externally, should
be fastened mechinically on both ends to avoid blistering. These
tapes can be usel internally where peak temperatures of up to

700 K are antici.ated, and externally for temperatures below

670 K.

From Breuch (1967).
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Fig 1-31. Electrical resistivity, 0_1, of Aluminium as a function

of temperature, T.

Explanation

Key Description Comments References
O |Traces of Mg, S8i, Fe, and Cu. Touloukian
0O [99.9 A1 - .05 Si - .03 B. (1967)a.

.04 Si- .03 Fe, traces of Cu, Ti, Furnace cooled.

8 |annealed 1 h at 723 X.

v} .

Al - 99.5. Cast at 973 K into molds
D lat 473 K, rolled and drawn. Turned

into rods.

Al - 99.9, .038 Fe -.03 Si-.002 Cu.
Same treatment as D

Al - 99.99, .003 Fe- .0027 Si- .0024
Cu. Same treatment as D

SP grade.

Al - 99,6,

Pure.

>Eie O | A
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5. CHEMICAL PROPERTIES

5.1. Solution potential (vs. decinormal calomel electrode)

Al-199.5 : .84 v, any condition.
Al -99.0 : .83 V, any condition.
From Kappelt (1961).

5.2. Corrosion resistance

These alloys are very stable because they become covered by a
thin oxide film which is very resistant and protective. Thick-
er, more protective oxide coatings can be deposited by chemi-
cal or electrolytic treatments.

Corrosion resistance of these alloys is very good in interiors,

rural, marine or industrial environments. (Kappelt (1961)).

6. FABRICATION

6.2. Forming. Excellent.
6.3. Welding. Good.

6.4. Machining. Excellent.

6.5. Heat treatment. These alloys are non-heat-treatable.

From Kappelt (1961).

7. AVAILABLE FORMS AND CONDITIONS

These alloys are a ailable in any standard product form such as:
sheet, plate, stri » bar, tubing, wire extrusions, and forgings
in a wide range of sizes from foils less than 2.5%X107° m thick

to big forgings.
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USEFUL TEMPERATURE RANCE

Continuous structural use should be limited to temperatures be-
low 400 K.

The temperature range of aluminized plastic films is normally
controlled by the linear expansion of the film, which in the

case of Mylar is extremely high above 310 K.

APPLICATIONS

Structural elements, foils, bushing and gear, tanks, sealing,
wires, honeycombs (both cores and faces), thin wall tubing. As
coating on Mylar, Tefloi, Kapton, .... . To protect aluminium

alloys (alclad).
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1.3. ALUMINIUM-COPPER ALLOYS

ALLCY Al - 4.3 Cu-1.5 Mg - .6 Mn.

1. TYPICAL COMPOSITION, PERCENT

Cr| Cu |Fe| Mg |Mn|Ni|si|Ti+zr|2n Eag;h$Z:al Al
1 2:2 5 i:g ol |us| .2 | .05 | .15 |Palance
2. OFFICIAL DESIGNATIONS
AECMA IS0 AFNOR | AMS| BS DIN
Al-P13 |/1-CulMgl| A-U4G1 |2024l|2. 65 g%ciggf

3. PHYSICAL PROPERTI S
3.-1. Density. p = 2 770 kg.m °. (Kappelt (1961), ASMH (1974)c .

3.2. Thermal properties

3.2.1. Specific heat.
Effect of temperature on specific heat: Fig 1-32.
3.2.2. Thermal conductivity.
Effect of temperature on thermal conductivity: Fig 1-33.
Thermal conduntivity integrals: Fig 1-34
3.2.3. Thermal diffu.ivity.
Effect of temperature on thermal diffusivity: Fig 1-35,
3.2.4. Thermal expansion.
Effect of temperature on thermal expansion: Fig 1-36
3.2.5. Melting range.

773 K - 913 K. (ALCAN (1965)).
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Fig 1-32. Specific heat, ¢, of Al- 4.3 Cu -1.5 Mg - .6 Mn as a function of temperature, T.

Explanation

Key Description Comments References

4.31 Cu=~ .29 Si- .14 Fe, and traces of Touloukian (1967)b.
other impurities. Hot worked, annealed
O |several hours at 773 K in vacuum and
cooled in 10 d. Heating rate during
test 2 K.min~1,

o 93.4 Al- 4.5 Cu-1.5 Mg - .6 Mn.
Condition - Tu.

o |Same as O ., Condition - T, Sealed under helium
atmosphere.

Nominal composition. Reported error $5%.
Hanova liquid platinum was applied on
both surfaces of the specimen; on

o front surface for opaqueness and on
rear surface for good conductivity. In
addition front surface was undercoated
with Parson black to obtain constant
absorptance.
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Fig 1-33. Thermal conductivity, k, of Al-U4.3 Cu-1.5 Mg - .6 Mn as a function of tem-

perature, T.

Explanation

Key Description Comments

References

o Nominal composition, Condition - Tu.
Density 2 787 Kg.m~3. As received.

o Same as O . Measured after heating to

O |Same as V . Condition - 0 annealed.

575 K.

4,5 Cu=-1.5 Mg- .6 Mn. Reported error *u%.
A |Heated from virgin conditions to maxi-

mum temperature of 648 K.

Same as & . Cooled to room temperature
¥ land then repeated the above heat

treatment.
< lsame as ¥ . Condition - T4-T3. Reported error %5%.

Touloukian (1867)b.
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Fig 1-34. Thermal conductivity integrals of Al - 4.3 “u- 1.5 Mg -

-.6 Mn as a function of temperature, T.

Explanation

~——~=—— From Coston (1967).

~=~=-—=Calculated, by the compiler, by fitting the experimental
data points O and  of Fig 1-33 with the least-squares
method, and integrating the expression, k(T)=74.44-2,30x
X10727+9.96x107472-1.09x107673 (r=.977), which is then
obtained; r is the correlation coefficient giving the

goodness of the fit.
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5. Thermal diffusiviiy, a, of AL - 4.3 Cu

perature, T.

Exglanation

- 1.% Mg - .6 Mn as

a function of tem-

Key

Description

Comments

References

(o]

4.5 Cu~-1.5 Mg~ .6 Mn. Condi-
tion - T4h. As received.

Same as O . Heated above 575 K.

3.8-4,9 Cu-1.2-1.8 Mg~ .3~
-.9 Mn- .5 max Fe- .5 max Si -
-.25 max Zn - .1 max Cr and .15
max other in total.

Condition - T86.

Measured
sures 1o
followed

after five expo-
radiation and
by cooling.

Same as QO .

Measured
sures to
followed

after eight expo-
radiation and
by cooling.

Same as O .

Measured
sures to
followed

after ten expo-
radiation and
by cooling.

4,5 Cu-1.5 Mg- .6 Mn. Annealed
at 723 K.

4,5 Cu=-1.5 Mg - .6 M. Condi-
tion ~ Tk,

Touloukian (1967)b.
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Fig 1-36. Linear thermal expansion, AL/L, of Al - 4.3 Cu - 1.5 Mg - .6 Mn as a function

of temperature, T.

Cxplanation

Key Description Comments References

o Nominal composition. Condi- Tested in vacuum, Touloukian (1967)b.
tion ~ T4.
83.09 Al - 4.41 Cu-1.41 Mg~ Heating.

-.67 Mn - .25 Fe - ,10 Si - .02
Zn, and .01 Ni, Cr, Pb, Bi
0O {each.

Solution heat-treated 1 h at
766.5 K, water quenched, and
aged at room temperature.

B |Same as O . Cooling.
A Same as O . Aged 100 h at 644 |Heating.
K.
A |Same as & . Cooling.
o Same as O . Aged 500 h at 700 |Heating.
K.
& |Same as O . Cooling.
2.31 Cu-1.46 Mg-1.23 Fe -
-1,20 Ni- .88 Si- .07 Ti.
V [Wrought, heated 2 h at 798 K,
quenched, aged 16 h at Lu3 K,
quenched.
> 4.5 Cu-1.5 Mg- .6 Mn. Condi~ [Tested at 1.5- 2.5 K.min-1

tion - Th, rise in argon.
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3.3. Thermal radiation properties

3.3.1. Emittance.

3.3.1.1.1. Normal spectral emittance (B'=0): Fig 1-37
3.3.1.2.1. Normal total emittance (B'=0).
Effect of temperature on normal total emittance: Fig 1-38

The influence of anodizing is given in Table 1-11

Table 1-11

Normal Total Emittance of Al -4.3 Cu-1.5 Mg- .6 Mn, Anodized

da gte g Comments

373 | O .55 | Anodized in chromic acid.

Measured in vacuum (<1.3x1073 Pa).

300 { v0 | .78 | 1.6x10"3 m thick. Anodized in sulphuric acid
(coating thickness n1.3x10-% m). Calculated
from reflectance measured in air. Mentioned
below as specimen 1.

300 | O .78 | Similar to 1 except expcsed to vacuum
(1.3%x10-6 Pa) for 300 h. Vacuum maintained
by ion pump. Measured in air after expo-
sure.

300 | O .78 | Similar to 1 except exposed to UV radiation
in vacuum (1.3x10-3 Pa) for 300 h. Vacuum
maintained by oil-diffusion pump. Hg gas UV
source. Measured in air after exposure.

300 | O .78 | Similar to above except He gas UV source.

From Touloukian, DeWitt & Hernicz (1972).

3.3.1.4., Hemispherical total emittance: Table 1-12.
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Fig 1-37. Normal. spectral emittance,-ei, of Al- 4.3 Cu-1.% Mg~ .65 Mn as a function
or wavelength, A,
Ex>lanation
AQy Description Comments References
4.5 Cu- 1.5 Mg~ .6 Mn. Samp-le temperature: T=823 K. Touloukian (1967)b.
O |Ultrasonically machined. Oxi- Measured in air.
dized in air at 823 K for 2 h. Reported error 1u4%.
Same as O . T=323 K.
N Surface roughness: 9.9x10-8 p Measured in nitrogen.
and 7.1%x10"® m in x and y di-
rections respectively.
Same as O,
Surface roughness: 4.6x10~8 p
Q and 3.8x10"° m in x and y di-
rections respectively.
Same as O .
o Surface roughness: 1.52x10-7
mand 1.7x10°7 m in x and y
directions respectively.
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Fig 1-38. Normal total emittance, ¢', of Al - 4,3 Cu-1.5 Mg~ .56

tion of temperature, T.

Exglanation

G 1-67

Mn as a func-

As received.

Reported error $10%.

Same as @ . Cleaned with liquid
detergent or polished with fine
polishing compounds on a buffing
wheel.

Same as M . Oxidized
heat for 30 min.

in air at red

4.5 Cu-1.5 Mg~ .6 Mn.
Weathered using flat =hield.

Same as 4 . Weathered

cal shield.

using coni-

Same a&s > .

Same as ® .

Constant over temperature range
361-433 K.

Reported error *10%.

Key Description Comments References
o 4.5 Cu -.1.5 Mg - .6 Mn. Measured in }?elium (1.33*10'3 Pa).|Touloukian (1967)>.
As received, wiped. Cycle 1 heating.
A [Same as O . Cycle 1 cooling.
O |same as O . Cycle 2 heating.
V |same as O . Cycle 2 cooling.
o Sa.me as O . Scrubbed, vashed, and |Same as o .
wiped.
Q [same as © . Cycle 1 cooling.
D |Same as Q. Cycle 2 heating.
© [Same as © . Cycle 2 cooling.
a [S3me as o . Polished t. a mirror Same as O’
like finish and washed.
0 |Same as & . Cycle 1 cooling.
@ [same as & . Cycle 2 heating.
¥ [same as & . Cycle 2 cooling.
O [Same as & . Cycle 3 heating.
8 |same as & . Cycle 3 cooling.
179 4.5 Cu-1.5 Mg - .6 Mn. Alclad. Measured in vacuum (6.7x10-3 Pa).




5 1-68 ESA PSS-03-108 Issue 1 (November 1989)

METALLIC MATERIALS
Aluminium-Copper Alloys

Table 1-12

Hemispherical Total Emittance of Al -4.3 Cu -1.5 Mg - .6 Mn

[EJ € Comments

303 .052 | Measured in air.

303 | .26 Different sample, same as above specimen
and conditions except weathered.

373 | .063 | Prefinished with 600 grit aluminium ox-
ide powder on felt; electro olished;
measured in vacuum (1.3x10~3 Pa).

373 | .041 | Above specimen and conditions except ion
bombarded (3.2x1024 ions/m?2).

373 | .053 | Above specimen and conditions except ion
bombarded (6.5x102% jons/m?).

373 | .062 | Above specimen and conditions except ion
bombarded (9.8x102"% ions/m2).

278 .02 As received.

278 | .06 Different'sample, same as above specimen
and conditions except machine polished
and degreased.

From Touloukian & DeWitt (1970).

3.3.2. Absorptance.
3.3.2.5. Solar absorptance.

3.3.2.5.1. Normal solar abscrptance: Table 1-13.
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Table 1-13

Normal Solar Absorptance of Al - 4.3 Cu-1.5 Mg -0.6 Mn

G 1-69

[E] R° oy Comments

311 | ~O U5 Heated to 310 K; clean and smooth surface;
measured in air at sea level. Mentioned
below as sample 1.

311 | O .58 Above specimen and conditions except re-
he:cted to 560 K.

311 | 0O .67 Abcve specimen and conditions except re-
heated to 755 K.

311 | ~O .25 Diiferent sample, same specimen and condi-
tions as 1, except heated to 307 K; pol-
ished; surface free from scratches.

311 | ~0 .18 Above specimen and conditions except re-
heated to 560 K.

311 | O .43 Above specimen and conditions except re-
he:zted to 755 K.

311 | ~0O .49 Different sample, same specimen and condi-
tions as 1, except heated to 324 K; clean-
ed with methyl alcohol.

311 | ~O .46 Above specimen and conditions except re-
heated to 603 K.

311 | ~O .73 Above specimen and conditions except re-
heated to 755 K.

298 9 .242 | As received; computed from spectral re-
flectance data for sea level conditions.
Mentioned below as sample 2.

298 9 .236 | Abrve specimen and conditions except com-~
pu ed for above atmosphere conditions.

298 9 .228 | Dirferent sample, same specimen and condi-
tions as 2, except cleaned with liquid
detergent.

298 9 .220 | Above specimen and conditions except com-
puted for above atmosphere conditions.

298 9 .302 | Different sample, same specimen and condi-
tions as 2, except polished.

298 9 .290 | Above specimen and conditions except com-
puted for above atmosphere conditions.

(Continued onto next pag

e)
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Table 1-13 (Continued)

Normal Solar Absorptaince of Al - 4.3 Cu- 1.5 My - .6 Mn

! go o Comments

[¥] s

298 g .568 | Different sample, same specimen and condi-
tions as 2, except oxidized in air at red
heat for .5 h.

298 9 .548 | Above specimen and conditions except com-
puted for above atmosphere conditions.

278 | O .27 As received; extraterrestrial. Reported
error 10%.

278 | O .31 Different sample, same as above specimen
and conditions except machine polished and
degreased. Reported error 10%.

297 .20% | Alloy sheet (nonclad). Chemically cleaned.

+.05 | From Breuch (1967).
297 .22% | Alloy sheet (clad). Chemically cleaned.
+,05 | From Breuch (1967).

323 .16 Alloy sheet (nmonclad). Surface roughness
.152x10-6 m and .178x10"% m in x and y di-
rections respectively. Calculated by the
compiler from data of Fig 1-37.

All data are from Toulotkian & DeWitt (1970), unless other-
wise stated.

The influence of arodizing is given in Table 1-14

Table 1-14
Normal Solar Absorptance of Al - 4.3 Cu-1.5 Mg ~-0.6 Mn, Anodized

[i] Re Og Comments

300 | O .15 Anodized in sulphuric acid; coating
thickness ~1.27x107° m; absorptance calcu-
lated from reflectance measured in air.
Mentioned below as sample 1.

300 | O .16 Similar to above specimen and conditions
except exposed to vacuum (1.33x10-% Pa)
for 30) h; vacuum maintained by ion pump;
proper .y measured in air after vacuum ex-
posure.

(Continued onto next page)
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Table 1-14 (Continued)

Normal Solar Absorpt.nce of Al- 4.3 Cu-1.5 Mg- .6 Mn, Anodized

T o]

[K] B Qg Comments

300 | ~O .18 Similar specimen and conditions as 1, ex-
cept exposed to vacuum (1.33x10°7 Pa) for
300 h; vacuum maintained by oil-diffusion
pump; property measured iu air after vac-
uum exposure.

300 | O .26 Similar to above specimen and conditions
except exposed to UV radiation in vacuum
for 300 h; Hp gas UV source.

300 | ~O .31 Similar to above specimen and conditions
except He gas UV source.

From Touloukian, DeWitt & Hernicz (1872).

3.3.3. Reflectance.

3.3.3.1. Bidirectional spectral reflectance.

3.3.3.1.1. Normal-normal spectral reflectance (B=B'=0) of alloy

anodized: Fig 1-39.

3.3.3.2. Directional-hemispherical spectral reflectance.
Normal-hemispherical spectral reflectance (B=0, w'=2m):
Fig 1-49.
Normal-hemisyherical spectral reflectance (B=0, w'=2m)
of alloy anodized: Fig 1-41.

3.3.3.6. Normal-hemispherical total reflectance.

3.3.3.9.2. Normal-hemispherical solar reflectance (B=0, w'=2m) of

alloy anodized: Table 1-15.
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Fig 1-39. Normal-normal spectral reflectance, px, of Al - 4.3 Cu -

-1.5 Mg - .6 Mn, anodized, as a function of wavelength, A.

Explanation

Key Description Comments References
Nominal composition. fample temperature: |Touloukian, DeWitt

O |Anodized in sulphuric 12298 K. & Hernicz (1972).
acid. lata from smooth

curve.
Same as O .

A Same as O except sub-
strate chem-milled.

v Same as O except ano-
dized in chromic acid.

Same as O except ano-
| D |dized in black chromic
l acid.
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Fig 1-40. Normal-hemispherical spectral reflectance, pi, of Al- 4.3 Cu- 1.5 Mg -.6 Mn

as a function of wavelength, A

Exglanation

Key Description Comments References

O |Nominal composition. As received. B=9° Touloukian £ DeWitt
N Sample temperature: T=298 K.|(1970).

O {Same as O except polished. Data from smooth curve.

N Game as O except cleaned with liquid Reported error tut.

detergent.

Same as O except oxidized in air at red

v heat for 30 min.
Nominal composition. Cleaned. T=378 K. .
. L33
Same as D except exposed to UV radia- ﬂ;:i%’;g)‘“ vacuum (1.33

g ltion for 20 hj G.E. Type UA-3 lamp

Measured relative to MgO.
source.

Same as D except exposed to UV radia-
¢ |{tion for 60 h. Same radiation source

as 4 .

same as D except exposed to UV radia-
® |{tion for 100 h, Same radiation source
as 4§ .
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Fig 1-41. Normal-hemispherical spectral reflectance, oi, of Al - 4.3 Cu-1.5 Mg~

-.6 Mn, anodized, as a function of wavelength, A,

Zxplanation
Key Describtion Comments References
Nominal composition. Anodized. Sample temperature: T=378 K. Touloukian, DeWitt &
O |Cleaned. Measured in vacuum (1.33x10"3 Pa)lHernicz (1972).
4 relative to Mg0.
Same as O . Same as O except exposed to UV
[«] radiation for 20 h. Source:
‘ GE UA-3 lamp.
Same as O . Same as O except exposed to UV
© radiation for 60 h.
o Same as O ., Same as O except exposed to UV

radiation for 100 h.

Nominal composition, Sheet ~1,59x [T=300 K.
x10°3 m thick anodized in sulphu- [Data from smooth curve. The data

0 ric acid, Coating thickness correspond to two different tests
N1.27x1075 o,
Same as O |, Same as O except exposed to vac-
uum (1.33x10°% Pa) for 300 h.

A Vacuum maintained by ion pump.
Measured in air after vacuum ex-
posure.

Same as O . Same as O except exposed to UV

lv} radiation in vacuum for 300 h;

Hy gas UV source.
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Table 1-15

Normal Hemispherical Solar Reflectance of

Al - 4.3 Cu-1.5 Mg - .6 Mn, Anodized

T o 1 '

DQ B W p'g Comments

298 | O 2m .28 | Anodized in chromic acid. Mentioned be-
low as specimen 1.

298 | O 27 .30 | Similar to above specimen and conditions
except calculated from spectral data.

298 } O 2m .31 | Similar to 1 specimen and conditions
except anodized in black chromic acid.

298 | O 2m .29 | Similar to 1 specimen and conditions
except calculated from spectral data.

298 | ™0 2m .56 | Similar to 1 specimen and conditions
except anodized in sulphuric acid. Men-
tioned below as specimen 2.

298 | O 2T .53 | Similar to above specimen and conditions
except calculated from spectral data.

298 | O 2m 64 | Similar to 2 specimen and conditions
except substrate Wwas chem-milled.

298 | O 2m .57 | Similar to above specimen and conditions
except calculated from spectral data. '

From Touloukian, DeWitt & Hernicz (1972).

3.4. Other physical properties

3.4.1. Electrical resistivity (at room temperature).

Condition 0 T3-Tu T6-T81

a,b c

a,b .0us

L0574

o-1.10% [@.m]|.03u5

2 xappelt (1961); D agMH (1974) c;
Aluminium Association (1969).

The coefficient giving the variation of electrical resistiv-

ity with temperature is in the range 2x107 3 K—l.(ASMH (19781c)
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3

to 2.6%X10 K'l.(Touloukian (1967)b).

4, ENVIRONMENTAL BEHAVIOR

4.1. Prelaunch
Aluminium surface is very susceptible to increases in Qg and €
caused by contamination. The surface must be protected from
physical abuse, atmospheric exposure, and caustic contaminants;
cleanliness must be assured.

4.2, Postlaunch

There are no known restrictions, other than structural.

From Breuch (1967).

5. CHEMICAL PROPERTIES

5.1. Solution potential (vs. decinormal calomel electrode)

Condition T3-TkL T8

Sol. Pot. V ~-.68 -.8

From REYNOLDS METALS Co,
(1961).

5.2. Corrosion resistance

It is poor in marine or industrial environments, sufficient in

rural and urban environments, and good indoors.

6. FABRICATION

6.2, Forming. Medium.
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6.3. Welding. Poor.
6.4. Machining. Good.

6.5. Heat treatment. Good.

6.6. Anodizing. Poor.

From Garcia-Poggio et al.(1972).

7. AVAILABLE FORMS AND CONDITIONS

This alloy is available in the full commercial range of sizes
for sheet, strip, plate, rod, bar, forgings, tubing, wire, ex

trusions and structural shapes.

8. USEFUL TEMPERATURE RANGE

Some desagreement seems 10 exist in the literature regarding
the maximum operating temperature of this alloy. Although tem-
peratures as high as 425 K are quoted for long term structural
purposes (any temper condition), and even higher values for
intermittent loading (475 K, Th condition), it is advisable nct
to use this alloy (T3, Tk conditions) in a corrosive environ-
ment at temperatures above 340 K for several hours, or above

365 K for more than a few minutes.

9. APPLICATIONS

Gear materials in antenna drive, instruments, structural pur-

poses, and thermal control surfaces.
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ALUMINIUM-MAGNESIUM ALLOYS
ALLOY Al -1 Mg - .6 Si.
TYPICAL COMPOSITION, PERCENT
a . . Others
Cr Cul(Fe|Mg| Mn|{Si | Ti| Zn Fach | Total Al
.15].15¢ - .8 - L4 - - - Balance
.35).4 |.7|1.2].15]| .8 .251 .05 .15
3 gometimes this alloy contains Mn (.2% - .8%)
instead of Cr.
OFFICIAL DESIGNATIONS
AECMA ISC AFNOR AMS BS DIN
. , AlMgSii,
Al-P34 [A1-Mg1SiCu - 6061 H20 3.2315

PHYSICAL PROPERTIES

Density. p

= 2 700 kg.m'3.(Kappe1t (1961)).

Thermal properties

Specific heat.

c =963 J.kg

From room temperature to 373 K.

1

Thermal conductivity.

At room temperature.

k- (ASMH (1974)c).

Condition 0 Ty To
K 1808 11553sP | 172
[w.m-1.xk-1]| 172P - 155D

From ASMH (1974)c.
From Kappelt (1961).

b

Conditions 0 and T6.

G 1-79
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3.2.4, Thermal expansion coefficient

Mean coefficient of linear thermal expansion, B, between 293

K and given temperature.

T [K] 2932 393 493 593

Bx10% [k=17] 21.8 | 23.4 | 24.3 | 25.4

Lower limit in this case is 213 K:

From Kappelt (1961).

3.2.5. Melting range. 855 K -922 K.(ASMH 1974)c.

3.5. Thermal radiation properties

3.3.1. Emittance.

3.3.1.2. Normal total emittance (B'=0): Table 1-16.

Table 1-16

Normal Total Emittance of Al -1 Mg- .6 Si

1
EK] £ Comments

.03 |Sheet 3.17x1073 n thick, cleaned and degreased.

.76 |Anodized with chromic acid electrolyte 5% by weight, at

308 K, anodizing voltaée: 40V DC, 120 min. Resulting
coating thickness: 1072 m,

.07 JAnodized with citric acid electrolyte, 1 kg.m"3

ammonium citrate, at 295 K, anodizing voltage: 200V DC
45 min.

-81 Anodized with oxalic acid electrolyte, 3% by weight, at
311 K, anodizing volta%e: 30V DC, 60 min. Resulting
coating thickness: 1072 n.

.80 |Hard anodized, 7.6x10-6 p thick, with sulphuric acid
electrolyte 15% by weight, at 269 K.

.82 |Soft anodized, 7.6%x10-% m thick, with sulphuric acid
electrolyte 17% by weight, at 293 K.

From Bevans (1969).
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Fig 1-43. Normal-hemispherical spectral reflectance, pi, of

Al -1 Mg - .6 Si, grit blasted,

wavelength, A.

Explanation

as a function of

Key

Description

Comments

References

O

Nominal composition.

Blasted using silicon car-
bide, air pressure .76x10°
to .83x10° Pa for 30 to 45 s

Same as Q.
Diffuse component only.

Same as O except chem-milled
using the Turco 9H process
for 3 min; blasted as above.

Same as 0.
Diffuse component only.

Same as O except chem-pol-
ished using the Alcoa proc-
ess with a 2 min immersion
at 358 K; blasted as above.

Same as .
Diffuse component only.

Tv322 K.

Data from smooth
curve.

Hohlraum at 1 273
K. (Gier & Dunkle)
Converted from
R(2m,0).

Reported error <2%

Touloukian §&
DeWitt (1970)
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Fig 1-44. Normal-hemispherical spectral reflectance, pi, of
Al -1 Mg - .6 Si, chemically polished, as a function
Explanation of wavelength, A.
Key Description Comments References
Nominal composition. T~ 322 K. Touloukian &
o Polished using the Alcoa Data from smooth DeWitt (1970)
process with a 2 min immer~- |curve.
sion at 358 K. Hohlraum at 1 273
K. (Gier & Dunkle)
. E???u::clém onent onl Converted from
P Y- R(2m,0).
Same as O. Reported error <2%
{3 |Exposed to vacuum (5.32x10°°
Pa) for 24 h.
m |Same as 0.
Diffuse component only.
Same asO .
A |X-Ray exposed in vacuum
(5.32x10°% Pa) for 24 h.
A |Same as .
Diffuse component only.
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Fig 1-45. Normal-hemispherical spectral reflectance, pi, of

Al -1 Mg - .6 Si, chemically milled, as a function

of wavelength, A.

Explanation

Key Description Comments References
Nominal composition. T~322 K. Touloukian &
O |[Chem-milled using the Turco (Data from smooth DeWitt (1970)
9H process for 3 min. curve,
Same asO Hohlraum at 1 273
o . : K. (Gier & Dunkle)
Diffuse component only. Converted from
Same asO . R(2m,0).
D |Exposed to vacuum (5.32x10-6 |Reported error <2%
Pa) for 24 h.
- Same asD.
Diffuse component only.
Same as Q.
QA |X-Ray exposed in vacuum
(5.32x10°8 Pa) for 24 h.
A Same as Q.
Diffuse component only.
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Fig 1-45.2. Thermal conductivity, k, of Al - 5.7 Zn - 2.5 Mg -
1.6 Cu as a function of temperature, T.

Explanation

Key Description Comments References
Al alloy 7075-T6 (Alcoa). | as received. Touloukian
o |58 2n, 2.5 Mg, 1.6 cu, (1967 )c.

.3 Cr, Al balance.
P = 2800 kg.m-3,

O Same as Q . After heating above
575 K.

Al alloy RR77 (British Wrought, 2 h solution

designation). 4.96 Zn, heat treatment at 720

O | 2.54 Mg, 2.2 Cu, .54 Mn, K, quenched in water
.31 Fe, .26 Si, trace Ti, | at 340 k, aged 4 h at
Al balance. 408 K and aircooled.

v Same as ¢ . As received.
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Thermal conductivity integral: Fig 1-45.3.
3.2.4. Thermal diftusivity.

Effect of temperature on thermal diffusivity: Fig 1-45.4.
3.2.4. Thermal expansion.

Effect of temperature on thermal expansion: Fig 1-45.5.
3.2.5. Melting range.

750 K - 910 K. ASMH (197u4)c.

3.3. Thermal radiation properties

3.3.1. Emittance.

3.3.1.1.1. Normal spectral emittance (B' = 0): Fig 1-45.6.
3.3.1.1.2. Angular spectral emittance (B' = 25°): Fig 1-u45.7.
3.3.1.2.1. Normal total emittance (B' = 0).

Effect of temperature on normal total emittance: Fig 1-45.8.
3.3.1.4., Hemispherical total emittance.

75-ST (Alclad) (Canadian commercial designation). Nominal

composition (see p. 1-90.1).

Sample temperature: 303 K.

Unpolished surface. Measured in air.

€ = .02 (Touloukian (1967)c). See Table 1-19.1, p. 1-90.11.
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Fig 1-45.3., Thermal conductivity integral of Al - 5.7 %n - 2.5 Mg -

1.6 Cu as a function of temperature, T.

Explanation

Description Comments References

Al alloy 75 S (Canadian commer-

Coston
cial designation).

(1967).
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Fig 1-45.4. Thermal diffusivity, a, of Al-5.72n -2.5Mg-1.6 Cu as a function of temperature, T.

Explanation
)
Key Description Comments References |
O Al alloy 7075-T6. Nominal composition Measured after exposure to radiation and followed Touloukian
(see p. 1-90.1). by cooling. (1967)c
D Same as O Measured after another exposure 1o radiation and
followed by cooling.
A\ | Same as 0. Measured after the third cycle of exposure.
\V/ Same as 0. Averaged values on measurements after from 4th to
Bth exposure cycles.
D Al alloy 7075-Té. 5.6 Zn, 2.5 Mg, As received.
1.6 Cu, Al balance.
4 Same as D Heated above 575 K.
Al alloy 755 (Canadian commercial de- Annealed at 720 K. i
<> signation). 5.5 Zn, 2.5 Mg, 1.5 Cu,
.3 Cr, .2 Mn. :
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Fig 1-45.5. Linear thermal expansion, AL/L, of A1 -5.7 Zn~ 2.5 Mg

-1.6Cu as a function of temperature, T.

Explanation

Key Description Comments References
AL alloy 7075-1T6 (Alcoa). Tested in vacuum. [Touloukian
O |5.1-6.1 %n, 2.1-2.9 Mg, 1.2-2.0 (1967)c.

Cu, .7 Fe, .5 Si, Al balance.

Al alloy 75S-T6 (Canadian com- [Tested at 1.5 -
mercial designation). 5.6 Zn, 2.5 K/min rise in
Vo l2.5 Mg, 1.6 Cu, .3 Cr, AL ba- |argon.

lance. p = 2 800 kp.m-3.

Al alloy RR77 (British designa- [Wrought, 2 h so-
tion). 4.96 Zn, 2.54 Mg, 2.20 lution heat treat-
p {Cu, .54% Mn, .31 Te, .26 Si and |ment at 720 K,
trace Ti, Al balance. quenched in water
at 340 K, aged

4 h at 408 K and
aircooled.
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Fig 1-45.6. Normal spectral emittance, e;\, of A1-5.72n-2.5Mg-1.6 Cu as a function of wavelength, .

Explanation

Key Description Comments References
Al alloy 7075. 5.6 Zn, 2.5 Mg, 1.6 Cu, .3 Cr, Al balance. Sample temperature: T = 323 K. Touloukian

O | surface roughness .081 x10-6 m - .112x10-6 m (center Measured in nitrogen. & DeWitt
line average). Computed by € = 1-R(27,5°). (1970)

Different sample, same as() specimen and conditions except
0 surface roughness .048x 1076 m - .06U x 10-6 m (center line
average).

Different sample, same asO specimen and conditions except
[\ | surface roughness .081 x 105 m - .113x10-6 m (center line
l average).
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Tig 1-45.7. Angular spectral emittance, ¢!

Explanation

v of A1-5.7Zn-2.5Mp~-1.6 Cu as a function ot wavelength, A.

Key Description

Comments

References !

Al alloy 7075-T6. 5.6 Zn, 2.5 Mg, 1.6 Cu, .3 Cr, Al balance.
O Polished. Surface roughness .0%1 x10-6 m - .102x107% m (RMS).

Al alloy 7075-T6. 5.6 2n, 2.5 “g, 1.6 Cu, .3 Cr, Al balance.
E] Sanded with 150 grit paper (grit sieve opening 104 x10-5 m).

Surface roughness: in line .25 x10-6 m - .381x1075 m, across
1.78x10 6 m - 2.29x10-6 m (RMS).

Al alloy 7075-T6. 5.6 Zn, 2.5 Mg, 1.6 Cu, .3 Cr, Al balance.
FaN Sanded with 80 grit paper (grit sieve opening 175 x1075 m).
Surface roughness: in line .508 x10"6 m - 1.52x10-% m, across
3.81x10"% m - 4.32x1076 m (RMS).

Al alloy 7075-T6. 5.6 Zn, 2.5 Mg, 1.6 Cu, .3 Cr, Al balance.

Sanded with 40 grit paper (grit sieve opening 42x10-6 m).
v Surface roughness: in line 1,27 x 106 m - 2.54x10°6 m, across
6.86x10-6 m - 7.62x10"5 m (RMS).

Al alloy 7075-T6é. 5.6 Zn, 2.5 Mg, 1.6 Cu, .3 Cr, Al balance.
t> Sandblasted with 250 mesh silicon carbide (mesh opening

60 x10-6 m). Surface roughness: .254x10-6 m - .381x10"® m
(RMS)

Al alloy 7075-T6. 5.6 Zn, 2.5 Mg, 1.6 Cu, .3 Cr, Al balance.
q Sandblasted with 60 mesh silicon carbide (mesh opening

250x10~6 m). Surface roughness: 6.35x10°® m - 7.62x10-5 m
| s,

e

Sample temperature:

306 K

Authors assumed

a = 1-p(25°,27)

Touloukian
& DeWitt
(1970).
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Fig 1-45.8. Normal total emittance, €',

Ixplanation

500
7K

600

700 800

900

of Al1-5.7Zn-2.5Mg-1.6Cu as a function of temperature, T.

Key

Description Comments References
Al alloy 75-ST (alclad) (Canadian commercial de- Effect of viewing configuration change Touloukian
signation). 5.6 2Zn, 2.5 Mg, 1.6 Cu, .2 Cr, Al was apparent. & DeWitt
balance. (1970).
Same as O Another change in viewing configuration.
Same as O Another change in viewing configuration.

Different sample, same as () specimen and condi-
tions. Unpolished.

Different sample, same asOspecimen and condi-
tions. Polished with aerobright and Bon Ami.

Same as D Repeated measurement one day later.

Al alloy 75-ST (alclad) (Canadian commercial de-
signation). 5.6 2n, 2.5 Mg, 1.6 Cu, .3 Cr, Al
balance. Cleaned with methyl alcohol.

Heating. Measured

in air (.133 Pa).

Different sample, same as @) specimen and condi-
tions.

Measured in argon

(.133 pPa).

b (m| @ [AvIQ POl O

Different sample, same as,. specimen and condi-
tions except scrubbed with Bon Ami and a wet
cloth, washed and dried, wiped with toluene and
alcohol.

<

Different sample, same asA specimen and condi-
tions.

Measured in argon

(.133 Pa).

v

Different sample, same as () specimen and condi-
tions except polished and then finished with a
wool bulf and rouge and washed. Surface free from
scratches.

Different sample, same as}specimen and condi-
tions.

Measured in argon

(.133 Pa).




ESA PSS-03-108 Issue 1 (November 1989) G 1-101
Rev. 2. 1984

METALLIC MATERIALS
Aluminium - Zinc Alloys
Table 1-19.1

Hemispherical Total Imittance of Al - 5.7 Zn- 2.5 Mg-1.6 Cu Con-
version Coatings.

1

[E] £ Comments !

S

293 .234% { Alodined Al alloy 7075-T6, 5.6 Zn, 2.5 Mg, 1.6 Cu,
.3 Cr, Al balance. Substrate sandblasted. Measured
in vacuum (6.67 x 10~% Pa).

J S

259 |[.117 | Similar to above specimen and conditions except
substrate alclad.

273 .100 | Similar to above specimen and conditions except
307 091 substrate smooth and unclad.
313 .091

217 |.790 | A1l alloy 7075-T6 Martin Hardcoate anodize. 5.6 Zn,
2.5 Mg, 1.6 Cu, .3 Cr, Al balance. Measured in va-

2“2A 849 | cuum (6.67 x 104 Pa).
285 |.869
313 |.856

From Touloukian, DeWitt & Hernicz (19872).

3.3.2. Absorptance.

3.3.2.5. Solar absorptance.

3.3.2.5.1. Normal solar absorptance: Table 1-19.2 overleaf.

3.3.3. Reflectance.

3.3.3.2.1. Normal-hemispherical spectral reflectance (8 = 0,
w' = 2m): Fig 1-45.9.

3.3.3.9.1. Normal-hemispherical solar reflectance. See Table

1-198.2 overleof.
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Table 1-19.,2

Normal Solar Absorptance aud Normal-Hemispherical Solar Reflec-
tance of Al -5.6 Zn - 2.5 Mg -1.6 Cu,.

T [&] 1
[K] g o P Comments

311|%0 {.46 {.538] Al alloy 75-ST (Canadian commercial designation).
5.6 Zn, 2.5 Mg, 1.6 Cu, .3 Cr, Al balance. Heated
to 324 K. Clean and smooth surface. % measured
in air at sea level. p; from o -

311 {~0 |.61 |{.391}{Above specimen and conditions except reheated to
559 K.

311 {0 {.64 |.358| Above specimen and conditions except reheated to
795 K.

311 |{~0 |{.34 |{.659|Different sample. Same specimen and conditions as
in the first case except heated to 314 K. Polish-
ed. Surface free from scratches.

311 |vo |.24 |.756|Above specimen and conditions except reheated to
567 K.

311 {0 |.51 |.489|Above specimen and conditions except reheated to
783 XK.

311 {v0 |.59 |.409|Different sample. Same specimen and conditions as
in the first case except heated to 319 K. Cleaned
with methyl alcohol.

311 [~0 .66 |.341|Above specimen and conditions except reheated to

617 K.

311 [v0 |.63 |.371 |Above specimen and conditions except reheated to
755 K.

298 |0 .67 |Al alloy 75-ST (Canadian commercial designation).

5.6 Zn, 2.5 Mg, 1.6 Cu, .3 Cr, Al balance. Mea-
sured in air.

From Touloukian & DeWitt (1970).
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Fig 1-45.9. Normal-hemispheric il spectral reflectance, o;,of Al-5.721n-2.5Mg-1.6Cu conversion
coatings, as a function of wavelength, A.

Explanation

Key Description Comments References

Al alloy 7075. Nominal composition Sample temperature: T = 288 K. Touloukian
(see p. 1-90.1). Mechanically and electropolished, boric acid anodi- (1967)c.
zed, 10-% m thick coating. Measured in ~ 10~% Pa

Ki
vacuum. Converted from R(27,0°). Touloukian,

DeWitt &
same as O. T = 422 K. Hernicz
Same specimen and conditions as O. (1972)

Same as O). T = 583 K.
Same specimen and conditions as O.
Same as C). T = 714 K,
Same specimen and conditions as 0.
Same as O. T = 298 K.

Same specimen and conditions as C)after high temper-
ature runs.

Same as (). T = 298 X.
Treated as C), excegt shorted anodizing time (1/3
standard). .5 x 107° m thick coating.

Same as O. T = 298 X.

Mechanically polished and boric acid anodized.
Measured in n 10-% Pa vacuum. Converted from
R(2m,0°).

Ao |i<Q|O{b) O

v

same as Q. T = 298 K.

D) Mill finished, electropolished and boric acid anodi-
zed. Measured in 1.33 x10-1 Pa vacuum.
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Key Description Comments References
Al alloy 7075. 5.1-6.1 Zn, 2.1-2.9 Mg, T = 298 K. Touloukian
A 1.2-2.0 Cu, .7 Fe, .5 Si, .18-.4 C(r, Mechanically polished and electropolicthed, hard (14967)c.
.3 Mo, .7 Ti, Al balance. coat anodized. Measuren ina 107% Pa vacuum. .
Converted from E{2r,0°) Touloukian,
’ . DeWitt &
D Same asA. T = 298 K. Hernicz
Treated asAand sealed. (1672).
Same as AN . T = 422 K.
v Same specimen and conditions asn
O Same asA. T = 589 K.
Same specimen and conditions as .
Q Same asA . T = 714 K.
Same specimen and conditions as []
Same asA. T = 298 K.

Same specimen and conditions as Daster high
temperature runs.

Same asA. T = 298 K.
[l Treated asAand heated in air at 70C K for 30
min.
Same as A T = 298 K.

Mechanically polished and electropolished, hard
coat ancdivzing (1/3 standard time).

Al alloy 707S.

T = 238 K.

Mill finished and electropolished, hard coat
anodized, sealed. Measured in ~ 10-% Pa vacuum.
Converted from K{2n,0°).

Al ailoy 7075,

T = 298 K.

Mechanically poiished hard coat anodired. Mea-
sured in a 1.33x10"% Pa vacuum. Converted
from R(2n,0°).

Al alloy 707S.

T = 298 K.
Treated as Vex\;epl shorter anodizing (1/3
standard) and sealed.

4

Al alloy 707S.

T = 298 K.

Mechanically and electropolished, sulfuric acid
anodized, sealed. Measured in ~ 107% Pa vacuum.
Converted from R{21,0°).

D Same as 4 T = 422 K.
Same specimen and conditions as 4

- Same as . T = 589 K.
Same specimen and conditions as 4

=) Same as <« . T = 714 K.
. Same specimen and conditions as 4 .

Same as ¢ . T = 298 K.

Same specimen and conditions asq after high
temperature runs.

1 |

Al alloy 707S.

T = 298 K.

Mechanically and electropolished, sulfuric acid
anodized, 1.4 x 1078 thick coating, usealed.
Measured in ~ 1074 Pa vacuum. Converted from
R(27,09),

Al alloy 7075.

T = 298 K.
Same asa except not sealed.

Al alloy 7075.

T = 298 K.
Same as @except shorter anodizing time (1/4
standard).

B 9| b | &

Al alloy 7075. T = 298 X.
Same as Aand sealed.
Al alloy 7075. T = 298 K.

Mechanically polished, sulfuric acid anodized 1/3

standard time, sealed. Measured in ~ 10-% Pa va-
cuum, Converted from R(2w,0°).
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3.4. Other physical properties

3.4.1. Electrical resistivity (at room temperature).

Condition T6 T73 T76

o 1x10% [@.n] | .052 043 05

From McCall (1979).

4, ENVIRONMENTAL BEHAVIOR

4.1. Prelaunch
This alloy is normally coated. The surface condition is as
important as the material. The production of the coating
must be carefully controlled.

4.2. Postlaunch

No known restrictions other than structural.

5. CHEMICAL PROPERTIES

5.1. Solution potenti:l (vs. decinormal calomel electrode).

Conditioc:. T6 T73 T76

Sol.Pot. [/] 2 |-.83 | -.84 | -.84

Varies *.92 V with quenching rate.

From McCall (1979).

5.2. Corrosion resistance

This alloy should be protected at least on faying surfaces.
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Condition Stpess-Corrosion Cracking AJ

T, TOLl, T6LZ, Service failures with sustiained tenusion stress
Te510, T6511 acting on short traunsverse diprec!ion relative
to grain structure. Limited failures in labor-

atory tests of lony tpansverse specimens.

T73, T7351 No known instance of failure in sevrvice.
Limited failures in laboratory tests of short
transverse specimerns.

From McCall (1979).
Assemblies of this alloy with magnesium alloys require protec-
tive insulation (Braun (1979)).

6. FABRICATION

6.2. Forming. Cold workability 1is poor.
6.3, Welding

Gas. No commonly used methods have been developed.

Arc. Limited weldability because of crack sensitivity or
loss in resistance to corrcsion and mechanlical proper-
ties.

Resistance Spot and feam. Weldal le with special techniques ’
or for specific applications which justify trials or
development testing.

Brazing. No commonly 1sed methods have been developed.

Soldering. Solderability is poor.

These characteristics do not change significantly with heat

treatment.

From McCall (1979).

6.4. Machining. Machinability of thi: alloy is good (compared to
others of the same series) and can be improved through heat

treatment.
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6.5. Heat treatment

, , . . Quenching and Aging
Treatment ['orging Annealing Quenching AEing
Usual tem- Full annealing: 690 K,
peratures {650 K- 720 K|followed bv 6 h at 738 K5 K | 24 h at
and times. 500 K for long term in watern 393 K +

storage. Stress re-
lieve annealing: 5 K.
610 K.

From UNE (1982).

6.6. Anodizing. This alloy can be anodized to increase corrosion
resistance, prior to painting or plating, or to increase
emittance (see p. 1-90.11). Any of the three principal types
of anodizing processes (chromic acid, sulfuric acid or hard

anodizing) can be used (Ball (1982)).

7. AVAILABLE FORMS AND CONDITIONS

This alloy is available iIn the full commercial range of sizes
for sheets; plates; extruded rods, bars and wires; extruded shapes;
extruded tubes; cold finished rods, bars and wires; drawn tubes

and forgings (McCall (1979)).

8. USEFUL TEMPERATURE RANGE

The tensile strength of this alloy (T6) decreases marked.y
above 400 K (McCall (1379)).

This alloy is not normally used in applications involving
cryogenic temperatures. Information on its behavior at low tem-
peratures is scanty. Tensile properties and fracture roughness

at temperatures down to 4 K and results of fatigue-life tests are
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3.2.5. Melting range.
Alloy 6.2 Al, 2 Sn, 4.2 Zr, 1.8 Mo, .08 l'e, .124 O,
.008 N, .0052 H, .02 C, Ti balance.
T K Solidus °°°¢ Liquidus
Range 1845-1890 1970-2010
Average 1860 1920
a . . .
Four determinations.
b Two determinations.
Temperature measurement accuracy + 138 K. Some diffu-
sion of support tray material (Nb) into sample may
have caused slight elevation of solidus and liquidus
temperatures.
From ASMH (1978).
3.4, Other physical properties
3.4.1. Electrical resistivity.
Effect of temperature on electrical resistivity: Pig 1.54-4.
3.4.2. Magnetic properties.
This alloy 1s non-magnetic.
5.2. Corrosion resistance

This alloy is susceptible to

elevated temperatures and exhibits

specimens at room temperature in agueous salt environments.

solid salt stress corrosion at
delayed failure of cracked
Stress

corrosion characteristics can depend on alloy processing and heart

treatment (ASMH (19878)).

The application of a nickel-base protective coating to this

alloy yielded limited results because of formation and growth of

intermetallic NiyTi and NiTi phases (Tien et al. (1973)).
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Fig 1-54.4. Electrical resistivity, 0%, of Ti -6 Al -2 Sn -
4 Zr - 2 Mo as a function of temperature, T.

Explanation

Key Description Comments References
Nominal ccmposition. Two heatings, two |ASMH

o) Sheet. 103 m thick. specimens each (1978).
Duplex annealed: 1170 K, heating. Measure-
30 min, air cool + 1 060 K,|ment parallel to
15 min, air cool. rolling direction.
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6. I"ABRICATION

6.1. Casting

Acceptable castings by the induction melting techniqde can
not be obtained with the use of praphite cruciiles and molds «ue
to surface reaction with the mold. This problem is at present
circumvented by multiple consumable electrode arc melting under
vacuum in water-cooled copper crucibles. A skin of solid titanium,
the "skull", is formed providing a non reactive wall between ths
melt and the crucible.

(ASMH (1978)).

6.2. Forming

Bending. Bend properties arc¢ equivalent to those for simZ.iar
alloys.

Forging. Forgeability of this alloy is similar to Ti - 6 &1 -
U V (see pp. 1-109 to 1-124).

(ASMH (1978)).

6.3. Welding

Fusion welding by either TIGC of MIG process can be performed
on any of the heat treated conditions of this alloy. Weldment pro-
perties are inferior to those of Ti - 6 Al - 4 V (Betner (1980)).

This alloy produces a weld the properties of which are dif-
ficult to predict and markedly different from the unwelded metal.
Tests seem to indicate that weld properties may vary with ingot
source, gage of material welded, weld cooling rate and, possibly,

prior heat treatment.
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(ASEH (1978)).

G.r. Machlining

Good, within the group of Ti dlloys (UNL (1984)),

6.5%. Heat treatment

This alloy is used in either a duplex or triplex annealed
cecnditions. The heating cycles of duples arnealing for sheets are
specified in the Explanations of Figs 1-54.1 to 1-54.4. A final
870 K heating cycle for triplex annealed sheet and duplex annealed
bar and forges, followed by 8 h air cool is sometimes referred as

stabilization age. (ASMH (1978)).

7. AVAILABLE FORMS AND CONDITIONS

Ingot, bloom bar, billet, sheet, plate, wire (ASMH (1978)).

8. USEFUL TEMPERATURE RANGI

This alloy possesses pood strength properties up to 800 K and
appears metallurgically stable up to 700 K. These are disappointing-
1y low values relative to the melting point of titanium (1 900 K to
1950 K).

No service experience of this alloy at temperatures below 273 K

has been gained.

9. APPLICATIONS

Blades and discs of the compressor section of jet engines, and
air-frame applications requiring good strength, fracture toughness,
erosion properties and improved Creep resistance at temperatures up

to 800 K.
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1.9. TITANTIUM~-ALUMINIUM-VANADIUM ALLOYS

ALLOY Ti -6 Al -4 V.

1. TYPICAL COMPOSITION, PERCENT

Al C Fe H N 0 \Y% Ti
5.5 - - - - B 3.0 Balance
6.75 .1 4 .015 .07 .3 4.5

2. OFFICIAL DESIGNATIONGS

AECMA 150 AFNOR AMS BS DIN
. 4911 TiA16VH,
Ti- P63 4928 TA 10 3.7164

3. PHYSICAL PROPERTIES

3.1. Density. p = 4 430 kg.m'3. (Stuart Lyman (1961)).

3.2. Thermal properties

3.2.1. Specific heat.
Effect of temperature on specific heat: Fig 1-55.
3.2.2. Thermal conductivity.
Effect of temperature on thermal conductivity: Fig 1-56.
Thermal conductivity integrals: Fig 1-57. |
3.2.3. Thermal diffusivity.
Effect of temperature on thermal diffusivity: Fig 1-58.
3.2.4. Thermal expansion.

Mean coefficient of linear thermal expansion, B, between 234 K

and given temperiture.

T [X] 366 477 588 700 811

gx108 [k-1] 9.1 | 10.2 | 10.2 | 10.2 | 10.2

From Stuart Lyman (1961).
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100

Fig 1-955. Specific heat, ¢, of Ti-6 AL -4 V as a function of

temperature, T.

Explanation

Key Description Comments References
o) Nominal composition. Stu?igsi%man
Nominal composition. Reported error <2%.|Touloukian
colution heat treated at (1967 )c.

1200 K for 20 min, oil-
D |quenched and aged at 755 K
!for 4 h, and then cooled
lin air.
]
' Nominal composition. Data from smooth Coston (1967).
curve.
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Fig 1-56. Thermal conductivity, k, of Ti-6 Al-H4 V as a func-

tion of temperature, T.

Explanation

Key Description Comments References
O |Nominal composition. Stuart Lyman (1861).
O |Nominal composition. Coston (1967).
N In a mild annealed Reported error *5%. Touloukian (1967)c.
condition.
v Nominal composition.
Sheet no. 1777 A-1.
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Fig 1-57. Thermal conductivity integrals of Ti-6 AL-4 V as a

function of temperature, T.

Explanation

From Coston (1967).

=—=—r== Calculated, by the compiler, by fitting the experimental
data points O, O and O of Fig 1-56 with the least-squares
method, and integrating the expression, k(T)=¢.33+3.67x106T72
(r=.995), which is then obtained; r is the correlation

coefficient giving the goodness of the fit.
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Fig 1-58. Thermal diffusivity, a, of Ti-6 Al-4 V as a
function of temperature, T.
Explanation
Key Descriptio: Comments References
Nominal composition. Exposed to radia- [Touloukian (1967)c.
O tion and followed
by cooling.
Nominal composition. Measured after
o three exposures to
radiation.
Nominal composition, Measured after
[a five exposures to
radiation.




G 1-142 ESA PSS-03-108 issue 1 (November 1989)

METALLIC MATERIALS

Titanium-Aluminium-Vanadium Alloys

Effect of temperature on thermal expansion: Fig 1-59.
3.2.5., Melting range.
1877 K - 1933 K. (Stuart Lyman (1961)).

3.3, Thermal radiation properties

3.3.1. Emittance.
3.3.1.1. Normal spectral emittance (8'=0).

Effect of temperature on normal spectral emittance: Fig 1-60.

[N
w

1.2, Normal total emittance (B'=z=0).
Effect of temperature on normal total emittance: Fig 1-61.
3.3.1.4. Hemispherical total emittance.
Effect of temperature on hemispherical total emittance:
Fig 1-62.
3.3.2. Absorptance.
3.3.2.5. Solar absorptance.

8.3.2.5.1. Normal solar absorptance: Table 1-20.

Table 1-20

Normal Solar Absorptance of Ti -6 Al -4 V

[;] B° Qg Comments

298 9 -568 | As received; computed from spectral reflectance
data for sea level conditions. Mentioned below
as specimen 1.

298 9 .563 { Above specimen and conditions except computed
for above atmosphere conditions.

298 9 .509 | Different sample, same specimen and conditions
as 1, except cleaned.

(Continued onto next page)
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Table 1-20 {(Continued)

Normal Solar Absorptance of Ti -6 Al-4 V

[i] g Gg Comments

298 9 .508 | Above specimen and conditions except computed
for above atmosphere conditions.

298 9 .515 | Different sample, same specimen and conditions
as 1, except polished.

298 9 .511 | Above specimen and conditions except computed
for above atmosphere conditions.

298 9 .878 | Ditferent sample, same specimen and conditions
as 1, except oxidized.

298 9 .869 | Abcve specimen and conditions except computed
for above atmosphere conditions.

298 |0 .44y | Computed from spectral reflectance.

298 |0 .474 | Above specimen and conditions except hydrogen
ion bombarded (1.10x1023 ions.m™2).

298 | O .507 | Above specimen and conditions except hydrogen
ion bombarded (4.70x1023 ions.m™2).

298 |0 .515 | Above specimen and conditions except hydrogen
ion bombarded (1.27x102% ijons.m”2).

298 "0 .512 | Above specimen and conditions except hydrogeh
ion bombarded (3.07x102% ions.m™2).

298 |0 .512 | Above specimen and conditions except hydrogen
ion bombarded (7.70X102u ions.m”2).

298 | O .511 | Above specimen and conditions except hydrogen
ion bombarded (9.87x102% ions.m™2).

From Touloukian, D Witt & Hernicz (1972).

3.3.3. Reflectance.

3.3.3.2. Directional-hemispherical spectral reflectance.

Normal-hemispherical spectral reflectance (Bv0, w'=2m):

Fig 1-63.

3.4. Other physical properties
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Fig 1-59. Thermal linear expansion, AL/L, of Ti- 6 Al-4 V

as a function of temperature, T.
Explanation

Key Description Comments References
. O From smooth curve. |Coston (1967).
i Nominal composition. Touloukian (1867)c.
- Density 4 430 kg.m'3
Same as 0.
" Alpha-beta alloy.
(B |Same as B . Low C content
Machined; solution Average data of
treated, 1 200 K, 20 three samples with
min; oil-quenched; aged |permanent expan-
O 1755 K, 4 h, and air- sion from .011 to
cooled. Sample 2.5ux .025 percent.

x10-3 m in diameter and
510”2 m length.

Prepared from sponge. Measured in vacuum
Sample 1.59x10~2 m in (=4x10-2 Pa),
¥V |diameter. Annealed. Beta-transus tem-

perature 1 270 K.
Heating data.
|Cooling data,

¥ {Same as Y
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as a function of temperature, T.

Explanation

1800

eL, of Ti -6 Al-4 V

References

Key Description Comments
Nominal composition. Measured in vacuum.
Same data for as re-
) ceived and cleaned (with
a liquid detergent).
A=6.65%x10"7 m.
Same composition as above.|Measured in_vacuum.
O !Polished with fine pol- A =6.65%x10"7 m.
ishing compounds.
Same compoéition as above.{Measured in_vacuum.
O |Oxidized in air at red A=6.65%10"7 m.
heat for 30 min.
Nominal composition. Measured in vacuum
v Surface roughness: (.4%- .53 Pa).
2x10-6 - 3x10-% m Rwms. Heating.
Polished. A=6.5%x10"7 m.
D Same as above. Same as above. Cooling.
A=6.5x10"7 m.

Touloukian
(1867)c.
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fig 1-61. Normal total emittanmc., €', of Ti-6 Al-u4 V as a func-

tion of temperature,

Explanation

Key Description Comments References
o Nominal composition. Measured in air, Cycle 1. Touloukian (1967)c.
Polished.
Same as above. Cycle 2 heating.
Same as above. Cycle 2 cooling.
Same as above. Cycle 3.
Nominal composition. Measured in air. Cycle 1.
0 Oxidized at 922 K for
30 min.
Same as above. Cycle 2.
Same. as above. Cycle 3 heating.
Same as above. Cycle * cooling.
Nominal composition. Measured in vacuum (.4 --.53 Fa)
Surface roughness: Heating.
O |2x1076 -3x1076 m RMS.
Polished.
L Same as above. Cooling.
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Fig 1-62. Hemispherical total emittance, €, of

Ti -6 Al -4

perature, T.

Explanation

V as a function of tem-

Key

Description

Comment:

References

Nominal composition. Pre-
finished with 600 grit
silicon carbide paper,
electropolished.

Measured in v.cuum
(1.33x1073 ta).
The effect of ion
bombardment, quoted
in the source, is too
small to be dis-
tinguishable in the
figure.

Nominal composition.
Rough surface, as re-
ceived.

Data from smooth
curve.
Reported error >6%.

Same as above except
preheated at 1150K in air.

Reported error >6%.

Rough surface,
ceived.

is re-

Data from smooth
curve.
Reported error >6%.

Touloukian &
DeWitt (1970).
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| L 1 ] | I S |

Fig 1-63.

4 8 1.2 1.6 2 2.4 2.8
Ax10%[m]

Normal-hemispherical spectral reflectance, pi, of

Ti-6 Al-4 V as a function of wavelength, AX.

Explanation

1
| Key Description Comments References
o Nominal composition, as B =9° T =298 K|Touloukian §
received. DeWitt (1970).
0O [(Same as O except cleaned.
A |Same as O except polished.
. Same as O except oxidized
at 922 K for 30 min.
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3.4.1. Electrical resistivity.

Effect of temperature on electrical resistivity: Fig 1-6&4.

3.4.2. Magnetic properties. This alloy is non-magnetic.

Relative Permeability: ﬁi-=1.00005 measured at 1.6x10° A.m~ 1.

(o]
(ASMH (1974)e).

5. CHEMICAL PROPERTIES

5.1. Solution potential (vs. decinormal calomel electrode)

Data not available. Solution potential of Ti pure is +.20 V.
(Ross (1972)).

5.2. Corrosion resistance

This alloy is highly resistant to corrosion. It has excellent

resistance to hot oxidation up to 800 K. It can not be attacked
by normal acids (except fuming nitric) and alkalies at room tem-
perature, and has considerable resistance to many acids at high

temperature. (Ross (1972)).

6. FABRICATION

6.2. Forming. Good. In sheet forming the minimum bending radius is 6
times the thickness.

6.3. Welding. Good, using TIG or MIG processes.

6.4. Machining. Possible with slow speeds, coarse feeds, and sharp
tools.

6.5. Heat treatment. Good.
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Fig 1-64. Electrical resistivity, 0_1, of Ti-6 Al-14y V

as a function of temperature, T.

Explanation

Key Description Comments References
o Nominal composition. Touloukian (1967)c.
Mild annealed.




ESA PSS-03-108 Issue 1 (November 1989) G 1151

METALLIC MATERIALS

Titanium-Aluminium-Vanadium Alloys

AVAILABLE FORMS ANI CONDITIONS

It is available in the full commercial rang- of sizes for sheet,
plate, bar, forgings, wire, extrusions, and castings in the an-

nealed and solutior treated conditions. (ASMH (1974)e).

USEFUL TEMPERATURE RANGE

The structural use of this alloy should be limited to the tem-
perature range 116 K - 670 K. The extra-low-interstitial grade
(ELI) is recommended for low temperature uses. Fresh fracture
surfaces of this alloy, when in contact with liquid oxygen, burn
expontaneously, and the reaction may spread at a high rate. (ASMH

(1974)e).

APPLICATIONS

Structural elements, fasteners, bolts and, generally speaking,
those applications where high temperature precludes the use of
aluminium alloys.

Representative cost of this alloy (sheet stock) is compared
with those of other typical metals in Table 1-21 overleaf. Struc-
tural data are also included as a guide to cost effectiveness es-

timation.
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Table 1-21

Cost of Ti-6 Al -+ V compared with those of

other structural metallic materials.

Material P Tute 10-00 E x 10-1°b (’ult"’d"m-6 E.p71x10-8| Cost
[kg.m=3] [ Pal (Pal | [m2.572) | [m2,5-2] US $.kg™'

gégﬁf%gy 2 770 3.93 7.24 L1142 .262 1.3
:i gii°y 1 800 2.25 T 126 250 12.4
gi‘Aélzi_ Y v 4 430 8.94 10.90 .202 . 246 26.5
ggfiiégis Steel) 5 430 17.30 20.70 216 258 9 s
:i:yiii¥2d 1 860 4.83 30.30 .262 1.64 772.0
a

0,1t Ultimate tensile strength.
P g » Modulus of Elasticity.

From Adams (1974).
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NICKEL-CHROME-COBALT-MOLYBDENUM ALLOYS

ALLOY Ni -19 Cr -11 Co - 10 Mo -3 Ti.

G 1-153

TYPICAL COMPOSITION, PERCENT
Al B C {CrjColFe{Mn} Mo |Si S Ti Ni
1.41.003 - |18 110} -} - 9 - - 3 Balance
1.6|.010|.12 |20(12]5|.1(10.5{.5| .015 | 3.5
OFFICIAL DESIGNATIONS
AECMA 150 AFNOR ASM BS DIN

This alloy is known as René& 41, which is a trade mark.

PHYSICAL PROPERTILS

Density. p

= 8 190 kg.m~3.(room temp.)(Alloy Digest (1958)).

Thermal properti=s

.1. Specific

heat.

Effect of tempurature on specific heat: Fig 1-65.

.2. Thermal conductivity.

Effect of tempoerature on thermal conductivity: Fig 1-66

.4. Thermal expansion.

Mean coefficie it of linear thermal expansion, B, between

293 K and give

temperature.

T [K]

42

BUL

866

1033

1200

1311

Bx108 [k-1]

12.15

1

2.82

13.72

14.78

16.2

17.28

From Harris (1961).

Effect of temperature on thermal expansion: Fig 1-67.
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Fig 1-65. Specific heat, c, of Ni-19 Cr-11 Co-10 Mo- 3 Ti as a

function of temperature, T.

Explanation
Key Description Comments References
o Alloy Digest (1958).
Nominal composition. Under helium Touloukian (1967)c.
@ Solution heat treated at atmosphere.
1 350 K and water Repor\ted error
quenched., 3%
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Fig 1-66. Thermal cond: ctivity, k, of Ni-19 Cr-11 Co-10 Mo -3 Ti

as a functior of temperature,

Explanation

Key Description

Comments

References

Harris (1961).

Nominal composition.

Sample contained in
five disks of
2.54x10"2 m

diameter.

Reported error <5%.

. |Nominal composition.

Touloukian (1867)c.
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Fig 1-67. Thermal linear expansion, AL/L, of Ni- 19 Cr - 11 Co -

10 Mo -3 Ti as a function of temperature, T.

E}Elanation

key Description Comments References

Nominal composition. Touloukian (1967)c.
© |Solution-treated at 1 3!

K and water-quenched.
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.2.5., Melting range.
1580 K - 1616 k. (ASMH (1974) f).
3. Thermal radiatiorn properties
.3.1. Emittance.
3.1.1. Normal spectral emittance (B'=0): Fig 1-68.
3.1.2. Normal total emittance (B'=0).
Effect of temperature on normal total emittance: Fig 1-69.
3.3. Reflectance.
3.3.1. Bidirectional spectral reflectance.
Normal-normal spectral reflectance (R=B'=0): Fig 1-70.
.4. Other physical properties
4.1. Electrical resistivity. Table 1-22.
Table 1-22
Electrical Resistivity of Ni - 19Cr - 11Co - 10Mo - 3Ti a
! Condition o~ 1x10°
[x] @.m.]
19 Solution treated. 1.18
77 Solution treated. 1.20
194 Solution treated. 1.23
273 Solution treated. 1.27
293 b | Solution treated. 1.31
293 b | golution treated. Heat treated at 1340 K
during 4% h. Air cooled. 1.25
293 D | Heat treated at 1030 K during 16 h. Air cooled. 1.2¢
293 b | Heat treated at 1450 K during 30 min. Air cooled. 1.33
793 b | Heat treated at 1170 K during 4 h. Air cooled. 1.34

8 A sheet 1.9 x 1(-2 m thick was used in any case.

b It appears in tl2 source as "proom temperature'.
From ASMH (1974) f. |

——
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Fig 1-68. Normal spectral

3 +
emittance, CX'

as 38 function of wavelength, A.

Explanation

of Ni-19 Cr-11 Co- 10 Mo-3 Ti

Key

Description

Comments

References

e

Nominal composition.
As received.

Sample temperature:

Same as O .

T = 773.2 K.

Same as O .

T =1 023 K.

Nominal composition.
Heated in air at t 255%
K for 30 min.

T = 523.2 K.

Same as o B

T = 773.2 XK.

Same as O .

T =1 023 K.

Nominal composition.
Heated in vacuum
(1.01x10-2 Pa) at
1 255 K for 30 min.

T = 523.2 K.

Same as D .

T = 773.2 K.

Same as D .

T =1 023 K.

Nominal composition.
Well oxidized.

T =1 041.5 K.

Touloukian (1967)c.
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Fig 1-69. Normal total emittance, €', of Ni-19 Cr-11 Co~- 10 Mo -3 Ti as a function of

temperature, T.
ExElangﬁion

Key Description Comments References
Nominal composition. Measured in decreasing tempera-{Touloukian (1967)c.
Surface roughness (full{ ag:d): tures.

2) fine structure 2x107° m 1igh.

o 2} coarse structure sx10-6 + high

at 2x10"% m intervals.

‘Cleaned in 1 to 1 water-diluted HF

solution for 1 h, oxidized : h at

1 200 K in air.

Same as O . ) Measured in increasing tempera-
tures.

() The specimen was heated by gas

for temperatures higher than
1 .227.6 K.
Same as O . Above specimen measured in de-
a creasing temperatures.
Nominal composition. Chromel-Alumel thermocouple

< mounted off center on the face.
: Electrically heated specimen.
Same as ¢ . Same as V

> Gas fired stand.

®» [Same as V .
Same as ¢ . Same as V

Q Electrically heated stand.
Same as U . Same as V .

< Gas fired stand.

Same as 9 . Same as V . Gas fired stand.

< Based on optical pyrometer.
Similar specimen. Same as V .

. ) Electrically heated stand.

wemse) AS rece%ved: . Averaged o!gr the waveigngth ASMH (1974) £.

em=s] Heated in air 30 min at 1 255 K. range 2x10 m - 15x10 m.

wesmel Heated in vacuum 30 min at 1 255 K.

zz; Oxidized in air 30 min at 1 340 K
and 16 h at 1 030 K.

Solution treated in argon atmos-

= | phere 30 min at 1 340 K. Air cooled,
aged in argon 16 h at 1 030 K, oxi-
dized.
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Fig 1-70. Normal-normal spectral reflectance, DX”’ of Ni- 1% Cr-11 Co- 10 Mo- 3 Ti
a5 a function of wavelength, A. Data puints D correspond to normal-hemi-
spherical reflectunce while P, 4 , o correspond to hemispherical-normal

reflectance.,

Explanation

T:} Description Comments References
o Nominal composition, as received. 523.2 K soutce. Touloukian (1967)c.
l Sample temperature below 322 K.
° Same as O 773.2 K source.
Sample temperature below 322 K.
Same as O . Heated in air at 1 7% 523.2 K source.
0 K for 30 min. Sample tempcrature below 322 K.
Same as @ 1 273 K source.
N Sample temperature below 322 X.
g Same as QO 773.2 K source.
Sample temperature bhelow 322 K.
8 Same as Q 1 273 K source.
Sample temperdture below 322 K.
Same as @ . Heated in vacuum 523.2 K source.
- (1072 pa) at 1 255 K for 30 min. Sample temperature below 322 K.
A Same as A 773.2 X source.
Sample temperature below 322 K.
Same as A 1 273 X source.
v Sample temperature below 322 K.
Nominal composition. B=y© w'=2n
Surface roughness: 1) fine struc- Sample temperature: 294.,3 K.
ture 2x10-6 n high. 2) coarse
 |structure 5x10°6 m high at 2x10-" &
intervals.
Cleaned in 1 to 1 water-diluted i
solution for 1 h and oxidized 3 h
at 1 200 K in air.
Same as D wz 2" gr=7°
Sample temperature: 294.3 K.
Same as D Same as Pp although sample tem-
4 perature is 828.1 K,
| € [Same as Q. Well oxidized. wz2m gt=79
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3.4.2. Magnetic properties.
Relative Permeability: W/uo <1.002 meagsured at 1.6x10—3 A.m-1
and room temperature. (ASMH (1974) f).

4. ENVIRONMENTAL BEHAVIOR

4.1. Prelaunch
Highly polished surfaces of this alloy are very susceptible
to increases in ag an €, by fingerprinting and surface oxi-
dation. Perman:nt damage may be caused unless contamination
is immediatel. removed and the surface is protected.

4.2. Postlaunch

Ascent heating is very likely to increase agand €.

(From Breuch (1967)).

L

CHEMICAL PROPERTILS

5.2. Corrosion resistance

This alloy is highly corrosion and oxidation resistant (Alloy
Digest (1958)).

6. FABRICATION

(.2. Forming. Good i1 the annealed condition. Bad in the age harden-
ing condition. (ASMH (1874) {).

6.3. Welding. Good i inert gas shielded arc (ASMH (1974) f) for
electron beam with preheating. (Harris (1961)). Sections
thicker than 1.3%x10-2 m are rccommended in the last case.

6.4. Machining. Good with tungsten carbide tools in age hardening

condition. (Alloy Digest (13858)).

6. . Heat treatment. Good. (ASMH (1974) £).
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AVAILABLE FORMS AND CONDITIONS

Bar, sheet, plate, flats and billets.

USEPUL TEMPERATURE RANGE

This alloy has excellent properties even at temperature as high
as 1250 K. Nevertheless, structural use should be limited to tem-
peratures below 1150 K, and even below 950 when thin sheets are

used.

APPLICATIONS

For structural elements (high speed airframes) and antennas.
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1.11. IRON-NICKEL ALLOYS
ALLOY Fe - 36 Ni.
1. TYPICAL COMPOSITION, PERCENT
C Mn Ni Si Fe
12 5 3:.5 .5 | Balance
2. OFFICIAL DESIGNATIONS
AECMA IS0 AFNOR AMS BS DIN
Ni 36
1.3912
This alloy 1is often known as Invar, which is a trade mark.
3. PHYSICAL PROPERTIES

3.1. Density. p =
3.

3.

2.

2.1,

2.4

2.4,

8 082 kg.m'3 (Alloy Digest (1964)).

Thermal properties

Specific heat.

Effect of temperature on specific heat: Fig 1-71.

Thermal conductivity.
293 K - 373 K, k=10.96 W.om 1.k™Y., (Hunter (1961)).
k=10.47 W.m 1.K 1. (Alloy Digest (196u4)).

k=13.50 W.m L.k 1.

(Anon.(1973)).
. Thermal expansion.
Effect of temperature on thermal expansion: Fig 1-72.

1. Efect of alloying elements on thermal expansion coeffi-
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cient: Fig 1-73.
3.2.4.2. Effect of heat treatment on linear thermal expansion coef-
ficient: Table 1-23
Table 1-23

Linear thermal expansion coefficient of Fe - 36 Ni

under different temper conditions

6
s Temp. range| Bx10
Condition [K] [K‘lj
290-373 1.56
After forging

290-523 3.11
291-373 .64

Quenched from 1100 K
291-523 2.53
Quenched from 1100 K, 288-373 1.02
tempered. 288-523 2.43
Cooled from 1100 K to room 288-373 2.01
temperature in 19 h. 288-523 2.89

From Hunter (1961).

3.2.5. Melting range.
Solidus temperature: 1 698 K.(Hunter (1961)).

3.3. Thermal radiation properties

3.3.1. Emittance.

[&V]
w

.1.1. Normal spectral emittance (B'=0).
Effect of temperature on normal emittance for a particular

wavelength: Fig 1-7u4.
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Fig 1-71. Specific heat, ¢, of Fe - 36 Ni (Invar) as a function of

temperature, T.

Explanation

Key Description Comments References
@) \ ‘ Hunter (1961)
Fe - 29.5 Ni, prepared from | Vacuum melted. Touloukian
0O |[electrolytically deposited (1967)d.

pure iron and pure nickel.

Fe - 39 Ni, prepared from
O jelectrolytically deposited
pure iron and pure nickel.
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Fig 1-72. Linear thermal expansion, AL/L, of Fe - 36 Ni (Invar)

as a function of temperature, T.
Explanation

Key Description Comments References

Nominal composition. Vacuum- Touloukian (1967)d.
melted, hot-rolled at 1 470
K from 7.5x10"2 to 2x10~2 m,
o reheated to 1 270 K, water-
quenched, cold-rolled to
10-3 m, aged 8 h at 370 K,
and cooled slowly.
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Fig 1-73. Effect of the concentration of alloying elements, ¢C,

From MOND NICKEL Co.

on the value of the coefficient of linear expansion,
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Fig 1-74. Normal emittance, ei, of Fe - 36 Ni (Invar), for

A =6.7x10"7 m, as a function of temperature, T.

Explanation

Key Description Comments References

Nominal composition. Pow.lers Touloukian (1967)d.
were mixed in desired pro-
portions, compressed at
4,8x108 Pa and 298 K, heated
at 1 373 K in flowing hydro-
gen; cold rolled, then
heated in hydrogen at 1 273
K.
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3.4, Other physical properties

3.4.1., Electrical resistivity.

6

o1 = (.80£.05)x10"° Q.m . (Hunter (1961)). .

Temperature coefficient of electrical resistivity:
=1.2x10°% K1, (Hunter (19v1)).

3.4.2. Magnetic properties. Tables 1-24 and 1-25.

Table 1-24

Magnetic Properties of Fe - 36 Ni under different temper conditions

Condition Field Strength|Normal Induction|Relative Permeability
H [A.m'lﬁ B [1] (u/py)x1073
Annealed 8 .020 1
32 .950 2.2
ou .310 3.7
95 LU0 3.5
103 LH45 3.4
Hard drawn 160 .030 1.7
320 .160 2.9
480 .400 4.4
640 .560 4.5
800 .650 4.3

From Alloy Digest (1964).

Table 1-25

Relative Permeability of Fe - 36 Ni, measured at 400 A.m"1

T [K] (u/ugy)x1073
255 1.800
283 1.715
311 1.630
339 1.545
367 1.450
389 1.360

From Alloy Digest (1964).
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3.4.2.1. Loss of magnetism

T; @ T @
Condition 1
[ (]
Annealed 5 435 ' 54y
Quenched 478 54y

Ti initial temperature.
Tf minimum temperature of complete loss.
From Hunter (1961).

5. CHEMICAL PROPERTIES

5.2. Corrosion resistance. This alloy resists the atmospheric corro-

sion and those produced by fresh water and by sa t water. (Anon.

(1973)).

6. FABRICATION

6.2. Forming. This alloy has almost unlimited capacity for plastic
deformation, either hot or cold. (Alloy Digest (1964)).

6.2.1. Hot working can be performed below 1 530 K, (Alloy Digest
(1964)), however, as has been reported by Hunter (1961), care-
ful handling is required to avoid cracking and breaking up.

6.2.2. Invar which has been subjected to cold working or machining
may require a Stress-relieving heat treatment forp stabili-
zation. (Alloy Digest (1964)).

6.3. Welding. May be succesfully welded by any of the commonly used

methods. (Alloy Digest (1964)).

6.4.'Machining. Is somewhat difficult. (Alloy Digest (1964)).
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0.5, Heat treatment. A reducing atmosphere should be used. (Hunter

(1961)).

7. AVAILABLE FORMS AND CONDITIONS

Hot rolled and cold drawn bars, wires, strips, and forgings.

8. USEFUL TEMPERATURE RANGE

This alloy retains its characteristic low expansiveness provided
that the temperature is maintained below 475 K. For applications
at temperatures above this value, higher nickel alloys are recom-

mended. (Alloy Dig-:st (1964)).

9. APPLICATIONS

Because Invar has unusually low thermal expansion, it is used for
instruments requiring constant distances between points, glass to
metal seals, thermostatic and other temperature control or indi-
cating devices, bimetals, etc.

Invar has positive thermoelastic coefficients over a large temper-
ature range., This anomaly is useful in developing alloys with
nearly temperature-invariant elastic constants.

Invar is also a caundidate low-temperature material. Its elastic
properties betweer room temperature and liquid helium temperature

have been reported by Ledbetter, Naimon & Weston (1977).
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